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ABSTRACT
Objective: The purpose of this review was to critically appraise the quality of studies evaluating the reliability of
spinal stiffness assessment devices.
Methods: An electronic search of the MEDLINE, PubMed, CINAHL, PsycINFO, PEDro, and Embase databases up
to September 2016 was performed. Information on participants, measurement protocols, reliability, and accuracy were
extracted. Two reviewers independently applied the COnsensus-based Standards for the selection of health
Measurement INstruments checklist to assess the methodological quality of the measurement properties reliability and
measurement error, which were rated as excellent, good, fair, or poor. The overall score was determined using the
worst score counts method.
Results: In total, 1,728 studies were identified and 9 studies were included in this review. All included studies showed
high reliability, with intraclass correlation coefficient values ranging from 0.65 to 0.99. In the quality assessment, 2
studies were rated as fair and 7 studies as poor, mainly because of sample sizes.
Conclusion: The studies demonstrated favorable high-reliability values but low methodological quality. In the future,
high-quality studies with larger sample sizes are needed. (J Manipulative Physiol Ther 2018;41:704-711)

Key Indexing Terms: Spine; Reliability
INTRODUCTION

The measurement of spinal stiffness in patients with
back pain is part of the daily routine of a manual therapist.1

Biomechanically, stiffness is resistance against an applied
force to make a change in position.2 In a clinical
environment, stiffness is resistance to the elastic deforma-
tion of a tissue, joint, or limb.3 In spinal stiffness, clinicians
manually assess the posterior-to-anterior stiffness by
pressing on the spinous process while the patient is lying
in a prone position. The resulting movement of the vertebra
is determined by the patient’s pain level, presence of muscle
spasm, and physical resistance (ie, stiffness).4 Clinicians
consider the relationship between the applied force and the
resulting displacement of the spine5 to determine whether a
joint is hypo- or hypermobile. A study by Fritz et al showed
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that the judgment about hypo- or hypermobility provides
useful information for clinical decision-making.6 Flynn et
al found that spinal stiffness is 1 of the 5 predictors of
response to spinal manipulation in participants with low
back pain (LBP).7 Information about spinal stiffness can
therefore help clinicians to identify the restricted spinal
segment and to determine the diagnosis and the options for
further treatment.8

Spinal stiffness is also influenced by other factors such
as pain or intra-abdominal pressure. Several studies have
demonstrated that spinal stiffness is increased in patients
with LBP compared with people with little or no pain.9,10

Hodges et al described augmentation of lumbar spinal
stiffness owing to increased intra-abdominal pressure
caused by the stimulation of the phrenic nerves, provoking
a contraction of the diaphragm.11 Shirley et al investigated
the changes of stiffness during the respiratory cycle. They
found higher values for measurements above and below the
normal tidal volume compared with values obtained after a
normal exhalation.12

Even though the manual assessment of stiffness often is
done in clinical practice, many studies have found that it has
poor intra- and interrater reliability.13-15 Some reasons are
examiner variability in the magnitude16 or the direction17

of the applied force and the variation in individual
perceptions of stiffness.18 Maher et al investigated a
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reference-based protocol, where examiners received a
reference stiffness stimulus to rate the stiffness more
objectively. The reliability of this revised protocol was
acceptable, with an intraclass correlation coefficient (ICC)
of 0.77, but the validity was not. The result suggested that
the examiners and the mechanical device measured
different things.19

Thus, for a more objective quantification of spinal stiffness,
researchers developed instrumented measurements. The first
mechanical device, called a spinal physiotherapy simulator,
was constructed by Lee and Svensson in 1990 and was found
to be highly reliable.20 In 1996, Latimer et al designed a
lighter, more easily transportable device to measure spinal
stiffness in patients with LBP. This was the first study that
demonstrated highly reliable measurement results in partici-
pants with LBP.21 However, these mechanical devices
primarily were used for research applications because their
size and complexity made it difficult to use them in clinical
practice. Thus, there was a need for smaller devices, and
handheld mechanically assisted devices were developed.22,23

With these, the examiner manually applies force for the tissue
indentation and receives feedback from a computerized force
and displacement monitoring system. Even though the
reliability was slightly less than that reported for the
mechanical devices, the ICC values of 0.79 and 0.93 showed
clearly better reliability than the manual posterior-to-anterior
pressure test.22,23

Although the early mechanical devices, like the
spinal physiotherapy simulator20 or the portable stiffness
device,21 applied the concept of indented force and resulting
displacement of the skin, these handheld mechanically assisted
devices use different methods to assess spinal stiffness. The
device used by Evans et al measures the compliance of the
vertebra based on the theory of impulse response.24 PulStar,
another mechanically assisted device, compares consecutive
spinal segments and identifies variance in resistance. The
examiner produces a preload force of 3 to 4 lbs before the
handheld impulse head generates an impulse. With use of a
piezoelectric sensor, the stiffness resulting from this impulse
can be monitored.25 Another newer mechanical indentation
device uses a motorized indentation probe and a compressive-
tension load cell transducer to measure the resulting
displacement.26

As highly reliable methods are needed for precision in
diagnosis and treatment evaluation, mechanical or mechan-
ically assisted devices will become increasingly important.
Nevertheless, to our knowledge, there are no systematic
overviews of the reliability of instrumented measurements
of spinal stiffness. Wong et al included a narrative review
about the reliability and accuracy of indentation devices in
their study,26 but more devices have been developed since
then. 27 Therefore, the aim of this review was to
systematically review the literature on the reliability of
instrumented measurements of spinal stiffness in healthy
participants and in participants with neck pain and LBP.
METHODS

Search Strategy
An electronic search strategy was developed and

performed by a librarian at Zurich University. The databases
MEDLINE, PubMed, CINAHL, PsycINFO, PEDro, and
Embase were included in the search. The search was
restricted to English- and German-language literature up to
September 2016. The search strategy used for these
databases is shown in more detail in the supplementary
files. Moreover, the reference lists of the identified studies
were scanned for potentially useful supplementary articles.
Study Selection
After duplicates were removed, 1 reviewer (J.S.)

screened the search results for eligibility. First, the titles
and abstracts were screened, and irrelevant studies were
excluded. The full text of potentially eligible articles then
was screened to assess eligibility. The remaining studies
were checked for eligibility by 2 other authors (B.W. and L.
H.), and any disagreements were resolved through
discussion. Articles were included if they met the following
criteria: (1) mechanical spinal stiffness assessment was the
main topic, (2) reliability was reported, and (3) they were in
English or German. Studies were excluded for the following
reasons: (1) manual spinal stiffness assessment was the
focus, (2) spinal stiffness assessment was done during spine
fusion surgery/anesthesia, (3) stiffness assessment was of
cadaveric or nonhuman material, or (4) full text was not
available.
Data Extraction
One author (L.H.) extracted the following data from each

study: author, year of publication, name of the device
assessed, number of participants, and whether the partici-
pants were symptomatic or asymptomatic. Information
about the level of assessment, patient position, and maximal
applied load also was collected. Furthermore, details
pertaining to the reliability of the device, such as reliability
type, time interval, averaged measurements, and ICC, were
extracted. Furthermore, data about the accuracy of the
device were collected. If uncertainty arose, it was discussed
with a second author (J.S.).
Study Quality Assessment
The methodological quality of all studies was assessed

using the COnsensus-based Standards for the selection of
health Measurement INstruments (COSMIN) checklist.
This checklist is a standardized tool for evaluating the
methodological quality of studies on measurement proper-
ties. It consists of 12 boxes, 9 of which contain standards for
different measurement properties.28,29
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Because this review focuses on the reliability of
mechanical devices, the COSMIN box B (reliability) was
used. Because it is also important to know the influence of
the measurement error on the accuracy of the measuring
devices, box C (measurement error) also was used. Two
reviewers (B.W. and J.S.) independently rated each of the
items of these 2 boxes using a 4-point rating scale
containing the response options poor, fair, good, and
excellent. The methodological quality score for these boxes
was determined by taking the lowest rating of any item
(worst score counts).29 Any disagreements were resolved
through discussion.
RESULTS

Search Outcome
The electronic search strategy yielded a total of 1728

studies. As shown in the flowchart of our study selection
process (Fig 1), 9 studies were included in this review.
Study Characteristics
Descriptions of the 9 included studies are given in

Table 1. 20-27,30 The number of participants ranged
between 3 and 52, with only 1 study including more
than 50 participants. 22 Three studies measured the spinal
stiffness of symptomatic participants, 21,22,26 whereas the
others assessed healthy participants. With the exception
of 2 studies that assessed spinal stiffness while sitting24

and standing, 27 the studies assessed spinal stiffness in the
prone position.24,27 Half of the studies measured stiffness
of the lumbar spine.20,23,26 The other studies investigated
stiffness of the cervical spine, 30 the cervical and thoracic
spine,24 the thoracic spine,27 or the whole spine.25 The
maximal load varied from 25 to 115 N. On average, the
studies applied a maximal load of around 80 to 100 N.
Only 3 studies evaluated the accuracy of the devices
reporting the standard error of measurement. 22,26,27
Reliability
Data on the reliability of the instruments are shown inTable 1.

All studies measured the intrarater reliability,20-23,26,27,30 and 2
of them additionally tested interrater reliability.24,25 Four
studies determined within-day reliability,21,23,24 2 studies
between-day reliability,20,27 and 3 studies a combination of
these.22,26,30 One study did not specify the time interval
between the 2 measurements.25 To quantify reliability, 7
studies used ICCs,20-26 1 study used the dependability
coefficient Φ,27 and 1 study used the coefficient of multiple
determination.30 The reliability ranged between ICC values of
0.65 to 0.99, with 4 studies attaining a value above
0.90.21,23,24,26
Methodological Quality
The resulting quality scores for the COSMIN boxes B

(reliability; relative measures) and C (measurement error;
absolute measures) are shown in Table 1. Items 1 to 10 of
box C are the same as those in box B. Therefore, we show
only item 11 from box C (11C). In both boxes, 2 studies
were rated as fair22,27 and 7 studies as poor.20,21,23-26,30

None of the studies were classified as good or excellent.
The COSMIN items of box B and item 11 of box C are

shown in Figure 2. The COSMIN mean percentage score
per item is shown in Figure 3. In all of the studies, item 4
(2 measurements available) and 10 (important flaws)
were rated as excellent. Item 9 (similar test conditions
for both measurements) also showed high scores; 67%
were evaluated as good20-22,24,27,30 and the rest as
excellent.23,25,26 For item 7 (stability of patients), 89% of
the studies received a good rating.20-24,26,27,30 Seven
studies had a poor rating for item 3 (adequate sample
size).17,21,23-26,30 Items 1 and 6 (statement of missing
items and time interval, respectively) offered only the
following 2 response options: (1) excellent (11%)26 and
good (82%)20-25,27,30 and (2) excellent (89%)20-24,26,27,30

and fair (11%),25 respectively. Six studies calculated the
ICC and described a model or formula for the ICC, which
resulted in an excellent rating for item 11 of box B
(calculation of ICC).20-23,26,27 Two studies were estimated
as good24,25 and 1 study as fair.30 For item 11 of box C
(calculation of standard error of measurement, smallest
detectable change, or limits of agreement), 45% of the
studies achieved an excellent rating,22,26,27 with the
remaining receiving a poor rating.20,21,23-25,30
Rater Agreement
The percentage of agreement between the 2 raters was

92% (Cohen’s κ = 0.94). The quality assessment differed
twice for item 5 (independent administration) and item 8
(appropriate time interval)25,27 and once for item 6
(statement of time interval) and item 9 (similar conditions
for both measurements).26 These disagreements were
resolved through discussion.
DISCUSSION

This systematic review evaluated 9 studies assessing the
reliability of instrumentedmeasurements of spinal stiffness. The
included studies showed high variability in reliability estimates,
patient populations, methodological quality, and study design.
Reliability
Overall, all mechanical devices except 124 showed

acceptable to excellent ability to reliably measure spinal
stiffness. These studies used different measurement proto-
cols with various time intervals. Thus, these factors do not



Fig 1. Search flowchart of study selection process.
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seem to influence the reliability of the devices. All studies
except 2 used the ICC to calculate reliability.27,30 The only
study that measured spinal stiffness in a free-sitting position
had the lowest interrater ICC value.24 This position provides
less stabilization of the spine during measurement than the
prone position, which might explain this finding. Although
most studies measured asymptomatic participants, 3 studies
evaluated the reliability of spinal stiffness in symptomatic
participants.21,22,26 However, there was no difference in
reliability from those studies testing patients.
Methodological Quality
The low methodological quality of the studies limits the

strength of conclusions. Seven studies20,21,23-26,30 were
rated as poor and 2 studies22,27 as fair for both COSMIN
box B (reliability; relative measures) and box C (reliability;
absolute measures). The main reason for the low quality
assessment in most studies was the sample size, with 7 of
the included studies using a sample size b3020,21,23-25,27,30

and only 1 study including a sample size of N50.22 The
stability of the participants during and between the
measurements is crucial for repeated measurements. In
most studies, it was presumable that the participants were
stable, which led to a good score.20-24,26,27,30 Leach et al
received a poor rating because several participants experienced
temporary pain because of an accident or trauma.25 The time
interval between 2 measurements was stated in most of the
studies.20-24,26,27,30 However, therewas no standard or uniform
measurement protocol, and so the interval varied widely
between seconds and weeks. Another reason for the low
quality rating was item 11 of box C (reliability; absolute
measures). Only 3 studies calculated the measurement error in
the form of a standard error ofmeasurement22,27 or aminimum



Table 1. Study Characteristics

Study Device No. Pain Level Position
Max.
load (N)

Reliability
Type Time Interval AM Reliability (ICC) Accuracy (SEM)

Quality:
Box B

Quality:
Box C

Evans, 199824 Compliance detection
instrument with function
recording and analysis system

3
20

- C0-T3 Sitting ? Inter-rater
Intrarater Within-day: seconds

2
2

0.65
0.90, 0.93

- Poor Poor

Larivière, et al, 201527 Trunk perturbation apparatus 30 No T8 Standing ? Intrarater Between-day: 8 wk ? Φ = 0.41-0.85 1.1-11.9 Fair Fair

Latimer, et al, 199621 Portable stiffness device 22 Yes L2-5 a Prone 105 Intrarater Within-day: 5 min 4 0.96 - Poor Poor

Leach, et al, 200325 PulStar 18 No C0-L5 Prone ? Inter-rater
Intrarater Within-day:?

2
2

0.87
0.78, 0.89

- Poor Poor

Lee and Svensson,
199020

Spinal physiotherapy
simulator

11 No L3 Prone 115 Intrarater Between-day: days 5 0.88 - Poor Poor

Owens, et al, 200722 Posterior-to-anterior spinal
stiffness device

52 Yes L1-L5 Prone 80 Intrarater Combined within-/
between-day:
10-wk period

≤4 0.79 1.62 Fair Fair

Stanton, et al, 200923 Assisted indentation device 23 No L4 Prone 100 Intrarater Within-day: 2 min 9 0.93 - Poor Poor

Tuttle, et al, 200830 Passive movement
assessment device

10 No C2-C7 Prone 25 Intrarater Within-day: minutes
Between-day: 1 day

3
3

CMD = 0.99
CMD = 0.96

- Poor Poor

Wong, et al, 201326 Mechanical
indentation device

12
14

Yes
No

L3 Prone 60 Intrarater Within-day: 2 min
Between-day: 1-4 d

3
3

0.99
0.98

MDC95 = 3.51%-5.36%
MDC95 = 8.33%-8.93%

Poor Poor

AM, averaged measurement; CMD, coefficient of multiple determination; ICC, intraclass correlation coefficient; MDC95, minimal detectable change based on 95% confidence interval; SEM, standard error of
the mean; Φ, dependability coefficient.

a The most painful level.
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1. Was the percentage of missing items given? 

2. Was there a description of how missing items were handled? 

3. Was the sample size included in the analysis adequate? 

4. Were at least 2 measurements available? 

5. Were the administrations independent? 

6. Was the time interval stated? 

7. Were patients stable in the interim period on the construct to be measured? 

8. Was the time interval appropriate? 

9.

10. Were there any important flaws in the design or methods of the study? 

11B. Was an intraclass correlation coefficient (ICC) calculated?

11C. Was the Standard Error of Measurement (SEM), Smallest Detectable Change (SDC) or 
Limits of Agreement (LoA) calculated?

Were the test conditions similar for both measurements (eg, type of administration, 
environment, instructions)?

Fig 2. COnsensus-based Standards for the Selection of Health Measurement INstruments (COSMIN) item list of Box B and item 11 o
Box C.

Fig 3. Mean percentage in quality distribution of each COnsensus-based Standards for the selection of health Measurement
INstruments (COSMIN) item.
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detectable change.26 The rest of the studies did not give any
details about the accuracy of their device, which would be
important for achieving reliable measurements.
Design
This review demonstrates that the reliability of the

instrumented measurements is excellent for both asymp-
tomatic and symptomatic participants. It also shows that
spinal stiffness generally was tested in a prone position.
However, usually back pain is worst when sitting or
standing. Both Edmondston et al (lumbar spine)31 and
Snodgrass et al (the neck)32 showed that body position
influences spinal stiffness. In the study by Evans et al,
participants were sitting unrestricted on a chair or bench
during measurement, which reduced reliability.24 There-
fore, when measuring spinal stiffness in positions other than
f

lying prone, a reliable definition of the body position is
required.

Compared with the manual assessment of spinal
stiffness, the instrumented measurement showed consider-
ably higher reliability. For the manual posterior-to-anterior
pressure test, Binkley et al and Maher et al found poor
reliability, with ICC values of 0.03 to 0.37.14,15 Neverthe-
less, it is doubtful whether mechanical devices are used in a
clinical setting because of their size, their cumbersome
nature, and necessary examiner training.23 However, if
highly reliable values are needed, as for example in
research, instrumented measurements are useful tools for
the objective quantification of spinal stiffness.

For an acceptable confidence interval around the
estimated reliability value, an adequate sample size is
important,33 and a sample size of at least 50 participants is
required for reliability studies.33,34 However, this review
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found that most of the studies used a study population of
b30 participants. Thus, future studies with larger sample
sizes will be necessary to verify the high reliability values of
the mechanical devices measuring spinal stiffness.
Limitations
Some reliability studies on instrumented stiffness

assessment had to be excluded during the study selection
process because they used cadaveric or nonhuman
materials. For example, Vaillant et al used springs of
varying stiffness to assess the reliability of the device.35 In
the study by Snodgrass et al, the aim was to measure the
stiffness of the cervical spine. However, for the reliability
testing of the mechanical device, they measured foams of
different densities.36 Similarly, the mechanical-assisted
device of Wang et al was tested using different kinds of
foam.37 Nevertheless, all these studies showed very high
ICC values of 0.98 to 1.00. This confirms the highly reliable
results of the mechanical devices that were investigated in
this review, although stiffness of the human spine is
difficult to measure because it is influenced by several
factors.11,12,38 Moreover, Kawchuk and Fauvel presented
several sources of variation that may reduce the reliability
of devices, such as indentation site relocation, participant
movement, and intra-abdominal pressure or muscular
response.39 Another limitation of this review was that the
literature search was restricted to the English and German
languages. We therefore may have missed some eligible
studies in other languages. Moreover, unpublished data
were not included, which could have caused a certain
publication bias because unpublished studies more likely
found negative results.
Practical Applications
• Most studies testing mechanical devices
showed acceptable to excellent ability to
reliably measure spinal stiffness.

• Most studies testing mechanical devices
showed low methodological quality, mainly
because of small sample size.

• Most studies tested mechanical devices in a
prone position.
CONCLUSION

Only a few studies were found that assessed the
reliability of devices mechanically measuring stiffness of
the spine. Both mechanical and mechanically assisted
devices demonstrated favorable high ICC values. The
intrarater reliability ranged between 0.78 and 0.99, and the
interrater reliability ranged between 0.65 and 0.87. The
results also showed that spinal stiffness of both asymptom-
atic and symptomatic participants can be measured
reliably with these devices. However, the findings were
limited by the low quality of the included studies, which
was mainly due to the small sample sizes. Furthermore,
most studies tested spinal stiffness in a prone position,
but the stiffness of the human spine is influenced by
many factors, including body position.9-12,32,33,39 Thus,
further reliability studies that measure spinal stiffness in
other positions, such as sitting or standing, are needed.
Overall, there is a lack of high-quality studies including
large sample sizes. Furthermore, standardized measurement
protocols are needed to acquire reliable spinal stiffness
measurements.
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