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Abstract: In experiments on pain, participants are frequently exposed to nonpainful and painful
stimuli; however, the conventional pain-rating scales lack a nonpainful range and a clear point of
transition from nonpainful to painful events. The Sensation and Pain Rating Scale (SPARS) assesses
the full stimulus intensity range, extending from no sensation (rating: —50) to worst pain imaginable
(rating: +50), and it explicitly identifies pain threshold (rating: 0). Here, we tested the SPARS in
2 experiments by using laser heat stimuli to establish its stimulus—response characteristics (Experi-
ment 1, N = 19, 13 stimulus intensities applied 26 times each across a 1-4 J range), and compared it to
0 to 100 scales that assess nonpainful (0: no sensation, 100: pain) and painful (0: no pain, 100: worst
pain imaginable) events (Experiment 2, N =7, 9 stimulus intensities applied 36 times each across a 1.5
—4.5 J range). Despite high inter- and intraindividual variations, we found a reasonably consistent
curvilinear stimulus—response relationship (the curve flattens around pain threshold), with stable
response characteristics across the range of the scale. The SPARS ratings transformed to a 0 to 100
range tended to be lower than the 0 to 100 pain rating scale in the noxious stimulus intensity range
and greater than the 0 to 100 nonpainful sensation scale in the non-noxious stimulus range, likely
reflecting differences in scale dimensionality. The SPARS overcomes limitations in scale range inher-
ent to conventional pain rating scales. As such, it is well suited to experimental studies that must
quantify a wider range of perceptual intensity or distinguish between painful and nonpainful events.
Perspective: This article presents the stimulus—response characteristics of a new scale designed to
allow participants to rate a range of nonpainful and painful stimuli. The scale could be useful for
research that involves exposing participants to a range of stimulation intensities or requires a clear
distinction between nonpainful and painful events.
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ain intensity is best assessed by self-report. Clini-
cians and researchers attempt to capture anoth-

er's pain by using cross-modality matching tasks
in which pain is matched to a rating scale.®’ Numerical
rating scales (NRSs) and visual analog scales (VASs)
anchored at opposite extremes with “no pain” and
something akin to “most intense pain you can imagine”
are widely used, and have evidence for being robust
assessments of pain in clinical and experimental con-
texts.® Indeed, for both of these scale types, the stimulus
—response relationship has been described by a classical
psychophysical power relationship, and the VAS has
been said to have ratio properties.?’-*°

Conventional pain-rating NRS and VAS have 3 impor-
tant limitations with regard to the experimental context.
First, participants are frequently exposed to stimuli that
span the range from nonpainful to painful;, however,
these scales have neither clear nor standardized capacity
to accommodate that range. Second, these scales do not
allow for precise identification of the transition between
nonpainful and painful stimuli, even though identifying
this “pain threshold” is necessary for many experimental
paradigms. Third, the structure of the scales predisposes
to error for stimuli around the pain threshold. For exam-
ple, experimental participants used up to the first 15
points on the 0 to 100 NRS to rate stimuli that they also
reported as “not painful” on a verbal report scale."
Additionally, our own pilot trials show that patients
often use ratings of up to 3 on a 0 to 10 scale to indicate
percepts that, on further questioning, are not so much
painful as uncomfortable or mildly unpleasant [Moseley,
Unpublished data]. These limitations lead to the lower
end of scales showing measurement insensitivity that
could result in erroneous findings, particularly in studies
that investigate pain threshold.

To overcome these limitations, we developed a new
scale, the Sensation and Pain Rating Scale (SPARS) (pre-
viously called FEST??), that locates pain threshold explic-
itly and allows participants to report the intensity of a
range of nonpainful and painful experiences. Pilot stud-
ies suggested that participants could readily distinguish
and report on the different percepts of “painful” and
“nonpainful” if they lay on opposite sides of an intui-
tively neutral point. Therefore, we retained the 0 to 100
range of a conventional NRS or VAS but structured the
SPARS to lie between -50 (anchor: “no sensation”) and
+50 (anchor: "most intense pain you can imagine”),
with pain threshold—the intuitively neutral point—rep-
resented by 0 (anchor: “the exact point at which what
you feel transitions to pain”). In addition, the range
from —50 to 0 was labeled “nonpainful,” whereas the
range from 0 to +50 was labeled "painful” (Fig 1).

the exact point at
which what you feel
transitions to pain

\ — non-painful — . — painful — — . |

| |
-50 0 +50
most intense pain
you can imagine

no sensation

Figure 1. SPARS.
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The scale was balanced to reflect the assumption that
incremental increases in nonpainful and painful percept
are uniform across the scale. Here, we report on 2 experi-
ments undertaken to assess the scale’s characteristics.
In Experiment 1, we determined the stimulus—response
profile of the SPARS. In Experiment 2, we compared the
SPARS to 2 NRSs that separately covered the nonpainful
and painful ranges spanned by the SPARS.

Methods
Participants

Convenience samples of healthy volunteers between
18 and 65 years of age were sought via flyers, social
media, and word of mouth. Volunteers were eligible if
they spoke English comfortably; had no history of sen-
sory deficits or chronic pain (defined as daily pain for 3
months or Ionger“); did not have pain at the time of
testing; were not using medication that might affect
skin sensitivity, pain, or healing; did not have an ele-
vated risk of laser-induced skin damage (eg, thinned
skin); and had not been diagnosed with diabetes melli-
tus or a neurological, peripheral vascular, or psychiatric
disease. Participants received study information elec-
tronically and in print and gave written informed con-
sent. They were compensated AU$20 per hour. The
study conformed to the Declaration of Helsinki and was
approved by the University of South Australia’s Human
Research Ethics Committee (protocols 31880 and 36008).

Stimulus

A cutaneous heat stimulus was applied using a neo-
dymium-doped yttrium aluminum perovskite laser (Nd:
YAP; Stimul 1340, Deka, Italy), which is thought to acti-
vate only nociceptors.’® The location of successive stim-
uli (trials) was slightly shifted to prevent skin damage
and progressive alterations in sensitivity,'>3® and all
procedures were consistent with our previous recom-
mendations on safe use of experimental laser stimuli.??
Stimulus intensity, diameter, duration, and interstimu-
lus interval of the laser differed between the 2 experi-
ments and are described separately under the specific
methods for each experiment.

Experiment 1
Aim
To determine the stimulus—response characteristics of

the SPARS by using laser heat stimuli applied to skin on
the lower back of healthy adults.

Methods

Procedure

Participants were briefed on the use of the SPARS.
Then, they lay prone on a plinth. A 3500-mm? stimulation
area was marked on their backs (lower back, over the
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Figure 2. Procedure for Experiment 1.

right paraspinal area), and excess hair was trimmed (not
shaved) using clippers. A copy of the SPARS was posi-
tioned within the participants’ view. Laser stimuli (spot
diameter of 4 mm, pulse duration 6 ms, interstimulus
interval ~15 s) were delivered to the skin. Participants
provided verbal SPARS ratings for 8 trials at each of 13
energy levels (1-4 J, at .25 J intervals) in a randomized
order, during 4 blocks of 26 trials (104 trials in total)
(Fig 2). Ratings were not restricted to whole numbers.
For safety, trials of energy >3.5 J were omitted from the
sequence of trials when participants showed skin redden-
ing or reported pain greater than +30, at the discretion
of the investigator, as per ethical approval requirement.
Participants listened to repetitive ocean wave noises
(White Noise Sleep Pillow app for iPhone; Fitness22 Ltd,
Petach Tikvah, Israel) through headphones to mask the
sound of the laser machine’s foot pedal.

Data Handling and Statistical Analysis

Data tidying and statistical analyses were done in R
v3.5.0 (The R Foundation for Statistical Computing,
Vienna, Austria), in RStudio v1.1.453 (RStudio Inc, Bos-
ton, MA). The following packages were used: magrittr,’
tidyverse,®> patchwork,”® ggridges,>” robustlmm,'®
Ime4,” lgmm,'®"" HLMdiag,?° sjPlot,?’ car,’ ImerTest,"’
and influence.ME.>* All data cleaning and analysis
scripts, along with their outputs, are available online.”
Participants did not consent to release their data pub-
licly, and therefore, data files are available only on
request. The main analysis consisted of 7 steps:

1. The most suitable measure of central tendency for repeated
trials (N = 13) at each stimulus intensity for each participant

was chosen on the basis of a visual comparison of the arith-
metic mean, median, geometric mean, and Tukey trimean
overlaid on scatter and density plots of SPARS ratings.

. Visual inspection of scatterplots with superimposed, locally

weighted scatterplot smoothing (loess, span [alpha param-
eter] =.75, fit family = Gaussian) curves was used to assess
for order effects at a trial level (ie, does the intensity of the
preceding stimulus affect the rating of a stimulus?) and at
a block level (ie, does the rating of a given stimulus inten-
sity change across experimental blocks?) within each partic-
ipant, for each stimulus intensity.

. The stimulus—response relationship was visualized at the

individual level and at the group level, using loess curves.
These visualizations indicated an approximately linear
shape, with a slight curve. Linear mixed model regression
was used to describe the relationship between the SPARS
rating and stimulus intensity. To allow for a curvilinear
relationship between stimulus intensity and rating, we
expressed the predictor (stimulus intensity) as 1st (linear)-,
2nd (quadratic)-, and 3rd (cubic)-order orthogonal polyno-
mials. For each polynomial expression, we modeled the
random effects as random intercept only (grouping factor:
participants) and as random intercept and slope (stimulus
intensity). The random intercept only and random inter-
cept and slope models were compared using the likelihood
ratio test, and the better model was taken forward in each
case.

. Model diagnostics were run to confirm that the “best fit”

model was specified properly. We examined level 1 resid-
uals (conditional and fixed effects) and level 2 residuals
(random effects) and influence points.’® Quantile regres-
sion (quantiles: .025, .25, .5, .75, and .975) was used to con-
firm that the response characteristics of the “best model”
were consistent across the quantiles of the SPARS.

. The “stability” of the model (ie, whether linear, quadratic,

or cubic) was examined using a bootstrap procedure.
Briefly, we examined the stimulus—response relationship
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of the SPARS under 5 study sample size scenarios (n=6, 9,
12, 15, and 18). Under each sample size scenario, we gener-
ated 500 random samples (with replacement) and fit linear
mixed models to each of the 500 samples with the predictor
(stimulus intensity) modeled as 1st (linear)-, 2nd (qua-
dratic)-, and 3rd (cubic)-order orthogonal polynomials. The
likelihood ratio test was then used to decide which of the
3 models had the best fit for each sample, and the propor-
tion of the best models fitting each of the polynomial
forms was plotted for each study sample size scenario.

6. To examine the scale’s properties, we assessed whether the
relationship between the change in rating intensity and
change in stimulus intensity between successive stimuli was
affected by the direction of the change in stimulus inten-
sity (ie, whether the preceding stimulus was greater than
or less than the current stimulus). To make the evaluation,
we compared robust linear mixed models (with random
intercept) with and without interaction between change in
stimulus intensity and the direction of the change in stimu-
lus intensity by using 95% Wald confidence intervals (Cls)
of the fixed effect estimates.

7. Finally, we assessed the individual (intraindividual) variabil-
ity and group (interindividual) variability in scoring on the
SPARS at each intensity. To calculate intraindividual vari-
ance, we calculated the median absolute deviation (MAD,
a robust measure of dispersion) by using the ratings from
repeated stimuli at each stimulus intensity. We also used
the MAD to calculate interindividual variance for each scale
and at each intensity but used the median ratings by indi-
viduals at each intensity as the input (see Supplementary
File 9 for the calculation).

Experiment 2
Aim

Having established the stimulus—response characteris-
tics of the SPARS, we compared the SPARS scale to 2

NRSs that separately covered the nonpainful and pain-
ful ranges spanned by the SPARS.

Methods

Participants underwent a single 4-hour testing ses-
sion, during which they rated stimulation trials on 3 dif-
ferent scales.

Stimuli

Laser stimuli (spot diameter of 6 mm, pulse duration
5 ms, interstimulus interval ~30 s) were delivered to the
dorsum of the left forearm within a delineated area of
3600 mm?.

Outcomes

Participants were familiarized with the 3 rating scales
before the experimental procedure. During the experi-
ment, the scales were presented on a computer monitor,
and participants made their ratings on the screen, using
the computer mouse (Affect 4.0 software®?).

1. SPARS: In the initial presentation of the SPARS, the range
from extreme left (—50) to the center (0) was labeled
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“nonpainful” and the range from the center (0) to extreme
right (+50) was labeled “painful” (Supplementary File 1).
However, these 2 labels were omitted from the scale on
which participants provided their ratings during the trials,
so as to prevent excessive amounts of text on the screen.

2. NRS: A 0 to 100 numerical pain rating scale, which was
anchored at extreme left with 0, “no pain,” and at the
extreme right with 100, “most intense pain you can
imagine.”

3. Numerical sensation rating scale (SRS): A 0 to 100 numerical
SRS, which was anchored at extreme left with 0, “no
sensation,” and at the extreme right with 100, “pain.”

Thus, the lower extreme of the NRS (“no pain”) and the
upper end of the SRS (“pain”) overlap at the transition
between nonpainful and painful stimulus perceptions.

Procedure

First, safe stimulus intensity parameters were deter-
mined for each participant. Two trains of single laser
stimuli were delivered within the stimulation zone, in
an ascending fashion, beginning at 1J and increasing in
1 J steps to 4 J, ending in response to focal skin redden-
ing or the participant reporting very intense pain. If nei-
ther cue occurred, a maximum intensity of 4.5 J was
tested. The results of this procedure were used to esti-
mate the appropriate and safe range of stimulus intensi-
ties to be used for each participant.

After determining the safe range, participants under-
went testing in 3 blocks, with a break of 1 to 15 minutes
between blocks. Each block was allocated to 1 of the 3
scales, such that each scale was presented during just 1
of the 3 blocks. The order of the blocks was counterbal-
anced across participants. Each block was divided into 4
stimulus runs (Fig 3), broken by short breaks, with 3 tri-
als per intensity (3 x 9 intensity = 27 trials) delivered dur-
ing each run. Thus, each participant received a total of
36 stimulation trials at each of 9 intensities spanning 1.5
t03.5J,1.75t03.75J),21t04J, 2.25t0 4.25 J, and 2.5 to
4.5 ] (.25 J step between successive intensities, and range
determined for each individual during the safety proce-
dure), with 12 trials at each intensity being rated on
each scale. Each block was preceded by on-screen infor-
mation on the scale to be used for that block (Supple-
mentary File 1).

Data Handling and Statistical Analysis

Data tidying and statistical analyses were done using
the same statistical software described for Experiment
1, with the addition of the boot>® package. Scripts and
their outputs are available online.” The data from
Experiment 2 were handled differently to those from
Experiment 1 with respect to the stimulus intensities. In
Experiment 1, all participants received the same range
of stimulus intensities (1—4 J). In Experiment 2, all partic-
ipants received stimuli of 9 laser intensities, with a .25 J
step between intensities, but those 9 intensities could
lie within different intensity ranges because of the cali-
bration procedure that based the range of intensities
on estimated, individualized “safe parameters.” To
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Figure 3. Procedure for Experiment 2.

account for this, we transformed the exposure intensi-
ties into a relative scale by ranking (1-9) an ordered list
of 9 intensities for each participant. This brought every-
one onto the same 1 to 9 scale of relative stimulus inten-
sity. The first 3 steps of the analysis followed a similar
structure to the analysis for Experiment 1:

1. In keeping with the results of Experiment 1, the Tukey tri-
mean was used as the measure of central tendency within
each participant. Using the Tukey trimean data, the stimu-
lus—response relationship for the SPARS was visualized at
the levels of the individual (first, with responses pooled
across all 4 runs and then by each of the 4 runs) and at the
level of the group, using loess curves. We then proceeded
with a linear mixed model analysis, as for Experiment 1
(refer to Step 3 in Experiment 1).

2. Model diagnostics were run on the “best fit” model, and
guantile regression was used to confirm that the response
characteristics of the “best model” were consistent across
the quantiles of the SPARS.

3. The variability in scoring on each scale was calculated for
each stimulus intensity rank at both the individual (intrain-
dividual) and the group (interindividual) levels, again using

the MAD, with the ratings from repeated stimuli at each
stimulus intensity rank (see Supplementary File 13 for
calculations).

The next steps differed from those of Experiment 1:

1. Agreement between the SPARS and each of the other 2
scales was assessed by using 50,000 bootstrap samples (sam-
pled with replacement) of each scale’s ratings to calculate
95% bootstrap Cls (bias-corrected and accelerated method)
for the difference in median ratings for each scale at each
stimulus intensity and for each of the resamples. We then
subtracted the values as follows: median (SPARS) — median
(NRS/SNS). This procedure was chosen because the limits of
agreement method?® is inappropriate when the scales being
assessed are not concurrently used to rate each stimulus.
The Cls that included 0 were interpreted as indicating
agreement between the 2 measurement scales at a particu-
lar stimulus intensity. An upper limit of the CI being <0 was
interpreted as indicating that the SPARS rating was consis-
tently less than the rating on the other scale and vice versa
when the lower bound of the Cl was >0.
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Table 1. Characteristics of the Best-Fit Cubic Model for the Data From Experiment 1
RESPONSE

COEFFICIENTS EstimMATE 95% Cl P VALUE
Fixed effects (intercept) -4.67 —10.89—-1.56 159

Stimulus intensity (linear) 205.35 163.69—247.01 <.001

Stimulus intensity (quadratic) 2.12 —10.42-14.67 744

Stimulus intensity (cubic) 20.95 8.40—-33.49 .004
Random effects

Within-participant variance 40.768

Between-participant variance 639.311

Random slope-intercept correlation —.889

Number of participants 19

Observations 244

Results

Experiment 1

In total, 19 adults (including 11 females, 18—31 years
old) met the selection criteria, and each adult partici-
pated in a single 45-minute testing session.

Summary results are provided in Supplementary File 2.
Response data were missing those trials that were omit-
ted owing to marked skin reddening for 2 participants
—for 1 participant, at 4 J only, and for another partici-
pant, at 3.5 J and 3.75 J. The results of the 7-step analysis
were as follows:

1. There was a significant heterogeneity in the grouping of
ratings within and between individuals, with a tendency
for data to be left skewed. Of the measures of centrality
under consideration, the Tukey trimean and median
showed the best stability across all stimulus intensities. As
expected, the geometric mean performed poorly on the
left-skewed data. The arithmetic mean was strongly
affected by the skewed data. When there was a strong
skew, the Tukey mean was pulled slightly away from the
median and toward the affected tail; otherwise, the 2
measures yielded similar values. Given that the Tukey tri-
mean incorporates information in the distribution of the
data but is not excessively affected by extreme values, the
Tukey trimean was chosen as the most suitable measure for
central tendency for repeated measurements within an
individual, at a given stimulus intensity. The Tukey trimean
at each intensity for each participant was used in the
modeling procedures described under item number 4
described below (Supplementary File 3).

2. There were no systematic order effects between trials or
over the 4 blocks (Supplementary File 4).

3. Visualization of the relationship between SPARS rating and
stimulus intensity at a group level showed an approxi-
mately linear shape, with a slight curve (Supplementary
File 5).

Modeling showed that a cubic model with random
intercept (grouping factor: participants) and random
slope (stimulus intensity) had the best fit to the data
(Table 1). The resulting curvilinear response function
was steepest at the extremes and flattened out in the
mid ranges of stimulus intensity (Fig 4). The details of

the other models and the comparisons between the
models are given in Supplementary File 6.

1. Diagnostic tests run on the cubic model confirmed that the
assumptions were met: Level 1 residuals met the conditions
of linearity and homoscedasticity, level 1 and level 2 resid-
uals were normally distributed, and there were no points
of sufficient influence to cause concern (Supplementary
File 7 provides full details). The cubic model was confirmed
to be well specified. Details of the model are provided in
Table 1.

Quantile regression showed that there was good sta-
bility in the shape of the response characteristics across
the quantiles (Fig 5). For all stimulus intensities, the dis-
tribution was left skewed (long tail toward lower
ratings).

1. Visualization of 5 separate samples (n=6, 9, 12, 15, and 18)
drawn from a bootstrap procedure performed on the cur-
rent data showed a consistent shape to the stimulus
—response curve. Repeated calculation of the best model

501

N
)]
.
.
.
]

SPARS rating (-50 to 50)

10 15 20 25 30 35 40
Stimulus intensity (J)

Figure 4. Experiment 1: Stimulus—response plot for the
SPARS, with the cubic model visualized. Small dots: participant-
level Tukey trimeans; large open circles: group-level median;
black line: values predicted by the cubic model; gray band: 95%
Cl for the cubic model.
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to fit 500 resamples (with replacement) of the 5 differently
sized samples showed that the cubic model was most com-
monly the best-fit model, increasing progressively from
about 40% of models to about 80% of models as sample
size increased from 6 to 18 participants (Fig 6 and Supple-
mentary File 8).

2. The relationship between the change in rating intensity
and change in stimulus intensity between successive stimuli
was linear and was not affected by the direction of the
change in stimulus intensity; it was consistent across
increasing and decreasing changes in stimulus intensities
(Fig 7). The estimate for the change in stimulus intensity
main effect was 13.3 (95% Cl, 12.3—14.4), indicating that a
1 J change in stimulus intensity resulted in 12.3 to 14.4 units
of change in SPARS rating (Supplementary File 9).

3. The variance analysis and the MAD values are shown in
Supplementary File 10. Variance was relatively stable over
the full range of the scale. Most intraindividual MAD values
were <10% of the scale range, and there was no clear pat-
tern in their distribution. On the whole, interindividual
MAD values tended to be higher at lower stimulus intensi-
ties, and this variance decreased as stimulus intensity
increased.

0.0 IIIII
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Figure 6. Experiment 1: Proportion of best models for each of
4 study sample size scenarios. Five hundred resamples (with
replacement) were taken for each study sample size scenario.
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Figure 7. Experiment 1: Group-level plot showing the rela-
tionship between the change in SPARS rating and the change
in stimulus intensity between 2 successive stimuli. Data have
been omitted when successive stimuli were of the same inten-
sity (0 change). Small dots: individual responses for all trials;
lines: linear trend for context; light points or line: when a stim-
ulus was of greater intensity than the preceding stimulus (value
of the change is negative); dark points or line: when a stimulus
was of lesser intensity than the preceding stimulus (value of the
change is positive).

Experiment 2

In total, 7 adults (5 females, 21-30 years old) partici-
pated. One participant received stimuli within the range
of 1.75 to 3.75 J, 3 participants received 2.25 to 4.25 J,
and 3 participants received 2.5 to 4.5 J. A software error
resulted in the loss of all SRS rating data for 1 partici-
pant. The remainder of that participant’s data were
included in the analysis. The results of the 4-step analysis
were as follows:

1. Plots of individual stimulus—response curves for each test-
ing block showed reasonable within-subject consistency in
the curve across the 4 testing blocks (Supplementary File
11). Plots of individual participants’ stimulus—response
curves showed between-subject heterogeneity in curve
shape. Visualization of the relationship between SPARS rat-
ing and stimulus intensity at a group level showed an
approximately linear shape, with a very slight curve (Fig 8
and Supplementary File 11). Modeling of the polynomial
regression and comparison between models showed that
the quadratic and cubic models with random intercept
(grouping factor: participants) and random slope (stimulus
intensity) fitted the data well (Fig 9 and Table 2) and pro-
vided a superior fit to that provided by the linear model.
Because the quadratic and cubic models produced similar
fits, we used the simpler quadratic model for the remainder
of our analyses. The details of the other models and the
model comparisons are given in Supplementary File 11.

2. Diagnostic tests run on the quadratic model confirmed that
the assumptions were met: level 1 residuals met the condi-
tions of linearity and homoscedasticity, level 1 and level 2
residuals were normally distributed, and there were no
points of sufficient influence to cause concern (Supplemen-
tary File 11 provides full details). The quadratic model was
confirmed to be well specified. Quantile regression showed
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Figure 8. Experiment 2: Group-level stimulus—response plot
(relative intensity). Relative intensity was calculated using the
rank of the ordered (ascending) stimulus intensities to which
each participant was exposed. Small dots: participant-level
Tukey trimeans; large shaded circles: group-level median; line:
loess curve.
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that there was a good stability in the shape of the response
characteristics across the quantiles (Fig 10). The prediction
interval was extremely broad, which is unsurprising, with
data from only 7 participants.

. Comparative plots of the stimulus—response relationship

for each scale are shown in Fig 11 and Supplementary File
12. The variances in responses for each scale are reported
in full in Supplementary File 13. Again, the MAD values for
the SPARS were mostly <10% of the full range of the scale.
There was no clear pattern in intraindividual variance in
intensity rating between the 3 scales or within each scale,
and the variance was frequently high. Similarly, there was
no clear pattern in interindividual variance in intensity rat-
ing between the 3 scales; however, again, the variance
could be high. The SPARS variance followed a “U-shaped”
response (minimum value at stimulus rank=7), and the
NRS had low variance at low stimulus intensities. The SRS
did not show a clear pattern. Both intra- and interindivid-
ual variances were low at lower stimulus intensities for the
NRS, likely because the NRS assesses painful stimuli.

. Intra-individual agreement (Supplementary File 13)

between the SPARS and the NRS differed notably. The
SPARS ratings tended to be less than the NRS ratings across
all stimulus intensities. This tendency was most apparent at
lower intensities, which is likely an artefact of the 2

Cubic model

i 2 3 4 5 6 7 8 9
Relative stimulus intensity

i 2 3 4 5 6 7 8 9

Relative stimulus intensity

Figure 9. Experiment 2: Quadratic (left) and cubic (right) models: Predicted SPARS ratings versus relative stimulus intensity. Relative
intensity was calculated using the rank of the ordered (ascending) stimulus intensities to which each participant was exposed. Black
dots or line: predicted values; large open circles: group-level median; gray band: 95% CI.

Table 2. Parameters of Quadratic (Best-Fit) Model for Experiment 2

RESPONSE
COEFFICIENTS EstimATE 95% Cl P VaLue
Fixed effects (intercept) —-8.83 —-16.47-1.18 .064
Stimulus intensity (linear) 123.16 78.03—168.29 .002
Stimulus intensity (quadratic) 15.87 1.42—-30.31 .075
Stimulus intensity (cubic)
Random effects 54.304
Within-participant variance 512.022
Between-participant variance —.957
Random slope-intercept correlation 7

Observations 63
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Figure 10. Experiment 2: Quantile regression (with original
Tukey trimean data). Large open circles: 50th percentile
(median); dark band: interquartile range; light band: 95% pre-
diction interval.

instruments: the SPARS continues to record nonpainful
stimuli (using a negative range), whereas the NRS reaches a
floor value of 0 when the stimulus intensity is no longer
painful. Any agreement tended to be in the upper ranges of
stimulus intensity. There was also noteworthy heterogeneity
in interscale agreement across participants. In keeping with
the intraindividual level, interindividual (group) agreement
between the SPARS and the NRS was poor at the low end of
the intensity range. At higher stimulus intensities, the upper
limits of the 95% Cls tended to approach 0, but except for
the 8th most intense stimulus, the intervals did not include
0. (We also believe that the 8th stimulus finding results from
sampling variation rather than being a true effect.) Across
the range of stimulus intensities, the width of the interval
was large and reflects high interindividual variation in the
SPARS and NRS ratings at each stimulus intensity.

507
NRS
--SPARS
--SRS . °
25

o

SPARS rating (-50 to 50)

—504 o® 8
2

3 4 5 6 7 8 9
Relative stimulus intensity

Figure 11. Experiment 2: Scaled group-level stimulus—response
ratings on the pain NRS, SPARS, and SRS. Points (dodged for clar-
ity): Tukey trimeans; curves: loess lines. NRS: 0 (no pain) to 50
(worst pain you can imagine); SRS: -50 (no sensation) to 0 (pain);
SPARS: -50 (no sensation), 0 (pain threshold), +50 (worst pain
you can imagine).

SPARS Performs Well in Experimental Context

Intraindividual agreement between the SPARS and
the SRS also differed notably; but here, the problem
was most apparent at higher stimulus intensities. The
SPARS ratings were consistently higher than the SRS rat-
ings at the 2 highest ranks of stimulus intensity, likely
because the SRS reaches a ceiling value when the stimu-
lus intensity is first perceived as painful, whereas the
SPARS continues to allow ratings into the painful range.
Here, any agreement tended to be in the lower ranges
of stimulus intensity. Again, there was a significant het-
erogeneity across participants. Interindividual (group)
agreement between the SPARS and the SRS was better
than that between the SPARS and the NRS (more inter-
vals included 0); but the intervals were wide and the
inclusion of 0 was marginal in most cases. In general,
the SPARS ratings tended to be greater than the SRS rat-
ings for a given stimulus intensity.

Discussion

We aimed to establish the utility and features of the
SPARS, a scale that assesses somatosensation over the full
range (no sensation to worst pain). Experiment 1 showed
that the stimulus—response relationship was reasonably
consistent and curvilinear, its slope was steeper at the
extremes than in the middle range of stimulus intensity,
and the response characteristics were stable across the
scale’s range. The SPARS showed no hysteresis; change in
stimulus intensity had a consistent linear relationship to
change in rating intensity between successive stimuli,
regardless of the direction of the change in stimulus
intensity (Fig 7). Ratings varied by <10% of the scale
range at most stimulation intensities. Experiment 2 repli-
cated the SPARS's curvilinear stimulus—response relation-
ship and stability of responses across the stimulus range.
Our assessment of agreement between the SPARS and
the other 2 scales showed significant heterogeneity in rat-
ings within each scale and between the scales at each
stimulus intensity. In general, ratings provided on the
SPARS were lower than those on the NRS and greater
than those on the SRS.

Previous studies on rating scales for pain have found a
stimulus—response relationship characterized by a power
curve,”’’~?? in keeping with the stimulus—response curves
typical of other psychophysical measurement systems
that use cross-modality matching.** The first validation
studies on the widely used 0 to 100 scales for pain plotted
participants’ ratings on a “relative” scale. Although the
meaning of “relative” was not specified, the authors
seem to have followed the lead of the early psychophys-
ics texts, for example, Stevens,>® by redistributing or
“stretching” ratings across the range of ratings used by
an individual participant—an intraindividual relativity.
For example, if a certain individual gives his or her high-
est rating of 60 of 100 for a certain stimulus intensity, his
or her relative rating for that stimulus intensity would be
100 (ie, 100% of his or her maximum rating). Relative rat-
ings were used to calculate group average ratings for
each stimulus intensity. Group averages were plotted,
yielding a power curve. Although that approach
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facilitates comparison across psychophysical modalities, it
needlessly loses information in 2 steps. The first step is to
convert raw ratings into relative ratings. A maximum rat-
ing that lies halfway across a scale for pain has a very dif-
ferent meaning from a maximum rating that is close to
the scale’s maximum; however, the relative rating for
both is 100—the distinction between them is lost. The
second step is to pool data across participants, which
ignores individual variability and yields a curve represent-
ing only group averages. Pain in response to a given stim-
ulus varies widely across individuals and within an
individual across time, and group averaging loses the
heterogeneity in stimulus—response data. Indeed, the
current findings reflect high heterogeneity between par-
ticipants, in stimulus—response curve shape, variance of
ratings, and agreement between scales at each intensity.
Therefore, there is a strong case for analytical approaches
that account for individual variability, particularly when
there is no immediate need for comparison between psy-
chophysical modalities. The intraindividual variance in
the current data likely reflect the high perceptual vari-
ability that we have observed in this and previous studies
in response to laser stimulation, perhaps owing to signal
processing factors'®¢ and differences in heating rate
caused by site-specific variations in pigmentation and
nociceptor receptive fields.?® Notably, intraindividual var-
iance in perceptual response to laser stimulation is
reported rarely”'*3%3¢; however, refer to the work of
lannetti et al.’® Therefore, we cannot compare the vari-
ance found here with previous literature. However, the
findings of the current MAD analyses suggest that
the variance in SPARS ratings was generally <10% of
the scale’s full range and is therefore unlikely to be
problematic.

The SPARS has a curvilinear stimulus—response rela-
tionship, rather than the power relationship demon-
strated previously for the conventional NRS or VAS. The
reason could be that the SPARS provides a range of pos-
sible ratings for both painful and nonpainful events,
whereas the conventional 0 to 100 NRS provides a range
for only painful events. Alternatively, it could be based
on the fact that we did not use the “relative ratings”
approach of studies that found a power relationship.
Finally, perhaps different instructions on how to use the
scale yield the different curves. We deliberately avoided
specifying the nature of pain to participants in order to
optimize ecological validity. The original reports validat-
ing the NRS and the VAS?’%° did not provide their
instruction scripts. However, it is interesting that the
highly systematic German Research Network on Neuro-
pathic Pain Quantitative Sensory Testing procedure
specifies the quality of sensation that should be rated
>0 on a 0 to 100 scale.®® For example, the script
describes the heat pain threshold as the point at which
“the impression of ‘warmth’ or ‘heat’ [changes] its qual-
ity towards an additional impression of a ‘burning’,
‘stinging’, ‘drilling’ or ‘aching’ sensation.” We speculate
that this type of explicit instruction as to the quality of
sensation that should be labeled “pain” could introduce
bias and result in a different stimulus—response curve
from that when such explicit instruction is avoided.
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Indeed, visual inspection of Fig 11 suggests a flatter
stimulus—response relationship at the lower end of the
NRS than that reported in the original validation
studies.?®?°

Regardless of the explanation for the stimulus
—response curve of the SPARS, its curvilinear characteris-
tics may be advantageous, because the shape will lend
itself to more straightforward analysis of data than the
power profile of the conventional NRS and VAS. Experi-
ment 2 showed a quadratic (rather than cubic) stimulus
—response curve, which is unsurprising, considering the
sample size for Experiment 2 (n=7) and the findings of
the stability analysis for Experiment 1, in which a small
sample size (n=6) yielded the highest variability in the
best-fit model. The SPARS’s lack of hysteresis and relatively
low variance in ratings suggest that it performs well.

Experiment 2 showed limited agreement between the
SPARS and the other 2 scales, an unsurprising but inter-
esting finding. Specifically, agreement between the
SPARS and the NRS was poor at the low end of the
intensity range, whereas agreement between the SPARS
and the SRS was poor at the upper end of the intensity
range. This pattern likely reflects the extra dimensional-
ity of the SPARS over the other 2 scales. In other words,
the SPARS allows the ratings of stimulus intensities from
no sensation to most intense pain you can imagine.
Therefore, in the lower intensities, the SPARS continues,
whereas the NRS ends (with some floor effect) at “no
pain”; at the upper intensities, the SPARS continues,
whereas the SRS ends (with some ceiling effect) at
“pain.” The finding that the ratings on the SPARS were
generally lower than those on the NRS (even at higher
stimulus intensities) and greater than those on the SRS
(even at lower stimulus intensities) is likely also owing
to the extra dimensionality of the SPARS—it captures a
wider range of percept, likely leading to compression of
the ratings into a narrower band on the SPARS (around
0: pain threshold) than on the 2 polar scales (which mea-
sure either painful or nonpainful ranges).

Strengths and Limitations

The current analytical approach is an important devel-
opment on the original studies validating the widely
used 0 to 100 NRS and VAS for pain.?’~2° Those studies
described stimulus—response relationships by using
group means, thus artificially obscuring both intra- and
interindividual variation. In contrast, contemporary ana-
lytical methods such as those used here account for such
important individual differences. The current analyses
of hysteresis and rating variance also provide important
information on the stability of the SPARS. This study
also has limitations. Owing to safety considerations, we
obtained limited data in the extreme upper range of
the SPARS, perhaps affecting the shape of the curve.
Careful briefing of participants on the SPARS’s structure
was likely important in facilitating participants’ under-
standing of the scale, particularly for its verbal format.
We tested the SPARS with healthy volunteers, using
experimental laser stimulation, which excludes generali-
zation to clinical pain and to other modalities. Future
work could explore the clinical utility of the SPARS;
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some of the limitations of conventional scales are not
specific to the experimental context. The stability of the
stimulus—response characteristics shown here suggests
that participants did not have difficulty in using the
scale, but whether that would also be the case in clinical
practice remains to be determined.

Conclusions

The SPARS overcomes some important limitations of
conventional ratings scales for pain and, by virtue of its
curvilinear relationship to stimulus intensity, may lend
itself to more straightforward data analysis techniques
than the conventional ratings scales. It may be particularly
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