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Background: Spinal mobilization and spinal manipulation are common interventions used by manual therapists to
treat musculoskeletal conditions in older adults. Their force-time characteristics applied to older adults’ thoracic
spine are important considerations for effectiveness and safety but remain unknown. This study aimed to
describe the force-time characteristics of posterior-to-anterior spinal mobilization and manipulation delivered to
older adults’ thoracic spine.

Methods: Twenty-one older adults (>65 years) with no thoracic pain received posterior-to-anterior thoracic
spinal mobilization and/or manipulation with the force characteristics a chiropractor deemed appropriate. Six-
degree-of-freedom load cells and an instrumented treatment table recorded the force characteristics of both
interventions at the clinician-participant and participant-table interfaces, respectively. Preload force, total peak
force, time to peak and loading rate were analyzed descriptively.

Findings: Based on data from 18 adults (56% female; average: 70 years old), mean resultant spinal mobilization
forces at the clinician-participant interface were: 220 + 51 N during preload, 323 + 67 N total peak force, and
312 + 38 ms time to peak. At the participant-table interface, mobilization forces were 201 + 50 N during
preload, 296 + 63 N total peak force, and 308 + 44 ms time to peak. Mean resultant spinal manipulation forces at
the clinician-participant interface were: 260 + 41 N during preload, 470 + 46 N total peak force, and 165 + 28
ms time to peak. At the participant table interface, spinal manipulation forces were 236 + 47 N during preload,
463 + 57 N total peak force, and 169 + 28 ms time to peak.

Interpretation: Results suggest older adults experience unique, but comparable force-time characteristics during
spinal mobilization and manipulation delivered to their thoracic spine compared to the ones delivered to younger
adults described in the literature.

1. Introduction

Spinal pain, including cervical, thoracic and lumbar pain, is the
leading cause of disease burden worldwide (Cieza et al., 2020).
Compared to cervical and lumbar spine, thoracic spine pain has been
described to be equally disabling and have similar consequences, despite
of its lower prevalence (Johansson et al., 2017; Leboeuf-Yde et al., 2012,
2011). Spinal pain prevalence is highest in older adults, peaking be-
tween 80 and 89 years of age. While some older adults can remain

functional with pain, spinal pain in older adults is often more disabling
than in younger people, severely limits their physical ability and de-
creases their social well-being (de Luca et al., 2017b; Hartvigsen et al.,
2006; Leveille et al., 1999; Weiner et al., 2003). Being older and having
spinal pain is related to poorer health-related outcomes and non-
recovery (Scheele et al.,, 2013), and while associated with a 13%
increased risk of mortality per years lived, the relationship attenuated
and became non-significant when adjusted for physical functional
ability and depressive symptoms (Fernandez et al., 2017).
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Conservative interventions are used commonly by older people to
manage their spinal pain and include massage, exercise prescription and
manual therapy such as spinal mobilization (MOB) and spinal manipu-
lative therapy (SMT) (de Luca et al., 2017a; Hondras et al., 2009; Ozsoy
etal., 2019; Schulz et al., 2019). In fact, older adults are high consumers
of manual therapy with a 20.3% lifetime utilisation rate of chiropractic
care (Beliveau et al., 2017; French et al., 2013; Hurwitz, 2012; Mior
et al.,, 2019). The most common diagnosis within older adult chiro-
practic encounters is reported to be back problems (56%), with SMT and
MOB being the most commonly provided intervention, across all con-
ditions, for older adults (de Luca et al., 2021). There is, however, a
paucity of evidence on spinal MOB and SMT in older adults with respect
to their force-time characteristics and therapeutic mechanisms. This
information is of great importance for clinicians to understand the im-
plications of forces applied to an older adult’s spine and assist with
clinical decision making related to intervention risk/benefits.

While MOB is characterized by the application of a cyclic, rhythmic,
low-velocity force to the intervertebral joint, SMT is characterized by a
single application of a dynamic force with a high-velocity, low-ampli-
tude thrust (Bronfort et al., 2004). In each case, these forces are applied
to a targeted region of the spine and cause a mechanical deformation of
the specific spine region and surrounding tissues (Herzog, 2010; Herzog
et al., 1993; Pickar and Bolton, 2012; Triano, 2001). This mechanical
loading of spinal structures triggers biomechanical and neurophysio-
logical responses that are hypothesized to contribute to its therapeutic
effect (Bialosky et al., 2009; Fritz et al., 2011; Pickar, 2002). Clinically,
operational parameters of MOB and SMT procedures (e.g., patient po-
sition, technique and intended direction, magnitude and rate of force
application) are taught to be modified to suit the specific needs of the
patient, especially in special populations (such as older adults) (Triano
and McGregor, 1997). More specifically, given the age-related changes
observed frequently in older adults, these patients are perceived to
present unique characteristics that warrant careful considerations dur-
ing physical examination and treatment, including manual therapy in-
terventions (Hawk et al., 2017). Consequently, forces applied to older
adults have been suggested to be modified as higher forces may load
osseous structures that could potentially be contraindicated in the
presence of severe bone-weakening processes (Hawk et al., 2017).
Indeed, previous work by Funabashi et al. suggest that modifying the
characteristics of forces applied during SMT can alter the forces expe-
rienced by spinal tissues (Funabashi et al., 2018, 2017b, 2017a).
Although the characteristics of forces applied during MOB and SMT have
been reported in young adults and pediatric populations (Cambridge
et al., 2012; Downie et al., 2010; Snodgrass et al., 2006; Triano et al.,
2017), there has been no investigation of MOB and SMT force charac-
teristics applied in older adults. If the characteristics of all forces acting
on older adults’ spine during these techniques were quantified, a clearer
understanding of these techniques’ biomechanics could be elucidated
thereby advancing our current knowledge regarding the safety and un-
derlying mechanisms of MOB and SMT, with potential significant im-
plications for these interventions’ training and education.

Therefore, the aim of this study was to characterize the forces acting
on older adults during clinical thoracic spine MOB and SMT. Specif-
ically, this study aimed to a) characterize force-time data at the
clinician-participant interface during clinical thoracic spine MOB and
SMT in older adults; b) characterize the force-time data recorded at the
participant-table interface during the same interventions and popula-
tion; c¢) characterize the difference between the forces measured at the
clinician-participant and participant-table interfaces; and d) compare
the MOB and SMT force-time characteristics used in older adults to the
ones used in younger adults reported in the literature. Thoracic MOB
and SMT were specifically chosen for this investigation given its
posterior-to-anterior force application, which facilitates the biome-
chanical quantification of MOB and SMT forces in comparison to other
techniques that usually combine movements of flexion or extension,
lateral bending and rotation of the spine in addition to the force
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2. Methods

This was a cross-sectional observational study conducted at the Ca-
nadian Memorial Chiropractic College’s (CMCC) Human Performance
Laboratory between September and November 2019. This study was
reviewed and approved by CMCC’s Research Ethics Board (study
#1904B01) and all participants provided a written informed consent
prior to participating in the study.

2.1. Participants

Participants (>65 years old) with no thoracic spinal pain were
recruited from the CMCC Leslie Campus clinic. Potential participants
were attending CMCC clinic to receive treatment for other conditions (e.
g., hip and knee conditions). Participants were excluded if they had a
body mass index (BMI) greater than 30 kg/m?; self-reported: a history of
heart or lung disease, any cognitive impairment disorder, spinal ma-
lignancy, spinal infection, history of cancer in the last 5 years, medically
diagnosed osteopenia or osteoporosis, inflammatory spondylopathy,
auto-immune disorder, current use of prescribed corticosteroid medi-
cation; or were non-English speakers.

2.2. Study protocol

Participants’ demographic information including age and sex were
recorded along with anthropometric measurements of height, weight,
BMI and waist circumference. A standardized assessment that would be
normally performed in clinical practice consisting of a brief history of
the participant’s overall health and pain (e.g. to ensure the participant
did not present any contraindications to SMT and MOB), subjective (e.g.,
palpation of T1-T12 spinous and bilateral transverse processes) and
objective (e.g., global spinal flexion, extension, lateral flexion and
rotation ranges of motion) physical assessments were conducted by a
single licensed chiropractor with 35 years of clinical experience in
treating older adults. If a posterior-to-anterior MOB and/or SMT were
deemed clinically appropriate, the participant was asked to lie down on
a force plate-embedded treatment table (details below) in a prone po-
sition with the upper border of the shoulders aligned with the edge of the
plinth. The provider then applied 5 cycles of a grade IV MOB with the
force characteristics the chiropractor deemed clinically appropriate to
the thoracic spine in a posterior-to-anterior direction at approximately 1
Hz frequency of oscillation. To participants that SMT was also deemed
clinically appropriate, a single posterior-to-anterior SMT with the force
characteristics the chiropractor would normally apply in their clinical
practice was then applied at the thoracic spine 20 min after MOB
application to prevent any potential cumulative effects of providing
consecutive manual techniques to the same participant. During the 20
min break, participants were instructed to adopt any comfortable posi-
tion, preferably sitting down and/or performing light walks, and avoid
fast movements. The force-time characteristics during MOB and SMT at
both the clinician-participant and participant-table interfaces were
recorded simultaneously (details below). The level in which MOB and
SMT were applied were categorized into upper (T1-T4), mid (T5-T8) or
lower (T9-T12) thoracic region and recorded. Technique and hand
contact used during both MOB and SMT application were chosen by the
provider (clinical judgement) and recorded. Participants’ self-reported
level of comfort during MOB and SMT application were also recorded.
If a thoracic MOB nor SMT were not deemed appropriate, the participant
was excluded from the study.

2.3. Instrumentation

2.3.1. Kinetic
A pair of six degree-of-freedom load cells (Mini45, ATI Industrial
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Automation Inc., Apex, NC, USA) were used to measure and record the
three-dimensional forces and moments applied by the clinician at the
clinician-participant interface. Custom load cell mounting platforms
were produced using a 3D printer (Airwolf3D HDL, Airwolf 3D, Costa
Mesa, CA, USA) and firmly mounted onto each load cell to mimic the
clinician’s clinical hand contact (hypothenar eminence) as well as to
ensure participant comfort during MOB and SMT application. For uni-
lateral techniques, one load cell was placed between the provider’s hand
and the participants’ back. For bilateral contact, two load cells were
used — one for each hand.

The force sensing table technology (FSTT®, Toronto, ON, Canada)
was used to measure the forces at the participant-table interface. The
FSTT® is composed of a Leander 900 Z Series treatment table (Leader
Healthcare Technologies, Lawrence, KS, USA) with an embedded AMTI
force plate (OR6-7, Advanced Mechanical Technology Inc., Watertown,
MA, USA). The thoracic portion of the treatment table (with embedded
force plate) was mechanically independent from the remainder of the
treatment plinth. This separation ensured that the force plate would only
capture the interaction between the participants’ thoracic region and
the thoracic portion of the treatment table. Previous research has
demonstrated excellent reliability and validity of the FSTT® in
measuring forces at the participant-table interface during SMT (Rogers
and Triano, 2003).

Analog data from the load cells and force plate were digitally
sampled at a rate of 1000 Hz using a + 10 V range on a 16-bit analog-to-
digital conversion board and synchronized with the kinematic data
(Optotrak Data Acquisition Unit, Northern Digital Inc., Waterloo, ON,
Canada).

2.3.2. Kinematic

Three-dimensional kinematics of the triaxial load cells during the
application of MOB and SMT were monitored by an optoelectronic
motion capture system (Optotrak Certus, Northern Digital Inc., Water-
loo, ON, Canada). A lab coordinate system was defined such that the
positive x-axis was directed to the right of the treatment table, the
positive y-axis was directed along the length of the treatment table, and
the positive z- axis was directed vertically upward. This coordinate
system was coincident with the local coordinate system of the FSTT®
force plate. For each load cell, a set of three infrared light emitting di-
odes (IREDs) was adhered to rigid plastic plates that were fastened to the
custom-fabricated load cell mounting platforms. A set of four virtual
landmarks were digitized on each load cell. Three-dimensional co-
ordinates of these virtual landmarks were continuously monitored
throughout data collection by rigid body transformations with the IREDs
that were affixed to the respective load cell. This allowed for continuous
tracking of the load cell during data collection and facilitated subse-
quent post-collection data processing. Static three-dimensional co-
ordinates for the corners of the force plate were also determined by
digitization. Kinematic data from the IREDs and virtual landmarks were
sampled at a rate of 150 Hz (Gudavalli et al., 2013).

2.4. Data processing and analysis

Steps to process the raw kinematic and kinetic data were similar to
those employed in previous investigations (D’Angelo et al., 2017; Engell
etal., 2019; Howarth et al., 2016). The following is a brief description of
these steps. All data were initially imported for processing using Visu-
al3D software (Version 5.02.03, C-Motion Inc., Germantown, MD, USA).
Digital voltages from the load cells and force plate were converted to
units of force (Newtons) using the manufacturer-specified calibration
matrices. Rigid body transformations were used so that forces from the
load cells were transformed into the force plate’s reference frame.

For MOB, the following variables were extracted for each of the five
cycles: 1) peak preload force was considered the maximum force
measured at each cycle’s preload, 2) total peak force was considered the
maximum force measured at each force application cycle, 3) time to

Clinical Biomechanics 89 (2021) 105450

peak was the time from preload to total peak force for each cycle, and 4)
loading rate was considered the difference between peak preload force
and total peak force divided by the time to peak for each cycle (Fig. 1).
The average of the five cycles for each variable was calculated for each
participant, which was then used for further analysis. For SMT, peak
preload force, total peak force, time to peak and loading rate were also
extracted (Fig. 1).

For both techniques, all force variables were extracted along all three
axes of the force plate’s reference frame using a customized software
(MATLAB, The MathWorks Inc., Natick, Massachusetts, USA). Thus, Fy,
Fy and F, corresponded to the forces recorded along the force plate’s x-
axis, y-axis and z-axis. Respectively, the force plate axes were approxi-
mately coincident with the participant’s mediolateral, axial and
anterior-posterior anatomical axes. The difference of force-time vari-
ables measured at both the clinician-participant interface (load cell
measurement) and at the participant-table interface (force plate mea-
surement) was calculated (Eq. (1)).

Fag = Fprine — Fepim 1)

A positive value corresponding to a greater value at the participant-
table interface. The resultant vector (F..s) at the clinician-participant
and participant-table interfaces during MOB and SMT was also calcu-
lated (Eq. (2)).

2.5. Statistical analysis

Quantitative descriptive measures of the participants’ characteristics
were computed. Shapiro-Wilk normality test was used to analyze the
distribution of all variables using R (R Foundation for Statistical
Computing, Vienna, Austria). Specifically, descriptive statistics in terms
of mean and standard deviation (SD) values are reported for parametric
force data and median with range for non-parametric force data.

A qualitative comparison of MOB and SMT force-time characteristics
used in older adults recorded in the current study to the ones used in
younger adults reported in the literature was conducted by plotting the
mean force magnitudes of the current and previous studies.

3. Results
3.1. Participants

Of the 21 participants recruited, three were excluded due to: thoracic
spine pain at physical exam, withdrawal of consent and technical issues.
Seven participants received MOB only (SMT was not considered clini-
cally appropriate). Therefore, MOB data from 18 participants and SMT
data from 11 participants were included in the final analysis. Table 1
presents the demographic characteristics of the participants included in
the study.

3.2. Spinal mobilization and spinal manipulative therapy forces

Most MOBs were applied unilaterally (72%) at the mid thoracic re-
gion (83%). One participant reported experiencing discomfort/pain
during MOB, which subsided immediately after MOB application ceased.
Similarly, most SMTs were applied unilaterally (72%) at the mid
thoracic region (72%). There were no reports of discomfort/pain during
or immediately after SMT application.

Given that a posterior-to-anterior technique was used in both MOB
and SMT, the greatest force magnitudes were observed along the z-axis.
Table 2 presents the mean (£ SD) of Fy and Fy preload force, total peak
force, time to peak and loading rate at maximum F, measured at the
clinician-participant and participant-table interfaces during MOB and
SMT. The median and range of the difference between MOB and SMT
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Fig. 1. Force-time graphs of a (A) spinal mobilization and (B) spinal manipulative therapy. Variables include preload force (a); total peak force (b); time to peak (c);

and loading rate (d).

Table 1

Participants characteristics.
Characteristic MOB (n = 18) SMT (n = 11)
Female (n, %) 10 (56%) 4 (36%)
Age (years; mean + SD) 70.4 + 4.44 69.4 + 3.2
Height (m; mean + SD) 1.67 + 0.09 1.69 + 0.10
Weight (kg; mean + SD) 75.4 +12.44 783 +11.4
BMI (kg/mz; mean + SD) 27.3 £ 3.0 27.8 +£29
Waist circumference (m; mean =+ SD) 0.95 £+ 0.10 0.94 + 0.11

force-time characteristics measured at the clinician-participant and
participant-table interfaces is also shown in Table 2. The maximum
resultant vector magnitude (Fr) at the clinician-participant and
participant-table interfaces during MOB and SMT is also presented in
Table 2. Larger forces at the participant-table interface than those at the
clinician-participant interface were observed in only 3 participants
during MOB (16.6%) and in 4 participants during SMT (36%). Among
these, 2 participants presented larger forces at the participant-table
interface during both MOB and SMT.

Additionally, during SMT, peak forces at the clinician-participant
interface were, on average, 9 ms (£13 ms) sooner than the peak forces
at the participant-table interface.

3.3. Qualitative comparison with previous studies

Fig. 2 presents preload and total peak force magnitudes of spinal
mobilization and spinal manipulative therapy measured in the current
study and reported in previous studies with younger adults (Cambridge
et al., 2012; Forand et al., 2004; Herzog et al., 2001; Joo et al., 2020;
Kirstukas and Backman, 1999; Snodgrass et al., 2006; Van Zoest and
Gosselin, 2003) at the clinician-participant and participant-table in-
terfaces for qualitative comparison.

4. Discussion

This is the first study to quantify and describe the force-time char-
acteristics of two manual therapy techniques (MOB and SMT) used
commonly in older adults. Specifically, this study reports MOB and SMT
force-time characteristics not only at the clinician-participant interface

(total peak force 323 N (+67) and 470 N (+46), respectively), but also at
the participant-table interface (total peak force 296 N (+63) and 463 N
(+57), respectively) to provide a global understanding of the forces
acting on the thorax.

The magnitude of applied forces observed in the current study during
the application of a clinical MOB was within the range of forces previ-
ously reported in the literature. More specifically, a previous review of
the literature (Snodgrass et al., 2006) described the magnitude of ver-
tical forces applied to adults with mean age between 26 and 55 years old
during varying grades of MOB using unique force measurement in-
struments. It was shown that vertical forces during a thoracic grade IV
MOB ranged from 89.2 N — 499.8 N. Given that a grade IV MOB was also
applied in the current study, our results indicate that the peak vertical
forces used during MOB grade IV to older adults are comparable to the
ones used in younger adults. This is in accordance with a previous study
by Harms et al. (1999) which reported that the total forces applied
during a lumbar MOB grade IV to younger adults (mean age: 26 years
old +4) and older adults (mean age: 55 years old +6) were comparable.
Despite older adults having reduced spinal compliance, the authors
speculate that the similar MOB forces applied in younger and older
adults may be more influenced by the applied force magnitude than by
the amplitude of joint movement or body deformation (Harms et al.,
1999).

Given the frequency of SMT application, several investigations have
focused on SMT forces and how they influence the neuromechanical
effects observed following SMT. Previous studies have reported SMT
force-time characteristics in different regions of the spine (Downie et al.,
2010; Pasquier et al., 2019). One study measured force-time charac-
teristics of SMT with similar characteristics to the one applied in the
current study, but in adults aged between 18 and 25 years, and reported
resultant preload forces of 226 N (+31) and peak forces of 518 N (+48)
(Van Zoest and Gosselin, 2003). In the current study, the vertical (F;)
preload and total peak forces (234.9 N (+36.5) and 462.1 N (+52.3),
respectively) as well as the resultant preload and peak forces (260 N
(+£41.7) and 470.1 N (£46.4), respectively) measured at the clinician-
participant interface were comparable to the ones previously reported
in the literature. On the participant-table interface, previous studies
using similar measurement instrument (i.e., force plate) reported pre-
load forces between 157.7 N to 299.6 N and total peak forces of between
432.3 N and 625.4 N in adults younger than 30 years old (Cambridge



Table 2
Mean (+SD) of force-time characteristics at clinician-participant, participant-table interfaces in each of the three axes of motion during spinal mobilization and manipulative therapy. F, and F, values correspond to the
force-time characteristics at the time of maximum F, values, Difference in force-time characteristics between interfaces during each technique and the resultant vector magnitude in each interface.

Clinician-participant interface Participant-table interface Difference between interfaces*"

10 32 1yspqOUNT W

Fx (medio-  Fy (cranio- Fz (antero- Fresult Fx (medio-  Fy (cranio- Fz (antero- Fresult Fx (medio-lateral) Fy (cranio- Fz (antero- Fresult
lateral) caudal) posterior) lateral) caudal) posterior) caudal) posterior)
Spinal Mobilization Preload 16.3 16.1 (+ 201.6 (+ 220.7 (+ 21.1 (£ 21.4 (+ 187.2 (+ 201.9 (+ 5.3(-33.2-34.4) 6.1 (-32.7-34.5) —18.2 —-18.2
force (N) (£21.6) 21.5) 33.2) 51.4) 15.6) 15.8) 37.4) 50.4) (—34.8-15.0) (—73.1-28.8)
Total peak 28.7 28.5 299.9 323.2 32.1 32.1 274.7 296.7 5.9 (-37.0-38.1) 6.0(-37.0-38.1) —-27.5 —24.5
force (N) (+28.6) (+28.8) (+45.9) (£67.4) (+£21.9) (+21.8) (+47.3) (+63.8) (—56.8-24.0) (—107.7-31.0)
Time to 329.3 330.7 336.4 312.7 317.1 306.9 284.5 308.6 —23.4 —38.0 —59.5 -1.1
peak (ms) (£72.2) (£74.5) (+40.5) (£38.2) (£111.2) (+118.8) (£40.9) (+44.5) (—189.5-231.8) (—213.9-287.3) (—103.2-34.7) (—51.7-61.5)
Loading 42.8 42.2 304.4 339.1 40.6 43.5 325.4 325.4 —-2.74 0.9 (—44.3-40.7) 13.3 —18.4
rate (N/s) (£32.9) (+31.0) (+68.4) (+£84.9) (+£27.2) (+31.8) (+84.5) (+81.7) (—42.6-44.0) (—43.0-70.4) (—93.1-77.8)
Spinal Manipulation  Preload 15.3 11.3 234.9 260.0 18.0 4.4 (£28.0) 214.9 236.9 16.1 1.0 (—46.5-15.6) —23.8 —23.2
force (N) (£32.6) (£21.9) (£36.5) (+41.7) (£23.6) (£38.7) (£47.2) (—33.5-23.5) (—45.0-8.9) (—69.6-19.7)
Total peak 24.6 41.9 462.1 470.1 12.1 43.4 455.8 463.2 -3.3 6.5 (—47.7-46.0) —13.4 —-15.2
force (N) (+47.7) (£57.1) (£52.3) (+46.4) (+£59.6) (+45.4) (£59.7) (£57.0) (—130.4-28.3) (—50.1-54.8) (—47.8-56.5)
Time to 121.1 127.3 162.0 165.3 143.6 151.0 164.0 169.8 13.5(—40.0-104) 29.0 2.5(—28.0-23.0) 6.0 (—46.5-31.5)
peak (ms) (+£32.8) (+43.6) (+£25.4) (£28.2) (+43.4) (+49.6) (£29.2) (+28.6) (—98.5-85.5)
Loading 248.1 68.5 1412.0 1644.5 181.9 18.0 1490.9 1639.4 -5.5 -13.0 108.5 9.4
rate (N/s) (£226.3) (+£237.8) (£159.2) (£314.2) (+186.0) (+£231.2) (£273.7) (+£238.1) (-521.7-176.5) (—695.0-109.6) (—133.6-314.8) (—292.9-323.7)

* Median (range).

" Negative value indicates a greater value at the clinician-participant interface.

0SSOI (1Z0T) 68 SAMUDYIWOLg [DIUTD
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Fig. 2. Preload and total peak force magnitudes of spinal mobilization and spinal manipulative therapy measured in the current study and reported in previous
studies at the clinician-participant and participant-table interfaces. MOB = spinal mobilization; SMT = spinal manipulative therapy.

etal., 2012; Joo et al., 2020). Although trending towards the lower force
range, comparable SMT preload and total peak forces were observed at
the participant-table interface in this study. Similar to MOB, this in-
dicates that the force-time characteristics used during a clinical SMT in
older adults are similar to the ones experienced by younger adults.

It has been described that practitioners usually adapt the forces they
apply based on the patients’ presentation (Triano and McGregor, 1997).
Given the neurologic and musculoskeletal age-related changes
commonly present in older adults, specific consideration during the
physical examination and manual treatment are required (Hawk et al.,
2017). Consequently, SMT forces applied to older adults are believed to
be either lower (when treating a more fragile patient) or higher (when
treating a stiffer patient). The observation that the SMT forces applied to
older adults were comparable to the ones applied in younger adults may
reflect the heterogeneity in size (i.e., height and weight) of patients and
study participants, regardless of their age. Specifically, studies investi-
gating SMT forces included younger adults with average heights of 1.66
m-1.81 m, and weights of 63 kg-88 kg, which are comparable to the
height and weight of older adult participants included in this study. It is
well-known, however, that older adults present age-related musculo-
skeletal changes, such as muscle mass loss and degeneration of joint
structures (Boss and Seegmiller, 1981; Loeser, 2010). Unfortunately,
such body characteristics (e.g., muscle mass, joint degeneration level,
bone mineral density, etc.) are not commonly recorded for sample
characterization if the study is not specifically focusing on them.
Therefore, it is not possible to ascertain if these force-time profiles
differed between the current and previous studies. This raises the pos-
sibility that age may play a smaller role in practitioners’ SMT force
decision-making process, and other characteristics, such as muscle mass

and joint compliance, are greater influencers on the magnitude of SMT
force to be applied.

The magnitude of SMT forces has been suggested to be a potential
contributor to adverse events observed following thoracic SMT
including in older adults (Puentedura and O’Grady, 2015; To et al.,
2020). Specifically, although most adverse events experienced by older
adults following SMT are mild and transient (e.g., increased stiffness and
pain), more severe events, such as spinal cord injuries and rib fractures,
have also been reported and are suggested to be related to the use of high
SMT forces (Hondras et al., 2009; Maiers et al., 2015; Puentedura and
O’Grady, 2015; To et al., 2020). To focus on rib fractures, previous
cadaveric biomechanical studies have reported failure tolerances for the
ribs of older adults (61-99 years old) ranging between 16 N-165 N in a
frontal motor vehicle collision (Agnew et al., 2015; Kang et al., 2020).
During impacts to the back, which would be more similar to the loading
characteristics of a SMT, forces to produce rib fractures ranged between
1690 N-7400 N (Forman et al., 2015) which are considerably larger
than the forces observed in this study. Of note, the SMT forces observed
in this study were measured at the clinician-participant and participant-
table interfaces, whereas previous biomechanical studies measured the
forces at the rib itself. Therefore, the force magnitudes reported in this
study cannot be directly compared to the ones reported in previous
studies and further studies are needed to investigate the SMT’s force-
time characteristics necessary to cause rib fractures.

Given the rib geometry and the viscoelastic behaviour of spinal
structures, rib displacement or deflection and the rate of force applica-
tion are fundamental when investigating rib fractures and spinal struc-
tures injuries. Specifically, previous biomechanical studies reported that
with a dynamic loading rate of 1.5 m/s-5.5 m/s, a 10%-32%



M. Funabashi et al.

displacement or deflection of initial rib length was observed at the time
of rib fracture (Agnew et al., 2015; Forman et al., 2015; Kang et al.,
2020). Thorax deflection was not measured in the current study and
although SMT force loading rate was recorded, caution should once
again be taken considering the differences in location of loading rate
measurement between studies and specimen condition (bare rib versus a
living person with soft tissue and thorax content). Despite this, a pre-
vious study (Funabashi et al., 2016) quantified that the loading rate of a
posterior to anterior SMT applied to the lumbar spine of cadaveric
porcine was 0.04 m/s, which is notably smaller than the ones used in
biomechanical studies that investigated rib fractures. Future studies are
needed to elucidate SMT’s biomechanical risks to cause rib fractures and
other spinal injuries.

A recent study in asymptomatic young participants (mean age: 24
years old +2.7) measured SMT force-time characteristics at the
clinician-participant and participant-table interfaces and observed that
forces at the participant-table interface were greater than the ones at the
clinician-participant interface during MOB and SMT in most participants
(Mikhail et al., 2020). Similar findings were observed in a recent study
conducted in our lab where forces at the participant-table were, on
average, 14% larger than forces at the clinician-participant interface
(unpublished data). Interestingly, results from the current study showed
greater forces at the clinician-participant interface than the ones at the
participant-table interface in most participants. This suggests the po-
tential unique biomechanical behaviour of older adult thoraxes in
comparison to the ones of asymptomatic younger adults during MOB
and SMT dynamic loading. General age-related degenerative changes
have been reported in the literature (Sharma and Goodwin, 2006), as
well as its influence on the biomechanics of the ribs and the overall
thoracic region (Agnew et al., 2015; Brown et al., 2008; Forman et al.,
2015; Kang et al., 2020; Okada et al., 2019). Apart from thoracic
biomechanical behaviour, intervention and participant characteristics
have been observed to influence the difference between forces measured
at the clinician-participant and participant-table interfaces: where lower
SMT loading rates (intervention) and larger thoracic thickness (partici-
pant) were correlated with a smaller difference between forces at both
interfaces (Mikhail et al., 2020). Therefore, it can be speculated that the
degenerative changes occurring in older adults, in combination with the
intervention and other participant specific characteristics may influence
the forces acting on internal tissues during MOB and SMT, which seems
to be distinct from the ones observed in younger adults. This, in turn,
provides evidence that further investigations should focus on this special
population. These studies should be conducted to elucidate how con-
servative interventions, such as MOB and SMT, should be tailored to
older adults and the safety of MOB and SMT in this population.

4.1. Limitations

Limitations include a sample size of 18 older adults that did not have
thoracic pain. Therefore, results might not be generalizable to older
adults with thoracic pain, as MOB and SMT forces applied to older adults
presenting thoracic pain might have differing characteristics. However,
this was the first study to quantify the force-time characteristics of
clinical MOB and SMT applied to older adults and future studies will
investigate MOB and SMT forces in a symptomatic sample. Additionally,
all MOB and SMTs were performed to older adults by a single clinician
and performance of other clinicians may apply interventions with
different force-time characteristics. The comparison between MOB and
SMT force magnitudes described in the current study with the ones re-
ported in previous studies is limited due to methodological differences
and should be interpreted with caution. Finally, this study was con-
ducted in a laboratory setting and the instrumentation required to
measure MOB and SMT force-time characteristics might have influenced
the clinician’s performance of these procedures. More specifically, the
placement of triaxial loadcells between the clinician’s hands and the
participants’ back may have potentially decreased the tactile feedback
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clinicians commonly report during manual therapies. Despite of that,
MOB and SMT with force-time characteristics that are representative of
what is used in the clinician’s practice was applied and quantified.

5. Conclusion

This study quantified the force-time characteristics of clinical MOB
and SMT applied to older adults. At the clinician-participant interface,
total peak force was, on average, 323 N during MOB and 470 N during
SMT. The difference between total peak forces measured at the clinician-
participant and participant-table interfaces were, on average, 24 N
during MOB and 15 N during SMT, with larger forces observed at the
clinician-participant interface. Results suggest older adults experience
unique, but comparable force-time characteristics during MOB and SMT
delivered to their thoracic spine compared to the ones delivered to
younger adults described in the literature. Future work regarding MOB
and SMT’s safety and effectiveness for older adults with back pain are
warranted.

Funding

This research did not receive any specific grant from funding
agencies in the public, commercial or not-for-profit sectors.

Declaration of Competing Interest

The authors have no conflicts of interest to declare.

References

Agnew, A.M., Schafman, M., Moorhouse, K., White, S.E., Kang, Y.S., 2015. The effect of
age on the structural properties of human ribs. J. Mech. Behav. Biomed. Mater. 41,
302-314. https://doi.org/10.1016/j.jmbbm.2014.09.002.

Beliveau, P.J.H., Wong, J.J., Sutton, D.A., Simon, N. Ben, Bussieres, A.E., Mior, S.A.,
French, S.D., 2017. The chiropractic profession: a scoping review of utilization rates,
reasons for seeking care, patient profiles, and care provided. Chiropr. Man. Ther. 25,
1-17. https://doi.org/10.1186/s12998-017-0165-8.

Bialosky, J.E., Bishop, M.D., Price, D.D., Robinson, M.E., George, S.Z., 2009. The
mechanisms of manual therapy in the treatment of musculoskeletal pain: a
comprehensive model. Man. Ther. 14, 531-538. https://doi.org/10.1016/j.
math.2008.09.001.

Boss, G.R., Seegmiller, J.E., 1981. Age-related physiological changes and their clinical
significance. West. J. Med. 135, 434-440.

Bronfort, G., Haas, M., Evans, R.L., Bouter, L.M., 2004. Efficacy of spinal manipulation
and mobilization for low back pain and neck pain: a systematic review and best
evidence synthesis. Spine J. 4, 335-356. https://doi.org/10.1016/].
spinee.2003.06.002.

Brown, K.R., Pollintine, P., Adams, M.A., 2008. Biomechanical implications of
degenerative joint disease in the apophyseal joints of human thoracic and lumbar
vertebrae. Am. J. Phys. Anthropol. 326, 318-326. https://doi.org/10.1002/
ajpa.20814.

Cambridge, E.D.J., Triano, J.J., Ross, J.K., Abbott, M.S., 2012. Comparison of force
development strategies of spinal manipulation used for thoracic pain. Man. Ther. 17,
241-245. https://doi.org/10.1016/j.math.2012.02.003.

Cieza, A., Causey, K., Kamenov, K., Hanson, S.W., Chatterji, S., Vos, T., 2020. Global
estimates of the need for rehabilitation based on the Global Burden of Disease study
2019: a systematic analysis for the Global Burden of Disease Study 2019. Lancet
6736, 1-12. https://doi.org/10.1016/s0140-6736(20)32340-0.

D’Angelo, K., Triano, J.J., Kawchuk, G.N., Howarth, S.J., 2017. Patient-induced reaction
forces and moments are influenced by variations in spinal manipulative technique.
Spine 42, E71-E77. https://doi.org/10.1097/BRS.0000000000001725.

Downie, A.S., Vemulpad, S., Bull, P.W., 2010. Quantifying the high-velocity, low-
amplitude spinal manipulative thrust: a systematic review. J. Manipulative Physiol.
Ther. 33, 542-553. https://doi.org/10.1016/j.jmpt.2010.08.001.

Engell, S., Triano, J.J., Howarth, S.J., 2019. Force transmission between thoracic and
cervical segments of the spine during prone-lying high-velocity low-amplitude spinal
manipulation: a proof of principle for the concept of regional interdependence. Clin.
Biomech. 69, 58-63. https://doi.org/10.1016/j.clinbiomech.2019.07.006.

Fernandez, M., Boyle, E., Hartvigsen, J., Ferreira, M.L., Refshauge, K.M., Maher, C.G.,
Christensen, K., Hopper, J.L., Ferreira, P.H., 2017. Is this back pain killing me? All-
cause and cardiovascular-specific mortality in older Danish twins with spinal pain.
Eur. J. Pain (United Kingdom) 21, 938-948. https://doi.org/10.1002/ejp.996.

Forand, D., Drover, J., Symons, B., Herzog, W., Suleman, Z., Symons, B., Herzog, W.,
2004. The forces applied by female and male chiropractors during thoracic spinal
manipulation. J. Manipulative Physiol. Ther. 27, 49-56. https://doi.org/10.1016/j.
jmpt.2003.11.006.



M. Funabashi et al.

Forman, J., Perry, B., Henderson, K., Gjolaj, J.P., Heltzel, S., Lessley, D., Riley, P.,
Salzar, R., Walilko, T., 2015. Blunt impacts to the back: biomechanical response for
model development. J. Biomech. 48, 3219-3226. https://doi.org/10.1016/j.
jbiomech.2015.06.035.

French, S.D., Charity, M.J., Forsdike, K., Gunn, J.M., Polus, B.I., Walker, B.F.,
Chondros, P., Britt, H.C., 2013. Chiropractic observation and analysis study
(COAST): providing an understanding of current chiropractic practice. Med. J. Aust.
199, 687-691. https://doi.org/10.5694/mjal2.11851.

Fritz, J.M., Koppenhaver, S.L., Kawchuk, G.N., Teyhen, D.S., Hebert, J.J., Childs, J.D.,
2011. Preliminary investigation of the mechanisms underlying the effects of
manipulation. Spine 36, 1772-1781. https://doi.org/10.1097/
BRS.0b013e318216337d (Phila. Pa. 1976).

Funabashi, M., Kawchuk, G.N., Vette, A.H., Goldsmith, P., Prasad, N., 2016. Tissue
loading created during spinal manipulation in comparison to loading created by
passive spinal movements. Sci. Rep. 6 https://doi.org/10.1038/srep38107.

Funabashi, M., Nougarou, F., Descarreaux, M., Prasad, N., Kawchuk, G., 2017a. Influence
of spinal manipulative therapy force magnitude and application site on spinal tissue
loading: a biomechanical robotic serial dissection study in porcine motion segments.
J. Manipulative Physiol. Ther. 40, 387-396. https://doi.org/10.1016/j.
jmpt.2017.05.003.

Funabashi, M., Nougarou, F., Descarreaux, M., Prasad, N., Kawchuk, G.N., 2017b. Spinal
tissue loading created by different methods of spinal manipulative therapy
application. Spine 42. https://doi.org/10.1097/BRS.0000000000002096 (Phila. Pa.
1976).

Funabashi, M., Nougarou, F., Descarreaux, M., Prasad, N., Kawchuk, G.N., 2018. Does
the application site of spinal manipulative therapy alter spinal tissues loading? Spine
J. 18, 1041-1052. https://doi.org/10.1016/j.spinee.2018.01.008.

Gudavalli, M.R., Devocht, J., Tayh, A., Xia, T., 2013. Effect of sampling rates on the
quantification of forces, durations, and rates of loading of simulated side posture
high-velocity, low-amplitude lumbar spine manipulation. J. Manipulative Physiol.
Ther. 36, 261-266. https://doi.org/10.1016/§.jmpt.2013.05.010.

Harms, M.C., Innes, S.M., Bader, D.L., 1999. Forces measured during spinal manipulative
procedures in two age groups. Rheumatology 38, 267-274. https://doi.org/
10.1093/rheumatology/38.3.267.

Hartvigsen, J., Frederiksen, H., Christensen, K., 2006. Back and neck pain in seniors -
prevalence and impact. Eur. Spine J. 15, 802-806. https://doi.org/10.1007/s00586-
005-0983-6.

Hawk, C., Schneider, M.J., Haas, M., Katz, P., Dougherty, P., Gleberzon, B., Killinger, L.
Z., Weeks, J., 2017. Best practices for chiropractic care for older adults: a systematic
review and consensus update. J. Manipulative Physiol. Ther. 40, 217-229. https://
doi.org/10.1016/j.jmpt.2017.02.001.

Herzog, W., 2010. The biomechanics of spinal manipulation. J. Bodyw. Mov. Ther. 14,
280-286. https://doi.org/10.1016/].jbmt.2010.03.004.

Herzog, W., Conway, P., Kawchuk, G., Zhang, Y.-T., Hasler, E., 1993. Forces exerted
during spinal manipulative therapy. Spine 18, 1206-1212 (Phila. Pa. 1976).

Herzog, W., Kats, M., Symons, B., 2001. The effective forces transmitted by high-speed,
low-amplitude thoracic manipulation. Spine 26, 2105-2110 (Phila. Pa. 1976).
(discussion 2110-1).

Hondras, M.A., Long, C.R., Cao, Y., Rowell, R.M., Meeker, W.C., 2009. A randomized
controlled trial comparing 2 types of spinal manipulation and minimal conservative
medical care for adults 55 years and older with subacute or chronic low Back pain.
J. Manipulative Physiol. Ther. 32, 330-343. https://doi.org/10.1016/j.
jmpt.2009.04.012.

Howarth, S.J., D’Angelo, K., Triano, J.J., 2016. Development of a linked segment model
to derive patient low back reaction forces and moments during high-velocity low-
amplitude spinal manipulation. J. Manipulative Physiol. Ther. 39, 176-184. https://
doi.org/10.1016/j.jmpt.2016.02.009.

Hurwitz, E.L., 2012. Epidemiology: spinal manipulation utilization. J. Electromyogr.
Kinesiol. 1-7 https://doi.org/10.1016/j.jelekin.2012.01.006.

Johansson, M.S., Jensen Stochkendahl, M., Hartvigsen, J., Boyle, E., Cassidy, J.D., 2017.
Incidence and prognosis of mid-back pain in the general population: a systematic
review. Eur. J. Pain (United Kingdom) 21, 20-28. https://doi.org/10.1002/ejp.884.

Joo, S., Kim, J., Lee, Y., Song, C., 2020. The biomechanical analysis of magnitude and
direction of force by different techniques of thoracic spinal manipulation. Biomed.
Res. Int. 2020, 8928071. https://doi.org/10.1155/2020/8928071.

Kang, Y.-S., Kwon, H.J., Stammen, J., Moorhouse, K., Agnew, A.M., 2020. Biomechanical
response targets of adult human ribs in frontal impacts. Ann. Biomed. Eng. https://
doi.org/10.1007/5s10439-020-02613-x.

Kirstukas, S.J., Backman, J.a., 1999. Physician-applied contact pressure and table force
response during unilateral thoracic manipulation. J. Manipulative Physiol. Ther. 22,
269-279. https://doi.org/10.1016/50161-4754(99)70059-X.

Leboeuf-Yde, C., Fejer, R., Nielsen, J., Kyvik, K.O., Hartvigsen, J., 2011. Consequences of
spinal pain: do age and gender matter? A Danish cross-sectional population-based
study of 34,902 individuals 20-71 years of age. BMC Musculoskelet. Disord. 12, 39.
https://doi.org/10.1186/1471-2474-12-39.

Leboeuf-Yde, C., Fejer, R., Nielsen, J., Kyvik, K.O., Hartvigsen, J., 2012. Pain in the three
spinal regions: the same disorder? Data from a population-based sample of 34,902
Danish adults. Chiropr. Man. Ther. 20, 11. https://doi.org/10.1186/2045-709X-20-
11.

Leveille, S.G., Guralnik, J.M., Hochberg, M., Hirsch, R., Ferrucci, L., Langlois, J.,
Rantanen, T., Ling, S., 1999. Low back pain and disability in older women:
independent association with difficulty but not inability to perform daily activities.

Clinical Biomechanics 89 (2021) 105450

J. Gerontol. Ser. A Biol. Sci. Med. Sci. 54, 487-493. https://doi.org/10.1093/
gerona/54.10.M487.

Loeser, R.F., 2010. Age-related changes in the musculoskeletal system and the
development of osteoarthritis. Clin. Geriatr. Med. 26, 371-386. https://doi.org/
10.1016/j.cger.2010.03.002.

de Luca, K.E., Fang, S.H., Ong, J., Shin, K.S., Woods, S., Tuchin, P.J., 2017a. The
effectiveness and safety of manual therapy on pain and disability in older persons
with chronic low back pain: a systematic review. J. Manipulative Physiol. Ther. 40,
527-534. https://doi.org/10.1016/j.jmpt.2017.06.008.

de Luca, K., Hogg-Johnson, S., Funabashi, M., Mior, S., French, S.D., 2021. The profile of
older adults seeking chiropractic care: a secondary analysis. BMC Geriatr 21, 271.
https://doi.org/10.1186/s12877-021-02218-6.

de Luca, K.E., Parkinson, L., Haldeman, S., Byles, J.E., Blyth, F., 2017b. The relationship
between spinal pain and comorbidity: a cross-sectional analysis of 579 community-
dwelling, Older Australian Women. J. Manipulative Physiol. Ther. 40, 459-466.
https://doi.org/10.1016/j.jmpt.2017.06.004.

Maiers, M., Evans, R., Hartvigsen, J., Schulz, C., Bronfort, G., 2015. Adverse events
among seniors receiving spinal manipulation and exercise in a randomized clinical
trial. Man. Ther. 20, 335-341. https://doi.org/10.1016/j.math.2014.10.003.

Mikhail, J., Funabashi, M., Descarreaux, M., Pagé, 1., 2020. Assessing forces during spinal
manipulation and mobilization: factors influencing the difference between forces at
the patient-table and clinician-patient interfaces. Chiropr. Man. Therap. 28, 57.
https://doi.org/10.1186/512998-020-00346-1.

Mior, S., Wong, J., Sutton, D., Beliveau, P.J.H., Bussieres, A., Hogg-Johnson, S.,
French, S., 2019. Understanding patient profiles and characteristics of current
chiropractic practice: a cross-sectional Ontario Chiropractic Observation and
Analysis STudy (O-COAST). BMJ Open 9. https://doi.org/10.1136/bmjopen-2019-
029851.

Okada, E., Daimon, K., Fujiwara, H., Nishiwaki, Y., Watanabe, M., Katoh, H.,
Ishihama, H., Fujita, N., Tsuji, T., Nakamura, M., Matsumoto, M., Watanabe, K.,
2019. Ten-year longitudinal follow-up MRI study of age-related changes in thoracic
intervertebral discs in asymptomatic subjects. Spine 44, 1317-1324. https://doi.org/
10.1097/BRS.0000000000003145 (Phila. Pa. 1976).

Ozsoy, G., Ilcin, N., Ozsoy, 1., Buyukturan, O., Buyukturan, B., Kararti, C., Sas, S., 2019.
The effects of myofascial release technique combined with Core stabilization
exercise in elderly with non-Speci fi ¢ low back pain: a randomized controlled,
single-blind study. Clin. Interv. Aging 14, 1729-1740.

Pasquier, M., Daneau, C., Marchand, A.-A., Lardon, A., Descarreaux, M., 2019. Spinal
manipulation frequency and dosage effects on clinical and physiological outcomes: a
scoping review. Chiropr. Man. Therap. 27, 23. https://doi.org/10.1186/512998-019-
0244-0.

Pickar, J.G., 2002. Neurophysiological effects of spinal manipulation. Spine J. 2,
357-371. https://doi.org/10.1016/51529-9430(02)00400-x.

Pickar, J.G., Bolton, P.S., 2012. Spinal manipulative therapy and somatosensory
activation. J. Electromyogr. Kinesiol. 22, 785-794. https://doi.org/10.1016/j.
jelekin.2012.01.015.

Puentedura, E.J., O’Grady, W.H., 2015. Safety of thrust joint manipulation in the
thoracic spine: a systematic review. J. Man. Manip. Ther. 23, 154-161. https://doi.
org/10.1179/2042618615Y.000000001 2.

Rogers, C.M., Triano, J.J., 2003. Biomechanical measure validation for spinal
manipulation in clinical settings. J. Manipulative Physiol. Ther. 26, 539-548.
https://doi.org/10.1016/j.jmpt.2003.08.008.

Scheele, J., Enthoven, W.T.M., Bierma-zeinstra, S.M.A., Peul, W.C., Van Tulder, M.W.,
Bohnen, A.M., Berger, M.Y., Koes, B.W., Luijsterburg, P.A.J., 2013. Course and
prognosis of older back pain patients in general practice: a prospective cohort study.
Pain 154, 951-957. https://doi.org/10.1016/].pain.2013.03.007.

Schulz, C., Evans, R., Maiers, M., Schulz, K., Leininger, B., Bronfort, G., 2019. Spinal
manipulative therapy and exercise for older adults with chronic low back pain: a
randomized clinical trial. Chiropr. Man. Therap. 27, 1-14.

Sharma, G., Goodwin, J., 2006. Effect of aging on respiratory system physiology and
immunology. Clin. Interv. Aging 1, 253-260.

Snodgrass, S.J., Rivett, D.a., Robertson, V.J., 2006. Manual forces applied during
posterior-to-anterior spinal mobilization: a review of the evidence. J. Manipulative
Physiol. Ther. 29, 316-329. https://doi.org/10.1016/j.jmpt.2006.03.006.

To, D., Tibbles, A., Funabashi, M., 2020. Lessons learned from cases of rib fractures after
manual therapy: a case series to increase patient safety. J. Can. Chiropr. Assoc. 3194,
7-15.

Triano, J.J., 2001. Biomechanics of spinal manipulative therapy. Spine J. 1, 121-130.

Triano, J.J., McGregor, M., 1997. Use of chiropractic manipulation in lumbar
rehabilitation. J. Rehabil. Res. Dev. 34, 394.

Triano, J.J., Lester, S., Starmer, D., Hewitt, E.G., 2017. Manipulation peak forces across
spinal regions for children using mannequin simulators. J. Manipulative Physiol.
Ther. 40, 139-146. https://doi.org/10.1016/j.jmpt.2017.01.001.

Van Zoest, G.G.J.M., Gosselin, G., 2003. Three-dimensionality of direct contact forces in
chiropractic spinal manipulative therapy. J. Manipulative Physiol. Ther. 26,
549-556. https://doi.org/10.1016/j.jmpt.2003.08.001.

Weiner, D.K., Haggerty, C.L., Kritchevsky, S.B., Harris, T., Simonsick, E.M., Nevitt, M.,
Newman, A., 2003. How does low back pain impact physical function in
independent, well-functioning older adults? Evidence from the health ABC cohort
and implications for the future. Pain Med. 4, 311-320. https://doi.org/10.1111/
j.1526-4637.2003.03042.x.



