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Abstract: Gluteal syndrome (GS), a new low-back-pain subtype mimicking sciatica, has been in-
cluded in the 11th Revision of the International Classification of Diseases (ICD-11). Low back pain is
a symptom, not a disease, and the main problem associated with it is pain complexity. A plausible
pain generator of gluteal syndrome is the central sensitization process and the therapeutic target
area, which are trigger points located within the gluteal muscles. It has been hypothesized that
dysregulated immune and autonomic nervous systems (ANS) are involved in central sensitization de-
velopment. Changes in ANS regulation, mainly through the sympathetic branch, provoke nociceptor
activation indirectly by a vasoconstriction-vasodilatation imbalance, or directly by sympathetic—
nociceptor activation resulting in widespread pain, hyperalgesia, and allodynia. The minimally
invasive procedure (MIP) uses thermography to confirm a completely new biological phenomenon,
which suggests a pathological autonomic response to noxious stimuli and can possibly become an
objective marker of some nociplastic pain subtypes related to trigger points. This review provides
the biological and technical rationale for the automation of the MIP—a possible future diagnostic
tool for an objective gluteal syndrome confirmation.

Keywords: trigger points; gluteal syndrome; central sensitization; MATLAB; sciatica; infrared
thermography camera; active dynamic thermography

1. Introduction

The year 2021 has been announced by the International Association for the Study of
Pain (IASP) as “The Global Year About Back Pain”. This initiative is aimed at developing an
understanding of the nature of back pain and the utility of available treatment modalities.
Low back pain (LBP) is reported by people of all ages and experienced by up to 84% of
the adult population [1,2]. LBP is a symptom, not a disease, and the main problem is pain
complexity. Thus, a diagnostic evaluation is challenging and requires complex clinical
decisions to identify a plausible pain source before the right therapeutic approach can be
determined [2]. Lately, the increasing prevalence of acute and chronic LBP, which doubled
in the aging population, has been underlined [3]. This leads to activity limitation for
the patients and their temporary working disability, as well as results in medical burden
and economic cost [4-6]. The most problematic subgroups are patients developing the
chronic form characteristic of around 10% of LBP cases [7]. It seems especially important in
the light of the 11th revision of the International Statistical Classification of Diseases and
Related Health Problems (ICD-11), where chronic pain has been categorized for the first
time as a separate disease [8,9]. Two categories have been distinguished, namely, chronic
primary musculoskeletal pain and chronic secondary musculoskeletal pain. The first pain
category is recognized when the pain is a disease by itself, covering all chronic pain states
in muscles, joints, or tendons that cannot be referred to any by known disease or damage
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process. Secondary musculoskeletal pain is when the pain is progressing to chronicity due
to some underlying condition and assumes persistent local or systemic inflammation due to
infection, crystal deposition, autoimmune or autoinflammatory processes, local structural
musculoskeletal changes, or nervous system diseases not classified as musculoskeletal
but causing symptoms that can provoke musculoskeletal problems (e.g., hypertonicity in
Parkinson disease or spasticity in multiple sclerosis).

Another clinical aspect of LBP is pain followed by leg pain diagnosed as radicular
pain, sciatica, facet joint syndrome, sacroiliac joint pain, etc. [10]. Importantly, a new
subtype of LBP with leg pain, namely, gluteal syndrome (GS) mimicking sciatica, has been
included in the ICD-11 [9]. This new LBP subtype is categorized as a local syndrome of
the lower limbs provoked by the myofascial pain from trigger points located in one of
the three gluteal muscles (i.e., gluteus maximus, medius, or minimus) and perceived as
sciatica. GS can exist as a separate disease or can overlap with real sciatica. Lasegue sign
can be positive, and there is no information as regards other diagnostic tools conservatively
used to confirm sciatica. However, the utility of standard neurological examinations and
magnetic resonance imaging in distinguishing sciatica from other pain syndromes has
been questioned [11,12]. Moreover, the palpatory criteria commonly used for trigger points
diagnosis are regarded as not objective and thus they are also widely questioned [13,14].
Unfortunately, this means that the new LBP subtype is likely to become another pain
syndrome that is difficult to manage. This is of great concern, especially if we realize that
the gluteal muscles, not considered before as the source of “sciatic pain”, are the therapeutic
area for GS.

One of the IASP’s ideas behind the announced “Global Year About Back Pain” is the
integration of tools used for stratifying people with back pain and dividing them into
management pathways. An attempt to subgroup pain patients following the three main
pain pathomechanisms, namely, nociceptive, neuropathic, and nociplastic, has been pro-
posed for future studies [9]. A plausible pain generator of gluteal syndrome is the central
sensitization process (nociplastic pain). There is a lack of objective tools to confirm the
central sensitization (CS) process [15]. One of the new diagnostic ideas for CS patients (no-
ciplastic pain) is to check the utility of autonomic nervous system (ANS) examination. This
is relevant, especially for chronic LBP, where the ANS importance was highlighted [16,17].

The aim of this review is to provide the biological and technical rationale for the
minimally invasive procedure (MIP), which could become a possible future diagnostic tool
for an objective confirmation of nociplastic pain related to muscles, e.g., gluteal syndrome.

2. Autonomic Nervous System—A Possible Marker of Nociplastic Pain Involvement

Regardless of all the scientific data and chronic pain legitimization, the most important
thing is to establish an objective nociplastic pain diagnosis. Currently, the recommended
methods include the self-reported central sensitization inventory questionnaire and an
array of objective tests, i.e., quantitative sensory testing (QST). The ANS involvement
measurement in any pain states, e.g., to measure pain severity, was abandoned some time
ago. However, some data indicate its diagnostic utility in cases when noxious stimulation
is involved, and immediate ANS imbalance reactions are registered [18-20]. Heart rate
variability (HRV) has been proposed to support the central sensitization examination [21,22].
It has remarkable potential, especially for nociplastic pain, where ANS dysregulation is
an important factor. The HRV assumes a measurement of the variations in the interval
length between consecutive heart beats [19]. There are two HRV parameters that indicate
different activities: low-frequency (LF)-HRYV is linked to baroreflex-dependent outflow
to the heart, and high-frequency (HF)-HRV reflects the vagal cardiac control. The ratio
of these two parameters describes the sympathovagal balance. The vagal nerve activity
is used to control and lower pain perception. For diagnostic utility, baroreceptors seem
more interesting. They control and maintain the stability of blood pressure via ANS.
It has been observed that the reduction of pain co-occurred with spontaneous high blood
pressure, and the same reactions have been observed during mechanical baroreceptors
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stimulation [23]. Additionally, decreased baroreceptor activity has been observed in some
chronic pain states.

Recent studies that focused on the ANS response to noxious stimulation in pain
patients have revealed some important facts [24]. It has been proved that the sympathetic
function is more related to stimulus intensity than perceived pain intensity. A similar
observation has been provided by studies of a minimally invasive procedure (MIP) applied
in conditions related to central sensitization [25-27]. The MIP provoked transient amplified
vasomotor phenomenon defined as autonomic referred pain (AURP), which is a newly
discovered biological reaction due to the ANS imbalance caused by the noxious stimulus
applied to active trigger points [25,26]. Importantly, the AURP develops exactly in the
patients’ pain zone coincident with the muscle referred pain pattern proposed by Travell
and Simons in their published theory of myofascial pain [13]. The MIP protocol uses
infrared thermography (IRT) camera to observe the AURP development in time, not trigger
point localization.

3. The Background for the MIP Application

Currently, trigger points are categorized as pain syndrome due to the central sensitiza-
tion (CS) process involvement necessary for its development and/or maintenance [9,14].
The IASP defined sensitization as “increased responsiveness of nociceptive neurons to their
normal input, and/or recruitment of a response to normally subthreshold inputs” [24].
Central sensitization is an overly complex phenomenon with a wide range of induction and
maintenance mechanisms characterized by secondary hyperalgesia, allodynia, and/or the
presence of increased temporal summation of pain [28,29]. Recently, it has been proposed
that the term central sensitization be replaced with the term nociplastic pain, defined
as altered nociceptive function without any symptoms of a disease or damage of the so-
matosensory system due to central sensitization leading to chronic pain [29]. This proposal
is supported by the fact that three main pain pathomechanisms have been defined in
order to stratify patients and provide more effective treatment, namely, nociceptive, neuro-
pathic, and nociplastic pain [29]. Generally, nociceptive pain is considered as physiological,
whereas the other two are considered pathological pain, and the chronic form of nociceptive
pain is considered pathological as well. Furthermore, neuropathic and nociplastic pain
are characterized by the abnormal functioning of the somatosensory nervous system [30].
While, according to the established neurological diagnostic criteria, neuropathic pain is due
to a demonstrable lesion or disease, nociplastic pain is associated with no such signs [29].
The medical approach for nociceptive and neuropathic pain treatment is commonly known,
but nociplastic pain is currently poorly understood by most specialists.

Clinically, chronic pain patients present with amplified pain perception regarding its
intensity, duration, and distribution, as well as maladaptive psychosocial factors, low vagal
nerve activity, or—as mentioned above—with hyperalgesia or allodynia [31]. Currently,
there is no gold standard for CS diagnosis. A self-reported questionnaire and quantitative
sensory testing supported by clinical examination are recommended [32]. Moreover, it
has been noticed that CS can be difficult to evaluate as its manifestations vary from pain
condition to pain condition [31]. Two main types of CS mechanism among chronic pain
patients have been hypothesized. Hart et al. distinguished the “top-down” and “bottom-
up” subtypes [32]. In the “bottom-up” CS mechanism, pain is said to be perceived due to
an excess noxious peripheral input that eventually sensitizes the central nervous system to
the point of perceiving pain. Over time, pain is perceived even when there is no peripheral
drive [32]. The “top-down” theory suggests that changes already present within the central
nervous system drive the perception of pain; the primary problem may very likely originate
in supraspinal structures, and no ongoing nociceptive input is required to maintain the
process [33,34]. Female predisposition is common for both CS mechanisms. Otherwise,
the mechanisms differ. To illustrate the difference, patients manifesting the “top-down”
subtype can have a family history of pain, high psychological co-morbidity, increased
sensitivity to non-pain sensory stimuli, and a high number of chronic overlapping pain
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conditions, and the beginning of their symptoms is associated with puberty. Patients with
the “bottom-up” subtype are generally less burdened [32]. The most important difference
between the two subtypes of CS mechanism is that “bottom-up” is thought to be a reversible
process, contrary to irreversible “top-down”. Because of its reversible nature, the “bottom-
up” CS subtype seems particularly interesting. Muscle pain related to trigger points
presence seems to be an example of this CS subtype [35]. If the hypothesis about the
“bottom-up” and “top-down” CS mechanisms is true, patients with different CS subtypes
will need different treatment. The similarities between trigger points and both subtypes
of central sensitization are shown in Table 1, which is a modification of a similar table by
Hart et al. [32] (the Trigger points column and the scientific opinion and therapy rows have
been added).

Table 1. The similarities of trigger points and the “bottom-up” and “top-down” subtypes of central sensitization [32].

“Top-Down” “Bottom-Up” . .
Subtype Subtype Trigger Points
Scientific opinion hypothesis hypothesis some scientific evidence exists
Sex ratio significant female domination female domination female domination
Age young any age any age
Family history of pain yes no no
Psychological co-morbidity high moderate some correlation W.lth fiepresswn; sleep
deprivation
Therapy a multimodal approach not defined manal pressuﬁ%;\l}gy needling, and

3.1. Central Sensitization Involvement in Muscles

Clinically, the hypersensitivity of the somatosensory system is associated with a series
of symptoms such as referred pain, widespread pain, tactile allodynia, and heightened
response to non-noxious stimuli. [36]. It has been hypothesized that the neuroplasticity
process leading to the CS involvement in muscles is initiated by a brief burst of C-fiber
activity followed by nociceptor activity provoking the excitability of central nociceptive
neurons in the cortex, brain stem, trigeminal nucleus, and spinal cord [37]. Dysregulated
immune and autonomic nervous systems are involved, and the key structure maintaining
that state is probably the periaqueductal gray [38,39]. The ANS impact is considered to
occur via reflexes that affect muscle circulation and contractility, sensory-motor control, and
inflammatory processes. Changes in the ANS regulation, mainly through the sympathetic
branch, provoke nociceptor activation indirectly by a vasoconstriction-vasodilatation
imbalance or directly by sympathetic nociceptor activation, resulting in widespread pain,
hyperalgesia, and allodynia [40]. A muscle pain syndrome characterized by trigger points
is an example of this mechanism [34].

Two types of myalgia are linked to the central sensitization process, i.e., fibromyalgia
and myofascial pain syndrome (MPS). While the former is a rheumatological disease on
the ICD list, the latter is a pain syndrome recognized as functional or non-specific pain
(some of the subtypes, e.g., gluteal syndrome, are included in the ICD-11 [9]). Owing to
the occurrence of decreased pressure pain thresholds and referred pain, MPS is thought to
be related to central sensitization, which generates an expansion of receptive fields [34].
Additionally, it has been confirmed that the referred pain area is growing exponentially
with an increased degree of central sensitization [41].

Generally, myofascial pain syndrome is defined as a non-inflammatory local pain
syndrome characterized by: (i) trigger points (TrPs), i.e., limited sites of severe muscle
tenderness or hypersensitivity; (ii) a determined area of referred pain; and (iii) characteristic
motor, sensory, and autonomic dysfunctions and symptoms [42,43]. A trigger point is an
area with multiple “TrPs loci” composed of (i) a sensory component: sensitized nociceptor,
i.e., free nerve ending, and (ii) a motor component: dysfunctional end-plate in the vicinity
of the sensitized nociceptor [44]. From the clinical point of view, trigger points are divided
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into active, which cause myofascial pain syndrome symptoms, and latent, which refer no
pain until mechanical stimulation is applied.

The autonomic nervous system involvement is also taken into consideration as regards
the TrPs development. The most accepted theoretical concept of TrPs activation is Simons’
integrated hypothesis, which assumes five or six steps of the positive-feedback cycle [45].
The hypothesis suggests that abnormal depolarization of the post-junctional membrane of
motor end-plates causes sarcomere shortening, lower concentration of adenosine triphos-
phate, and localized hypoxia leading to bradykinin release and severe sensitization of intra-
muscular nociceptors. A higher concentration of H+ protons, serotonin, prostaglandins, K+
ions, and calcitonin-gene-related peptide said to sustain the irritability and dysregulation
of myoneural junctions has been confirmed. There are five stages of this hypothesis: (1)
abnormal spontaneous ACh release; (2) formation of the taut band; (3) local hypoxia; (4)
tissue distress; and (5) sensitizing substances have been confirmed experimentally except
for the last one (autonomic modulation), which assumes that the ANS affects the intensity
of symptoms [45]. If the MIP findings can be confirmed for both active and latent form of
trigger points, these steps can be confirmed as well.

Currently, there are only a few experimental studies suggesting the ANS involvement
in muscle referred pain [26,27]. Those studies have documented intensive vasodilatation
in the area of perceived sciatic pain provoked by a minimally invasive method applied
to trigger points within gluteus minimus. The observed impaired blood flow in the pain
region is said to be related to sympathetic hyperactivity and diminished parasympathetic
tone [46,47]. Thus, the ANS dysregulation characteristic of the central sensitization process
can be presumed for trigger points. However, it is not known if TrPs in other muscles
would provoke a similar reaction, which—if positive—would be consistent with CS studies.
The knowledge of referred pain seems crucial because its location is incompatible with both
innervation and commonly known dermatomes [48-51]. Recently, the international panel of
experts has promoted the revision of TrPs clinical criteria and indicated the crucial meaning
of referred pain for a more valuable TrPs confirmation [52]. The referred pain pattern has a
key diagnostic meaning, and it is one of the additional criteria confirming TrPs because
there is a strong correlation between a given trigger point location and the referred pain
pattern defined for this trigger point. Importantly, trigger point for referred pain occurs in
the same area in all patients. Moreover—in the majority of cases—referred pain does not
coincide with the area of the trigger point presence. That is why therapy is usually applied
to an area different than the area corresponding to the daily complaint. Moreover, TrPs
symptoms are reversible, which is compatible with Hart and coworkers’ [32] hypothesis
concerning the “bottom-up” CS subtype existence.

3.2. Central Sensitization Involvement in Other Tissues Leading to Low Back Pain

Low back pain is usually nonspecific or mechanical, arising intrinsically from the
spine, intervertebral disks, or surrounding soft tissues [53]. Little is known about CS in
chronic pain states related to joints, but some animal studies support its involvement [54].
Generally, CS involvement in joint pain has been indicated for osteoarthritis (OA); rheuma-
toid arthritis; Ehlers—Danlos syndrome; or sacroiliac joint syndrome, which mimics sciatic
pain as well [55-58]. OA patients demonstrated diffuse and spreading pain to areas larger
than the joint localization [59]. A specific group with mild to moderate joint damage but
high pain were a particularly sensitized group of patients [60]. A specific sensitivity index
may help to optimize pain management and profile patients prior to joint replacement
surgery. Sensitization may be one of the factors involved in the development of chronic
postoperative pain after joint replacement [61].

Moreover, joints can develop referred pain and present secondary hyperalgesia, con-
sidered an important CS feature. The sacroiliac joint syndrome provokes a pain pattern
originating from ligaments similar to lumbosacral disorders [62]. Unfortunately, the pain
mechanism for that syndrome is still unknown [63]. The CS involvement is considered for
inflammatory joint pain as well. It has been suggested that the CS mechanism can provide
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a neurophysiological explanation of the persistent pain in rheumatoid arthritis remission
regardless of the joint degeneration process [55].

Currently, there is no hypothesis regarding the mechanism that could possibly pro-
voke the CS development in joints. A process similar to the one occurring in muscles
might be assumed [64]. Some data have indicated that ANS can influence joints as well.
Both sympathetic and sensory nerves have been confirmed within vascular channels of the
osteoarthritis cartilage, which is not observed in healthy joints [65].

4. The Rationale for the Automation of the Minimally Invasive Procedure for
Confirming Gluteal Syndrome Objectively

One of the technologies applied in modern medicine is imaging performed with an
infrared thermography (IRT) camera. Thermography has been used for years to assess
different diseases, e.g., breast cancer, severe acute respiratory syndrome, diabetic disorders,
Raynaud phenomenon, and neuropathic pain. [66]. The biological background for IRT
measurement is based on complex reactions between blood-flow rate and local structures
of subcutaneous tissues with the primary role of the sympathetic nervous system activity.
Skin temperatures in healthy individuals are symmetrical [67]. Thus, thermal symmetry
assessment is considered a valuable method to assess physiological normality /abnormality.
Additionally, diseases can provoke local or systemic effects on thermoregulation, resulting
in changes detectable by IRT [68]. Thus, thermography is applied in order to: (i) identify
temperature asymmetry; (ii) provide a direct assessment to confirm dysfunctional auto-
nomic, sympathetic, and parasympathetic physiological activations due to the presence of
a disease; (iii) compute physiological information: localized blood flow, cardiac pulse, etc.,
to non-invasively detect the location of a geometrical shape or vascular/focal pattern, e.g.,
tumor; and (iv) provide the data for the underlying alterations in the main thermoregu-
latory functions showing environmental heat exchange process, vasoconstriction and/or
vasodilatation, and sweating actions [69].

For biomedical applications, two methods of thermography measurement are used:
passive and active dynamic thermography [70,71]. Out of these two methods, active
dynamic thermography (ADT), where an external excitation or stimulation by cold, hot,
or pressure is applied to the target area to provoke more intensive, transient biological
reactions resulting in high contrast thermal images, provides more valuable diagnostic data.
Most of the ADT methods are aimed at obtaining a high-quality single thermal picture for
further quantitative analysis performed with specific software [72].

The MIP protocol is a proposal of a completely new approach in medical thermography.
It is similar to ADT protocols, but it has some basic differences [25,26,29]. Generally, the
MIP allows one to register pathological ANS activity, which can help characterize a certain
subpopulation of pain patients. This autonomic phenomenon is a new biological finding
specific to trigger points exclusively. More precisely, the innovative solutions applied in the
MIP are as follows: (i) the method is focused on a specific subtype of pain (nociplastic pain
related to muscle), not any pain; (ii) an invasive noxious stimulant (nociceptive muscle
needling—fast-in fast-out dry needing technique widely used as a therapeutic tool) is
applied for the first time; (iii) the analysis is performed on one side of the body only
(just the painful side, without considering the opposite side); (iv) the analysis is based
on all 320 thermograms, not one; (v) the pathological region is indicated by software, not
a technician; and (vi) the diagnosis is confirmed if a simultaneous significant increase
(vasodilatation)/decrease (vasoconstriction) in both MIP diagnostic parameters is observed
in a series of pictures.

The method has been validated, and the published data confirmed amplified vasodi-
latation is limited to the referred pain zone of the stimulated gluteus minimus trigger points
diagnosed for sciatica or low-back-leg-pain subjects [25]. According to the validation study;,
the two parameters, namely, (i) the significant increase in the average temperature and (ii)
the AURP development, were indicated as diagnostically valuable. The second parameter
allows the visualization of the patient’s pain area (transient, amplified vasodilatation) as
shown in Figure 1b. The trigger points studies using the MIP on sciatica and low-back-leg-
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pain patients showed the AURP size that ranged from 5% to approximately 30% of the
lower limb with an average temperature increase of above 1.5 °C [26,27]. The newly pub-
lished data indicated the leading diagnostic value of the significant average temperature
(ATavr) increase within the perceived pain area covered by the AURP. To confirm a gluteus
minimus trigger point objectively, a simultaneous significant increase in both diagnostic
parameters needs to be proved [29].

The manual thermal data analysis was the main disadvantage of the MIP. The proce-
dure allows one to record thermograms every 3 s, but the published data presented only
three representatives thermograms of the MIP stages, i.e., one of the initial states, one of the
states after 10 min of the nociceptive muscle stimulation, and finally one of the states 6 min
post-stimulation seen during the observation phase [25,26,29]. Thus, a lot of valuable data
were overlooked, e.g., the AURP development visible in the video file [28] suggested some
fluctuations, which would demand the analysis of the whole (around 320) thermogram
series recorded during the MIP. Additionally, a detailed description of the recovery phase
defining the quenching time of the reactions provoked by stimulation is one of the funda-
mental terms of each ADT protocol [72]. It would be very time-consuming to manually
analyze all of the 320 thermograms recorded for each patient during the MIP. Furthermore,
it would be impossible to perform such a manual analysis for a big group of patients.
All these aspects were considered in the study presenting the MIP automation [29].

The MATLAB (version R2021) analysis showed the necessity of correcting the length
of the MIP phases [29]. It seems possible to shorten the noxious stimulation phase, but
further studies considering this aspect are necessary. The observation phase seems too
short. The current protocol allowed us to confirm the moment of the maximum autonomic
phenomenon development but was not enough to observe the patient’s return to the norm
from before the stimulation. According to active dynamic thermography protocols, the
MIP method should have a precise definition of the recovery phase [30]. Two ways are
possible to improve the protocol as regards the recovery phase. One is the lengthening of
the observation phase, and the other is the shortening of the stimulation phase. Both ways
can probably lead to a faster recovery. The latter seems more viable because it would
shorten the time of the painful stimulation phase. Further studies considering the time
demanded for both the stimulation and observation phase are necessary.

The automated quantitative analysis makes thermography more objective and reliable
and allows the processing of big data [73]. The use of the MATLAB software for the
analysis of thermograms recorded during the MIP renders the procedure results faster and
provides lots of additional information concerning the AURP and temperature changes
that depend on the time of the procedure and the clinical state of the patient. For further
MIP development supported by MATLAB, a precise determination of the region of interest
(ROI) can be reconsidered. Presently, the MIP considered anatomical ROIs automatically
defined by MATLAB. Within those ROIs, the software segmented the picture towards the
AURP size according to the MATLAB codes specifically established for the MIP [29].
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{l) Gluteus minimus muscle referred pain pattern (11} Diagnostic protocol
established by Travell & Simons
(drawn based on the patient's report)

Minimally Invasive Procedure (MIP)

A. 10' muscle noxious stimulation under infrared
thermography (IRT) camera control
(stimulation phase)

B. 6'further IRT observation of the patient at rest
(observation phase)

C. MATLAB analysis of the recorded 320 thermograms

Gluteal syndrome was confirmed if the patients
presented pathological autonomic reactivity within
the perceived pain zone manifested by a simultaneous
significant increase in both MIP diagnostic parameters.

MIP diagnostic parameters (AURP and ATavr)

1. both significantly increased — vasodilatation
2. both significantly decreased — vasoconstriction

(111) MIP-based objective confirmation of nociplastic pain related to the gluteus minimus muscle

Gluteal syndrome — objective visualization of the gluteus minimus Sciatica — lack of the vasomotor referred pain pattern in the patient’s
referred pain pattern {vasomotor reaction with a simultaneous perceived pain area
significant AURP and ATavr increase) o | @)
a

Figure 1. An illustration of the minimally invasive procedure (MIP) applied to a gluteal syndrome case (vasodilatation) and
a chronic sciatica case (lack of a significant vasomotor reactivity). (I) gluteus minimus referred pain pattern established
by Travell and Simons based on the post-stimulation reports of the patients with gluteus minimus trigger points (not
objectively confirmed); (II) diagnostic protocol; and (III) examples of the registered 320 MIP thermograms (a) and (a’)
pictures of a patient before noxious stimulation (patients at rest); basal thermogram, (b) pictures showing positive MIP
results—a registered pathological ANS activity within the patient’s perceived pain zone, and (c) pictures showing negative
MIP results—lack of a pathological ANS activity within the patient’s perceived pain zone (color picture—full range of
temperature; gray picture—individually isolated state above the maximum temperature at rest).

It seems that this proposed ROIs determination is optimal because currently estab-
lished solutions for medical thermography cannot be directly applied to the MIP [74]. The
Glamorgan Protocol published in 2008 standardized 90 different ROIs in thermographic
studies [72]. Nevertheless, even though the Glamorgan Protocol provides proper guidance
as to the ROI determination, it is not helpful as regards the MIP. Many IRT studies have
developed their criteria for creating and selecting ROIs. There are some studies with very
specific demands owing to different ROI geometries and methodologies [75-77]. Thus,
it would be necessary to specify our own ROI for the MIP in the future, e.g., specific for
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each of the trigger points patterns. However, it is difficult to determine the ROI due to
different body types of individuals (such us Ectomorphs, Endomorphs, Mesomorphs, or a
combination of them) and personal anthropometric dimensions (e.g., different leg length,
size), which results in different sizes and shapes of the observed area. An additional
difficulty is the positioning of the patient on the couch and a slightly different position
in relation to the camera. Besides, a slight movement due to pain occurrence as a result
of noxious stimulation of the affected nociceptors (TrPs) is yet another problem to solve.
In general, this is one of the most controversial points regarding IRT application in hu-
mans [68]. One solution is to define anatomical ROI and then use image segmentation with
a defined temperature range to interpret the AURP development reflecting the referred
pain zone of the examined trigger point.

Another aspect is the reproducibility of the ROI determination for different images
to ensure the accuracy of the results, especially when different subjects are compared [68].
Various strategies are used to increase the reproducibility of thermographic data, e.g., the
software with an automatic ROI selection [78-80]. For the MIP, two types of automated
thermogram analysis were assumed. According to Ludwig et al. [81], the first one uses
the maximum temperature to determine the ROIs. The operator selects an ROI, and the
software automatically selects the five warmest pixels within the ROI, with a minimum
distance of at least five pixels between each. The software chooses an area of five x five
pixels around each of the five pixels previously selected, determining the mean temperature
across the 125 pixels included in the selection. The authors suggested that the main
advantage of this method is the use of the same number of pixels for the calculation, which
removes the effect of different anatomical sizes between participants. The second way
to determine the ROIs is using the markers in anatomical references or outer delimiting
areas of the body surface (called a mask) [79]. This strategy is useful in ensuring the
reproducibility of the ROI delimitation, and it can facilitate further data analysis. The new
MIP protocol supported by MATLAB, version R2021, used both solutions for the calculation
of the two MIP parameters and a further comparison between the subjects.

Limitations

A disadvantage of the MIP is painful stimulation, which is necessary to provoke
pathological ANS reactivity within trigger points referred pain. The minimum time of
noxious stimulation and the time of the observation phase need to be defined to build a
precise protocol according to the active dynamic thermography requirements.

5. Conclusions

The minimally invasive procedure is intended to confirm a completely new biological
phenomenon, which suggests a pathological autonomic response to noxious stimuli and
can possibly become an objective marker of some nociplastic pain subtypes. It applies
a new type of the active dynamic thermography method and uses invasive nociceptive
muscle stimulation for the first time. The MIP protocol is based on the analysis of one side
only and focuses on the confirmation or not of a pathological autonomic phenomenon
occurrence within the perceived pain zone. Furthermore, automated thermogram picture
segmentation is performed to confirm the pathology. Finally, the diagnosis is based on
the analysis of all 320 thermograms using MATLAB. The first pain syndrome examined
by the MIP is a new subtype of low back pain, namely, gluteal syndrome. Further studies
considering the examination of other pain syndromes related to trigger points using the
MIP supported by MATLAB are recommended.
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