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Thermotactile quantitative sensory testing (TQST), as a part of quantitative sensory testing
(OST), has been used for quantifying perceived thermal sensory thresholds. The suggested
TQST algorithm (method of alternate level stimuli - MALS) tries to overcome the weak-
nesses of the two most often applied algorithms/methods (thermal sensory limen, method
of levels).

The study included 30 healthy subjects, 16 men and 14 women. On average, they were 24
years old (SD 2 years), 178.1 high (SD 8.8 cm) and weighed 74.8 kg (SD 10.4 kg). Warm
sensory perceived thresholds (WSPT), cool sensory perceived thresholds (CSPT) and inter-
threshold interval (II) were obtained for further data analysis. Every subject underwent a
complex of three measurements twice. For comparison of experimental conditions, inde-
pendent samples t-test and one-way analysis of variance (ANOVA) were used. Intraclass
correlation coefficient (ICC [2.1]), coefficient of variation (CV) and minimal detectable
change (MDC,,) were used to assess repeatability and reliability of the proposed TQST
algorithm.

1CC for all measures within each measurement series (repeatability) was above 0.45 and
CV did not exceed 50 %. When comparing both series (reliability), ICC was above 0.30 for
all except two measurements and CV did not exceed 50 %. The difference between two
measures within a series was in all cases lower than MDC,_ The same was observed when
comparing both series. Altogether, 180 measurements of thermotactile sensory perceived
thresholds were made and their average duration was 7.1 min (SD 2.3 min).

Good repeatability and poor reliability of MALS was observed. The causes of poor reliabil-
ity can be explained with various factors. Short duration of a single measurement implies
promising application of the suggested algorithm for clinical purposes.

perceived thermal sensory threshold; method of alternate level stimuli; intraclass correlation
coefficient, coefficient of variation, minimal detectable change

Izvlecek

Izhodisca

Termotaktilno kvantitativno senzoricno testiranje (TKST) se uporablja za kvantifikacijo
zaznanega temperaturnega senzoricnega praga. Predlagani algoritem TKST (metoda
izmenicnih nivojskih drazljajev - MIND) skusa odpraviti slabosti dveh najbolj pogosto
uporabljenih metod in njihovih algoritmov (metoda toplotne senzoricne meje, metoda
nivojev).
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Preiskovanci
in metode

Rezultati

Zakljucki

Klju¢ne besede

Vraziskavo je bilo vkljucenih 30 zdravih preiskovanceuv, 16 moskih in 14 Zensk, povprecno
starih 24 let (SD 2 leti), povprecno visokih 178,1 cm (SD 8,8 cm) in povprecno tezkih 74,8 kg
(8D 16,4). Za analizo podatkouv so bile pridobljene naslednje spremenljivke: topel senzoricni
zaznani prag (1SZP), hladen senzoricni zaznani prag (HSZP) in znotrajprazni interval
(ZI). Vsak preiskovanec je dvakrat opravil sklop treh meritev. Za analizo eksperimental-
nih pogojev sta bila uporabljena I-test za odvisne vzorce in enosmerna analiza variance
(ANOVA), za ugotavijanje ponovljivosti in zanesljivosti algoritma pa intraklasni korela-
cijski koeficient (IKK (2,1)), koeficient variacije (KV) in najmanjsa zaznana sprememba
(NZS,.).

Znotraj posameznih serij merjenja (ponovljivost) so bili IKK za vse meritve nad 0,45, KV
paniso presegali 50 %. Med obema serijama (zanesljivost) so bili IKK za vse meritve, razen
dveh, nad 0,30, KV pa niso presegali 50 %. Razlika med primerjanimi vrednostmi znotraj
obeh serij je v vseh primerih manjsa od pridobljene vrednosti NZS,,. Enako velja pri primer-
Jjavi obeh serij merjenja. V celoti je bilo izvedenih 180 meritev termotaktilnih senzoricnih

zaznanih pragov in njihovo povprecno trajanje je znasalo 7,1 min (SD 2,3 min).

Rezultati so pokazali dobro ponovljivost in slabso zanesljivost MIND. Vzroki slabse zane-
sljivosti MIND so pojasnjeni z razlicnimi dejavniki. Kratek cas trajanja posamezne meritve
priuporabi MIND predstavlja dober obet za uporabo predlaganega algoritma v klinicne
namene.

zaznani temperaturni prag; metoda izmenicnih nivojskih draZljajev; intraklasni koeficient

korelacije; koeficient variacije; najmanjsa zaznana sprememba

Introduction

Quantitative sensory testing (QST) is a concept en-
compassing the entire measurement procedure in-
cluding the devices that register the perceived sensory
thresholds (thermal, tactile, vibratory). QST is psy-
chophysical in nature,"? the process is noninvasive,?
and requires cooperation of the patient. Thermotactile
quantitative sensory testing (TQST), as a part of QST,
allows assessment of unmyelinated and slightly myeli-
nated sensory nerve fibers, which cannot be detected
by other forms of neurophysiological tests.*>
Algorithms for testing have been developed with a
purpose of accelerating the determination of sensory
thresholds.? The methods used for the determination
of thermotactile sensory thresholds can be divided
into two basic categories: those that involve reaction
time (RT) in the measurement, and those that do not.
Among the later, the two main methods are the method
of limits and the method of levels. Both have their
advantages and disadvantages. We have designed an
algorithm in order to overcome the existing weak-
nesses, called the method of alternate level stimuli
(MALS), which seeks to eliminate the influence of re-
action time and reduce the total time of testing. MALS
is a combination of the two most commonly used
algorithms. Hence, within a single measurement, we
can measure warm and cool perceived thresholds and
obtain interthreshold interval (warm-cold difference
limen®) by means of alternately applying warm, cold
or null stimulus to the subject.

Methods

The study involved healthy volunteers of both sexes,
who signed a statement of voluntary participation. The

study was approved by the National Medical Ethics
Committee of the Republic of Slovenia.

Experimental conditions

Measurements were made in a quiet and enclosed
space with the possibility of adjusting the air tem-
perature. All measurements were performed by the
same examiner (M.K.). Experimental conditions were
monitored with a combined device for measuring
temperature and humidity in the room (see the Mea-
surement instruments subsection). Total duration of
each measurement was also measured by the TQST
software.

Experimental procedure

Prior to implementation of MALS, subjects spent at
least 15 minutes in the room where the testing was car-
ried outin order to adapt to the ambient temperature.
In the meantime, body weight and height of individu-
als was measured, and then the subject waited for fur-
ther measurements in a recumbent position. After the
tifteen-minute period, a probationary period followed
with the intention to familiarize the individual with the
testing algorithm and all accompanying instructions.
After the probationary stimuli to the subject, as recom-
mended by Gruener and Dyck,” MALS was performed
three times in sequence. MALS was started with any
type of stimuli (cold, warm or null stimulus) , since that
does not affect the course of the algorithm. If the first
stimulus was not false, it was 3° C above or below the
temperature of the skin of the tested site. The subject
was given a sign on when the stimulus was supposed
to appear and then he/she had to choose among four
possible answers: »warmg, »coldg, »no feeling« and »a
feeling, but I do not know what«. Irrespective of the
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answer, the nature of the next stimulus changed (if
the first stimulus is warm, then the next one has to be
coolandvice versa, whereby randomly a null stimulus
can appear, i.e., without temperature change). After
each stimulus, the thermode temperature returns to
its initial value. As soon as a new change in stimulus
type takes place (e.g., going back to warm stimuli), the
intensity depends on the previous answer. If the previ-
ous answer was »yes« (whichever the modality), a re-
duction in intensity of stimulus by one half was made;
if the previous answer was »no«, the stimulus intensity
increased by one half. After the »I do not know what
I feel« reply, the same modality was repeated with the
same stimulus intensity. The same stimulus intensity
within the same modality was also repeated in case
the subject answered that he/she felt the opposite
modality. In the way described above, same-modality
stimulus intensity decreased and increased until the
difference between the last two stimuli of the same
modality was 0.2° C.

Subjects were lying on their back throughout testing.
Sensitivity for thermotactile stimuli was measured on
the volar side of the forearm of the dominant upper
limb (the location measured from the medial epi-
condil of the forearm towards the styloid process of
the radius), where the thermode was attatched with
an elastic band.

The following variables were obtained for data analy-
sis: warm sensory perceived thresholds (WSPT), cool
sensory perceived thresholds (CSPT) and interthresh-
old interval (IT). Data analysis also included calculation
of the average duration of the implementation of the
algorithm.

Measurement instruments

To implement the proposed algorithm, we used a ther-
mal stimulator (Mak Elektronik, Skofja Loka, Slovenia)
with a square-shaped thermode of size 4x4 cm and a
personal computer with associated software, includ-
ing the dedicated tSensy application.

Statistical methods

Statistical analyses were performed using SPSS for
Windows 10.0 software (SPSS Inc., Chicago, IL, USA).
Descriptive statistics were calculated for all variables.
To assess repeatability and reliability of the TQST
algorithm, we used intraclass correlation coefficient
(ICC; Model 2, Type 1) coefficient of variation
(CV)" 2 and minimal detectable change (MDC,,)."
-1 For testing the differences in duration of each
measurement, one-way ANOVA was applied to com-
pare the individual measurements within the two
series, and t-test for dependent samples was ap-
plied to compare the corresponding measurements
between the two series and the average values of
both series.

Results

The study included 30 healthy subjects, 16 men and 14
women. In 27 subjects, the right upper limb was the
dominant one, while two men and one woman were

left-handed. On average, the subjects were 24 years old
(SD 2 years), 178.1 cm high (SD 8.8 cm) and weighed
74.8 kg (SD 16.4 kg). The average location of the ther-
mode between the two selected points, measured
from the medial epicondil of the forearm, was 16.0 cm
(SD 2.0). The values of the coefficients of repeatability/
reliability are presented in Tables 1 and 2.

Table 1. Intraclass correlation coefficient (ICC) and
coefficient of variation (CV) to determine repeatability
and reliability of MALS.

Tab. 1. Intraklasni koeficienti korelacije (IKK) in ko-
eficienti variacije (KV) za ugotavljanje ponouvljivosti

in zanesljivosti MIND.

WSPT CSPT 11

TSZP HSZP 71
*Measurements ICC  CV(%) ICC CV(%) ICC CV(%)
“Meritve KK KV(%) IKK KV(%) IKK KV (%)

Repeatability / Ponovljivost merjenja
11-12 0,76 349 0,53 32,1 0,77 28,4
11-13 0,76 32,7 0,53 423 0,59 33,8
12-13 0,81 183 048 345 080 17,8
21-22 0,77 19,8 0,74 251 0,78 18,1
21-23 0,61 34,1 0,71 293 071 227
22-23 077 230 062 354 076 208
Reliability / Zanesljivost merjenja

11-21 0,81 237 0,37 41,7 0,68 31,6
12-22 013 286 037 382 043 258
13-23 026 321 0,31 447 048 31,8
1-2 0,45 30,1 0,35 48,7 0,54 33,6

*Meas urements: the first number stands for the series; the second number
stands for consecutive measure.

*Meritve: prva Stevilka oznacuje serijo, druga stevilka oznacuje zaporedno
meritev.

Table 2. Minimal detectable change (MDC,_) to deter-
mine repeatability and reliability of MALS.

Tab. 2. NajmanjSa zaznana sprememba (NZS,,) za
ugotavljanje ponovljivosti in zanesljivosti MIND.

WSPT CSPT 11

TSZP HSZP A
*Measurements MDC,,  Diff. ~ MDC,  Diff. ~MDCy  Diff.
*Meritve NZS,,  Razl. NZS,  Razl. NZS,  Razl

Repeatability / Ponovljivost merjenja
11-12 0,53 0,11 0,95 0,04 1,55 0,06
11-13 0,31 0,18 0,97 -0,05 0,85 0,14
12-13 0,38 0,07 1,08 -0,09 1,42 0,08
21-22 0,27 0,13 023 -001 048 0,14
21-23 0,20 0,10 0,32 0,02 0,48 0,22
22-23 0,18 0,04 0,33 0,02 0,48 0,08
Reliability / Zanesljivost merjenja

11-21 0,38 0,04 0,53 -0,29 0,77 0,32
12-22 0,43 0,06 0,65 -0,33 1,260 0,40
13-23 0,13 0,09 0,76 -0,22 0,56 0,40
1-2 0,70 0,07 095 -028 141 0,37

* Measurements: the first number stands for the series; the second number
stands for consecutive measure
**MDC,, < difference (Diff.) between two measurements.

*Meritve: prva Stevilka oznacuje serijo, druga stevilka oznacuje zaporedno
meritev.
**NZS,. < Razlika dveh meritev
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Time required for data acquisition was shortened by
repeating the measurements. In total, 180 measure-
ments of perceived thermotactile sensory thresholds
were carried out. Their average duration was 7.1 min
(SD 2.3 min), which means that during this time
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warm and cool sensory thresholds were obtained.
The average duration of each measurement in the
first series was 0.7 minutes longer than in the second
series. This difference was statistically significant (p
- 0.002).

Discussion

Repeatability of the method of alternate
level stimuli

Within both individual series, good repeatability of
MALS was found for obtaining WSPT and interthresh-
old interval within both series and CSPT within the
second series. The values of ICC in these cases were
higher than 0.60 and the value of the difference be-
tween two measurements was in all cases less than
MDC,,. We can therefore deduce a 95 % probability
that there were no actual differences between the
two compared measurements. The third measure of
repeatability, CV, ranged between 17.8 % and 42.3
% in all cases. Some authors? oppose an arbitrarily
defined CV acceptance limit (e.g., CV = 10 %) and
they advocate that CV should be as low as possible to
even talk about good repeatability/reliability. On the
other hand, various studies examining repeatability/
reliability of TQST algorithms used arbitrary values of
CV to define acceptable repeatability or reliability of
measurements. Most authors®?® consider the value of
CV up to about 40.0 % as an indicator of good repeat-
ability/reliability, and following such definition the
TQST algorithm appears to be suitable for clinical use.
Itseems that despite the initial unfavorable impression
about repeatability of MALS, in terms of CV we can talk
about good repeatability of our TQST algorithm.
The value of CV further showed that the measure-
ments of WSPT and interthreshold interval were more
repeatable than CSPT, since CV for CSPT was higher
by about 10 percentage points. Poor repeatability of
CSPT compared to WSPT and interthreshold interval
was confirmed with the values of ICC in the first series
of measurements of cool sensory thresholds, which
vary around 0.50.

Reliability of the method of alternate level
stimuli

Comparison of the corresponding measurements be-
tween two series showed better reliability of MALS
in obtaining WSPT in comparison with CSPT. The
literature review by Chong and Cros® indicates that
different studies reached different conclusions on
which perceived thermal threshold (warm or cold)
acquired with TQST algorithm proved to be most
reliable. Our proposed TQST algorithm proved per-
formed the most reliably in obtaining the interthresh-
old interval. However, in general, poor reliability of
MALS was found through comparison of individual
measurements of both series. ICC values (0.13-0.81)
mainly demonstrates poor reliability, especially since
the values tend to be below 0.50. Values of MDC, did
not show any differences between the corresponding
measurements. With CV, according to the existing lit-

erature,” ' we can speak about good reliability of our
TQST algorithm, though the CV values were up to 40 %.
Similarly, weak reliability of the algorithm was found in
comparing the average value of the two series, where
the value of one reliability coefficient was low (ICC <
0.50) while the remaining two coefficients of reliability
either did notshow any change between the two series
of measurements (MDC,,) or their values were within
acceptable limits (CV <40 %). The values of the coef-
ficients of reliability for interthreshold interval showed
the relatively the highest reliability of MALS, but the
absolute value of one of the indicators of reliability
was still low (ICC = 0.54).

Causes of poor reliability of MALS can be sought in a
variety of factors. The factors could be roughly divided
into those resulting from the conditions of measure-
ment, the measuring instrument, the proposed TQST
algorithm and the differences that emerge between
the different coefficients of reliability.

It seems that one of the factors affecting reliability
of the algorithm is the so-called learning effect.% 22!
Even though the algorithm tries to eliminate it (null
stimulus,? 72! starting the algorithm with a random
stimulus), it was observed both in the subjects and
in the examiner. They both had a predetermined
concept of the algorithm and hence imposed their
thoughts and feelings onto the procedure. Despite
instructions to the contrary, the subjects were persis-
tently trying to »decipher« the path of the algorithm
and were thus constantly burdened by »correctness«
of their responses. The examiner was the one who
controlled the switch and adjusted the form of the
stimulus to the subject's response, even though the
AAEM?* recommends both the examiner and the
subject to be unaware of the results of the previous
measurement in order to achieve reliable results. In
our case, the examiner was therefore the one who
was primarily burdened with the expectations from
previous measurements because of knowing the
answers and being the one who pressed the switch
to initiate the excitation while gaving the subject a
sound signal at the same time. In such a system,
training of the examiner is a very important factor,
as recommended by the literature.>** On the other
hand, the literature® recommends pre-testing of the
subjects before the actual implementation of the
measurements at least twice to eliminate the effect
of learning. In our case, pre-testing was implemented
only once before the actual testing and even then
just before the first performance measurement. Our
system is a relatively complicated »mixture« of a
machine and two people, and as such under the
influence of various factors that may have an adverse
impact on the reliability of MALS. Such problem
might be resolved or at least minimised by removing
one person from that system, namely the examiner,
which is nowadays readily available in technologically
more advanced systems (CASE systems - Computer-
Assisted Sensory Examination?-2°),

In addition to learning and related effects, the short-
comings of the software (the tSensy application)
should also be mentioned, which does not allow the
application of null stimuli. This does not have a direct
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affect on reliability of MALS since null stimuli have to
be »simulated« by the examiner, but it certainly does
not contribute to improving the quality of measure-
ment.

Regarding statistical methods, there is known disagree-
ment over proper use and selection of different reli-
ability coefficients. After performing the statistical
analysis, we noticed divergent implications from dif-
ferent indicators of repeatability and reliability. Espe-
cially in the case of reliability of the TQST algorithm,
ICC should probably take priority over the remaining
two repeatability/reliability indicators (CV, MDC,,).
Similar preferential use of ICC has been advocated?”
when dealing with reproducibility and reliability of
another measurement procedure. It can be seen that
in our data, ICC and CV perform in sintony (the lower
the value of ICC, the higher the value of CV), while
MDC,, did not show significant differences between
the two measurements even in the cases where the
other two measures showed poor reliability. Mean-
ingful usage of MDC,, is also questionable because it
depends on a second coefficient of reliability,"> ¥ in
our case the ICC.

Average duration of a single measurement

The average duration of each measurement using
MALS was 7.1 minutes. Claus and associates® * found
that implementation of forced-choice method in one
place requires 30 minutes with a normal individual
and 40 minutes with a diabetic. In normal subjects,
Yarnitsky and Sprecher® found that the method of
levels and the staircase method take a bit longer than
the method of limits. Claus and associates? noted that
the method of forced choice took six times longer
than the method of limits. It is difficult to compare
our average duration with the times obtained in other
studies. Such a comparison might be unfair consider-
ing the fact that our algorithm is certainly not the most
reliable one. However, it is necessary to recognize that
the obtained average duration of measurement would
be very welcome in clinical practice. Because of that,
it seems reasonable to repeate the study of reliability
of the proposed TQST algorithm in the future using
advanced technical equipment.

Conclusions

In the past, there have been numerous studies oriented
primarily to the detection of simple methods for test-
ing and evaluation of sensory thresholds, which could
be acquired using computerized sensory systems and
would allow quick and precise sensory thresholds.% 2
Recent research deals with identifying the most suit-
able (repeatable, reliable, accurate) one among the
existing quantitative sensory testing algorithm and es-
timating the most credible normal sensory thresholds
in healthy humans and humans with different patholo-
gies. By designing the MALS algorithms, we looked
back to the pastin the sense that we wanted to develop
an algorithm that would meet all the requirements of
high-quality measurements. We found good repeat-
ability of MALS within each series of measurements,

whereby better repeatability of the algorithm was ob-
served for obtaininng the warm sensory threshold and
interthreshold interval compared with the observed
cool sensory thresholds. When comparing total series
of measurements with each other and when compar-
ing corresponding measurements between series,
poor reliability of MALS was found. Despite relatively
poor reliability, the proposed TQST algorithm showed
interthreshold interval to be the most stable among
the three variables of interest. The average duration of
each measurement using MALS was only 7.1 minutes,
which is a good prospect for the application of the
proposed algorithm for clinical purposes. It would
be useful to repeat the study of repeatability and reli-
ability of MALS, provided that better technical support
isassured in order to reduce the human impact on the
measurement process.
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