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Application of digital infrared
thermography for carpal tunnel
syndrome evaluation
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We investigated the thermographic findings of carpal tunnel syndrome (CTS). We enrolled 304 hands
with electrodiagnostically identified CTS and 88 control hands. CTS hands were assigned to duration
groups (D1, <3 months; D2, 3—6 months; D3, 6—12 months; D4, 212 months) and severity groups (S1,
very mild; S2, mild; S3, moderate; S4, severe). The temperature difference between the median and
ulnar nerve territories (AM-U territories) decreased as CTS duration and severity increased. Significant
differences in AM-U territories between the D1 and D3, D1 and D4, D2 and D4, and S1 and S4 groups
(P=0.003, 0.001, 0.001, and <0.001, respectively) were observed. Thermal anisometry increased

as CTS duration and severity increased. Significant differences in thermal anisometry between the

D1 and D4 as well as the D2 and D4 groups (P=0.005 and 0.04, respectively) were noted. Thermal
anisometry was higher in the S4 group than in the S1, S2, and S3 groups (P=0.009, <0.001, and 0.003,
respectively). As CTS progresses, skin temperature tends to decrease and thermal variation tends

to increase in the median nerve-innervated area. Thermographic findings reflect the physiological
changes of the entrapped median nerve.

Carpal tunnel syndrome (CTS), which is the most common entrapment neuropathy, is caused by compression of
the median nerve in the wrist” 2. Neurogenic pain, paresthesia, and numbness in the median nerve-innervated
area are typical CTS symptoms. With chronic CTS or severe neural compression, thenar muscle weakness and/
or atrophy may occur.

One of the reliable and objective methods for assessing CTS is electrodiagnosis, which reflects the neuro-
physiological functional status and is useful for grading severity> . Ultrasonography (US) is also widely used
because it can quantitatively evaluate swelling of the median nerve and carpal tunnel outlet, and it allows guided
administration of the injection through real-time visualization®~’. Electrodiagnosis, however, can mainly detect
pathologies in thick-myelinated fibers; its sensitivity for detecting injuries of thin-unmyelinated fiber is relatively
low®. Although US allows direct visualization of the morphology of the median nerve and carpal tunnel, its ability
to assess the neurophysiological state is limited®.

Digital infrared thermographic imaging (DITI) measures body heat emission of the skin surface and visually
expresses that heat in the digitalized form'?, thus reflecting the physiological changes in the target body part''.
Hence, it is used to evaluate various diseases, such as breast cancer, diabetic microvascular disease, complex
regional pain syndrome, arthritic pain, and myofascial pain syndrome'*"'>. DITI has also been used to evaluate
peripheral nerve injury. In particular, autonomic dysfunction accompanying peripheral neuropathy, which is
an important mechanism that causes changes in skin temperature by affecting vasomotor activity, is reflected
by DITI'® V7,

Compared to other methods, such as electrodiagnosis and US, DITT has the distinctive ability to evalu-
ate the status of the autonomic nervous system, which consists of thin-unmyelinated fibers'®. Several studies
have attempted to investigate the clinical usefulness of DITI for CTS; however, currently, DITI has not shown
consistent clinical value for CTS'>*. During the early stage of CTS, thin-unmyelinated fibers are damaged and
thick-myelinated fibers are injured as the disease progresses®® *!. We thought that these inconsistent results were
based on the lack of consideration of temporal neurophysiological changes during CTS.
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Figure 1. Flow chart of the patient selection process. DITI digital infrared thermography, EDx electrodiagnosis,
CTS carpal tunnel syndrome, US ultrasonography, D symptom duration group, S severity group.

During this study, we investigated the DITI results according to symptom duration and disease severity in
hands with CTS. Additionally, the relationships between DITI values and other parameters, including US find-
ings and self-reported pain scores, were evaluated to verify the potential of DITI as a tool for evaluating CTS.

Methods

Subject inclusion and ethical approval statements. The process of subject inclusion for this study
is shown in Fig. 1. All clinical data used for this retrospective study were obtained from a single hospital from
May 2018 to December 2020. From the dataset, we extracted patients who were diagnosed with CTS using elec-
trodiagnosis and who were simultaneously evaluated using DITI of the affected hand or hands. During the first
visit, the degree of pain was recorded using a numeric rating scale and related clinical symptoms were evaluated.
We also checked whether decompression surgery was performed for the hand with CTS within 6 months after
the electrodiagnosis. We excluded hands with the following characteristics: central nervous system lesion affect-
ing the hands; concomitant lower cervical radiculopathy or other peripheral nerve lesions; peripheral vascular
disease; arthritis in the hand and wrist; previous surgery of the wrist or hand; systemic diseases, such as tumors,
thyroid diseases, fibromyalgia, and uncontrolled diabetes mellitus (glycosylated hemoglobin > 9%); and missing
US evaluations. After exclusion, the included CTS hands were classified into each subgroup according to the
period from symptom onset to the time of diagnostic examinations and electrodiagnostically defined severity.
Subgroups according to the symptom duration were defined as follows: D1, <3 months; D2, 3 to < 6 months; D3,
6 to < 12 months; and D4, > 12 months.

Subjects in the control group also underwent DITI of the hands and electrodiagnosis evaluations during the
same sampling period. The control group was subjected to the same evaluation protocols for DITT and electro-
diagnosis as those for the patients with CTS. Hands that did not show CTS according to the electrodiagnosis
results were first extracted from the dataset. Then, exclusion criteria for final inclusion were equally applied to
the controls.

This study was approved by the Institutional Review Board of Pohang Stroke and Spine Hospital (approval
no.: PSSH0475-202101-HR-002-01) and retrospectively registered at cris.nih.go.kr (identifier: KCT0005831;
January 20, 2021). Because of the retrospective study design, the Institutional Review Board of Pohang Stroke
and Spine Hospital allowed the omission of informed consent. This study was performed in compliance with the
Declaration of Helsinki and the International Conference on Harmonization-Good Clinical Practice Guideline.
The dataset supporting the findings of this study is available in the online supplementary content.
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Electrodiagnosis and carpal tunnel syndrome severity. To obtain compound motor nerve action
potential from the abductor pollicis brevis (APB) muscle, the median nerve was stimulated at a distance of 8 cm
proximal to the APB. Normal values were onset latency <4.0 ms and amplitude > 5 mV. To induce sensory nerve
action potential, a recording electrode was placed on the second digit, and stimulation was performed at the wrist
at 14 cm proximal to the recording electrode. Normal values were onset latency < 3.5 ms and amplitude > 20 pV.
For transcarpal latency acquisition, an additional test was performed at 7 cm proximal to the sensory nerve
action potential recording site at the palm. A transcarpal latency value of > 1.7 ms diagnostically confirmed CTS.
For patients with obvious CTS-related symptoms but with transcarpal latency values within the normal range
(£1.5 ms to< 1.7 ms), a lumbrical interossei comparison study and ring finger study were additionally con-
ducted as sensitivity tests. During the lumbrical interossei comparison study, an active recording electrode was
attached to the midpoint of the third metacarpal bone and a reference recording electrode was attached to the
second proximal interphalangeal joint to stimulate the median nerve and ulnar nerve, respectively, at the wrist.
CTS was diagnosed when the difference in onset latency between the two stimulations was > 0.4 ms. During the
ring finger study, data were recorded at the fourth digit and the median and ulnar nerves were stimulated at
14 cm proximal to the recording electrode at the wrist. CTS was diagnosed when the difference in onset latency
between the two stimulations was > 0.6 ms. Abnormal spontaneous electrical activities and regeneration poten-
tials were evaluated using needle electromyography of the APB muscle?.

Electrodiagnosis was conducted using Sierra® wave (Cadwell, Kennewick, WA, USA). We maintained the
laboratory temperature at 23-25 °C. All patients were placed in the supine position during the tests. A nerve
conduction study of the ulnar, radial, and median nerves and electromyography of the muscles corresponding to
each cervical root level were performed to exclude other differential diagnoses. Electrodiagnosis was conducted
after the DITT tests.

We grouped the electrodiagnostic severity of CTS using a partial modification of the Stevens classification®.
The very mild (S1) group included cases with only prolonged transcarpal latency or abnormal sensitivity test
findings. The mild (S2) group included cases with abnormal transcarpal latency or sensitivity test findings, with
prolonged-onset latency or decreased amplitude of the sensory nerve action potential, and without abnormal
findings of the compound motor nerve action potential of the median nerve. The moderate (S3) group included
cases with abnormal transcarpal latency or sensitivity test findings, with abnormalities of the compound motor
nerve action potential, and without abnormal findings of needle electromyography of the APB muscle. The severe
(S4) group included those with abnormal transcarpal latency or sensitivity test findings and abnormal findings
of needle electromyography of the APB muscle?.

US evaluation.  US evaluation was conducted for the patient group using iU22 (Philips, Bothell, WA, USA)
with a linear (12-5 MHz) probe. Patients were asked to assume an upright sitting position and instructed to bend
their elbows at 90° and fully supinate their forearms. The pisiform and scaphoid were identified at the level just
proximal to the carpal tunnel, and transverse images were acquired to measure the cross-sectional area (CSA)
of the median nerve? .

Evaluation protocol and DITI interpretation. The IRIS-8000° (Medicore, Seoul, Korea) was used to
obtain the thermographic image. DITI was performed before electrodiagnosis with the following conditions:
the indoor temperature was maintained at 23-25 °C; the subject was dressed in loose clothing and allowed to
acclimatize to the room temperature for 15—20 min; the distance from the body to the thermographic camera
was 1.5 m; lotion or ointment was not applied before the test; all metal accessories, splints, and topical patches
were removed; vigorous exercise and physical therapy within 4 h of the test were avoided; and alcohol and caf-
feine consumption and smoking were prohibited within 12 h before the examination.

Because previous studies reported that median-innervated somatosensory and vasomotor territories are
similar in the palm area®® ¥, we designated six regions of interest of the thermal image of the palm side. Skin
temperature was measured at the center of the finger pulp of the first, second, third, and fifth digits based on an
area of 400 data points. Additionally, measurements were obtained from the thenar eminence and hypothenar
eminence based on an area of 800 data points (Fig. 2). The mean value of all data points in the region of inter-
est was calculated. The final result is displayed in degrees (Celsius) by converting the validated red-green-blue
data to temperature. For data interpretation and quantitative analyses, we defined the following indicators and
calculated the values by substituting the average body temperature measured within each region of interest’:

Temperature difference between the median and ulnar nerve digits (AM — U digits)

= (digit1 + digit2 + digit 3—3 x digit 5)/3,

Temperature difference between the thenar and hypothenar areas (Athenar - hypothenar)
= thenar — hypothenar,

Temperature difference between the median and ulnar nerve territories (AM — U territories)
=AM — U digits + Athenar — hypothenar,

Median nerve - innervated digits anisometry
= |digit 1 — digit 2| + |digit 1 — digit 3| + |digit 2 — digit 3|.

Scientific Reports |  (2021) 11:21963 | https://doi.org/10.1038/s41598-021-01381-5 nature portfolio



www.nature.com/scientificreports/

Figure 2. Digital infrared thermographic imaging and regions of interest of the palm area. The mean
temperature is measured at the center of the finger pulp, thenar eminence, and hypothenar eminence (black
circles).

Patients Healthy controls | P value
Subjects, n 210 80 NA
Hands, n 304 88 NA
NRS* 4.8+1.6 NA NA
CSA, mm* 15.7+4.4 NA NA
Decompression, n (%) 68 (22.4) NA NA
Investigated hand, right, n (%) 152 (50.0) 49 (55.7) 0.35
Age, years® 57.2+10.2 55.0+10.9 0.12
Male, n (%) 51 (24.3) 21(26.3) 0.73
Body mass index, kg/m?* 25.11+3.36 | 24.11+£4.06 0.04
Hypertension, n (%) 58 (27.6) 12 (15.0) 0.03
Well-controlled DM, n (%) 25(11.9) 6(7.5) 0.28
Dyslipidemia, n (%) 21(10.0) 8(10.0) >0.99
Smoking, n (%) 24 (11.4) 6(7.5) 0.33

Table 1. Characteristics of the subjects. NA not applicable, NRS numerical rating scale of pain, CSA
cross-sectional area of the median nerve, DM diabetes mellitus. *All continuous values were expressed as
mean * standard deviation.

Statistical analysis. Continuous variables are expressed as mean * standard deviation. Categorical vari-
ables are expressed as frequency and proportion. An independent ¢-test was used to compare the age and DITI
values between the patient and control groups. The chi-square test was performed to compare the sex and inves-
tigated side of the patients with those of the controls. Cramer’s V coefficient was used to examine the association
between the duration and severity groups. A one-way analysis of variance with Bonferroni correction was used
to analyze DITI indicators according to symptom duration and electrodiagnostic severity. The Pearson correla-
tion coefficient was used to analyze the correlations among the DITI indicators, CSA, and numeric pain scale
rating. All statistical analyses were conducted using SPSS 22.0 (IBM, Armonk, NY, USA).

Results

General characteristics of the subjects. A total of 304 CTS hands of 210 patients and a total of 88 nor-
mal hands of 80 healthy control individuals were finally included in this study. The mean age of the CTS patients
was 57.2+10.2 years, 24.3% were male, and the left and right hands were evenly distributed. The average age of
the control group was 55.0 +10.9 years, 26.3% were male, and there were slightly more right hands (55.7%) than
left hands. The patient group showed a significantly higher body mass index and prevalence of hypertension.
The average CSA of the investigated hands was 15.7 + 4.4 mm? The average numeric pain scale rating of the CTS
group was 4.8 £ 1.6. No statistically significant differences in age, sex, and investigated side were found between
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Severity groups
Duration groups Very mild (S1) | Mild (S2) | Moderate (S3) | Severe (S4) | Total
D1 (<3 months) 40 27 19 5 91
D2 (3-6 months) 15 13 27 4 59
D3 (6-12 months) 9 12 18 18 57
D4 (=12 months) 9 8 19 61 97
Total 73 60 83 88 304

Table 2. Number of involved hands according to disease severity and symptom duration.

AM-U digits Athenar- AM-U Anisometry
Group (c)? Pvalue® | hypothenar ('C)* | Pvalue® | territories (C)* | Pvalue® | ('C)? Pvalue®
Duration groups
D1 (n=91) 0.91£0.56 <0.001 0.51+0.50 <0.001 1.41+0.78 <0.001 1.29+0.84 0.01
D2 (n=59) 0.68+0.57 <0.001 0.44+0.42 0.006 1.12+£0.74 <0.001 1.32+1.14 0.03
D3 (n=57) 0.59+0.49 <0.001 0.31+0.43 0.40 0.90+0.77 <0.001 1.37+£0.72 0.01
D4 (n=97) 0.39+0.68 0.008 0.12+0.79 >0.99 0.51+1.22 0.03 1.79+1.35 <0.001
Severity groups
S1 (n=73) 0.86+0.58 <0.001 0.39+0.49 0.02 1.26+£0.81 <0.001 1.37+£0.96 0.004
S2 (n=60) 0.61+0.47 <0.001 0.45+0.42 0.005 1.06+0.71 <0.001 1.17+£0.93 0.300
S3 (n=83) 0.63+0.59 <0.001 0.35+£0.48 0.07 0.98+0.83 <0.001 1.34+0.79 0.005
S4 (n=88) 0.48+0.73 <0.001 0.19+0.84 >0.99 0.67+1.33 0.001 1.88+1.38 <0.001
g":lstg)y controls | 1,040 0.12+0.37 023+0.62 0.82+0.55

Table 3. Values of each index according to the symptom duration and disease severity groups. D symptom
duration group, S severity group, AM-U digits temperature difference between the median and ulnar nerve
digits, Athenar-hypothenar temperature difference between the thenar and hypothenar areas, AM-U territories
temperature difference between the median and ulnar nerve territories, Anisometry median nerve-innervated
digits anisometry. *All continuous values were expressed as mean + standard deviation. *Independent ¢-test
between each patient group and the control group.

the two groups. Among hands with CTS, 68 (22.4%) underwent decompression surgery within 6 months after
the initial electrodiagnosis (Table 1).

Distributions according to the CTS duration and severity are shown in Table 2. Based on the duration, there
were 91 hands in the D1 group, 59 hands in the D2 group, 57 hands in the D3 group, and 97 hands in the D4
group. Based on the severity, there were 73 hands in the S1 group, 60 hands in the S2 group, 83 hands in the S3
group, and 88 hands in the S4 group. A longer disease duration was associated with increased severity (Cramer’s
V=0.35; P<0.001).

DITI findings. The AM-U territories was significantly greater in all patient groups compared to the control
group. Greater AM-U territories was associated with shorter duration and lower severity (Table 3). The AM-U
territories was significantly different between the D1 and D3 group, D1 and D4 group, and D2 and D4 group
(P=0.003,<0.001, and 0.001, respectively). Only the S1 and S4 groups had significant differences in AM-U ter-
ritories among the severity groups (P<0.001) (Fig. 3).

Moreover, AM-U digits was significantly larger in all patient groups compared to the control group. No
significant difference in Athenar-hypothenar between the D3, D4, S3, and S4 groups and the control group was
observed. Similar to AM-U territories values, AM-U digits and Athenar-hypothenar decreased as the duration
increased. A comparison of the duration groups showed that AM-U digits was significantly different between
the D1 and D3 group, D1 and D4 group, and D2 and D4 group (P=0.006, 0.001, and 0.02, respectively), and
that Athenar-hypothenar was significantly different between the D1 and D4 groups and between the D2 and D4
groups (P<0.001 and 0.004, respectively) (Table 3 and Fig. 4a). Furthermore, based on the changes in AM-U
digits and Athenar-hypothenar based on severity, the S2 group had lower AM-U digits than the S3 group and
higher Athenar-hypothenar than the S1 group. AM-U digits was significantly different between the S1 and S4
groups (P<0.001), whereas Athenar-hypothenar was not statistically significantly different between all severity
groups (Table 3 and Fig. 4b).

The median nerve-innervated digits anisometry increased as the duration increased and was significantly
higher in all duration groups than in the control group. Among the severity groups, the S2 group had the lowest
median nerve-innervated digits anisometry, and no significant difference between the S2 group and control group
was observed (P=0.30). Median nerve-innervated digits anisometry was significantly higher in the S1, $3, and
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Figure 3. Comparisons of temperature differences between the median and ulnar nerve territories (AM-U
territories) according to the symptom duration and disease severity groups. Significant differences in AM-U
territories between the D1 and D3, D1 and D4, D2 and D4, and S1 and S4 groups are observed. This graph is
drawn using GraphPad Prism version 9.1.2 for Windows (GraphPad Software, San Diego, California USA, www.
graphpad.com). D duration group, S severity group. *P<0.05. **P<0.01. **P<0.001.
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Figure 4. Comparisons of the temperature differences between the median and ulnar nerve digits (AM-U
digits) and temperature differences between the thenar and hypothenar areas (Athenar-hypothenar) according
to duration (a) and severity (b). Significant differences in AM-U digits between the D1 and D3, D1 and D4, D2
and D4, and S1 and S4 groups are observed. Significant differences in Athenar-hypothenar between the D1 and
D4 groups and between the D2 and D4 groups are also observed. This graph is drawn using GraphPad Prism
version 9.1.2 for Windows (GraphPad Software, San Diego, California USA, www.graphpad.com). D, duration
group; S, severity group. *P<0.05. **P<0.01. **P<0.001.
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Figure 5. Median nerve-innervated digits anisometry according to duration and severity. Significant differences
in the median nerve-innervated digits anisometry between the D1 and D4 groups and between the D2 and D4
groups are observed. The S4 group also has significantly higher median nerve-innervated digits anisometry than
the S1, S2, and S3 groups. This graph is drawn using GraphPad Prism version 9.1.2 for Windows (GraphPad
Software, San Diego, California USA, www.graphpad.com). D, duration group; S, severity group. *P<0.05.
**P<0.01. **P<0.001.

Decompression (n=68) None (n=236) P value
AM-U digits (‘C)* 0.53+0.65 0.67+0.62 0.11
Athenar-hypothenar (C)* 0.16+0.83 0.38+0.52 0.007
AM-U territories (‘C)* 0.69+1.26 1.05+0.69 0.008
Anisometry* 1.80+£1.22 1.38+£1.03 0.005

Table 4. Values of each index according to the surgical decision. *All continuous values were expressed as
mean * standard deviation.

AM-U territories Anisometry CSA NRS
AM-U territories 1 0.03 (0.56) -0.14 (0.02) -0.14 (0.01)
Anisometry 0.03 (0.56) 1 0.09 (0.11) 0.06 (0.33)
CSA —0.14 (0.02) 0.09 (0.11) 1 0.29 (<0.001)
NRS ~0.14 (0.01) 0.06 (0.33) 0.29 (<0.001) 1

Table 5. Correlation coeflicients (P values) between the examined parameters and pain score. AM-U
territories temperature difference between the median and ulnar nerve digits, Anisometry median nerve-
innervated digits anisometry, CSA cross-sectional area of the median nerve, NRS numerical rating scale of
pain.

S$4 groups than in the control group. For the duration groups, median nerve-innervated digits anisometry was
significantly different between the D1 and D4 groups and between the D2 and D4 groups (P=0.005 and 0.04,
respectively), and in the severity groups. The median nerve-innervated digits anisometry was significantly higher
in the S4 group than in the S1, S2, and S3 groups (P=0.009,<0.001, and 0.003, respectively) (Table 3 and Fig. 5).

The hands with CTS undergoing decompression surgery showed significantly lower Athenar-hypothenar
and AM-U territories values (P=0.007 and 0.008, respectively). Contrarily, the median nerve-innervated digits
anisometry was significantly higher in the decompression group (P=0.005) (Table 4).

The DITT values of each region of interest according to the CTS duration and severity are summarized in Sup-
plementary Table S1. The results of post hoc analyses of subgroups are summarized in Supplementary Table S2.

Correlations between examined parameters and the pain score. The AM-U territories showed
weak negative correlations with CSA (r= —0.14; P=0.02) and the numeric pain scale rating (r= —0.14; P=0.01).
No significant correlation between AM-U territories and median nerve-innervated digits anisometry was
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noted (r=0.03; P=0.56). Moreover, the numeric pain scale rating showed a weak positive correlation with CSA
(r=0.29; P<0.001) (Table 5). The CSA and numeric pain scale rating according to the CTS duration and severity
subgroups are summarized in Supplementary Table S3.

Discussion

Our study revealed that the CTS duration and its electrodiagnostic severity are important factors when inter-
preting DITI, suggesting that this may be associated with progressive entrapment neuropathy®® ?. The thermal
difference between the median nerve-innervated and ulnar nerve-innervated areas was higher during the early
phase of CTS and then decreased. Conversely, the median nerve-innervated digits anisometry tended to be
increased as CTS progressed. These findings of thermal difference pattern were also consistent when comparing
the groups with and without decompression surgery. By analyzing DITI results based on the disease duration
and severity, we found patterns of changing DITI findings in CTS hands. Furthermore, we suggest that these
results support the role of DITI as an evaluation tool for CTS. Moreover, to our knowledge, among CTS studies
on DITI, this study was conducted with the largest number of hands.

The most significant finding of our research was that the AM-U territories was evident during the early phase
of the disease but decreased as the duration increased. This is because a relative temperature increase occurs in
the median innervated palm area at the beginning of the neural insult®. Similarly, it has been observed during
an animal study that showed a slightly higher or similar temperature of the limb with a constrictive injury of the
sciatic nerve lasting 28 days after injury compared to the unaffected limb*. However, the more severe complete
injury resulted in pronounced hypothermia of the affected limb. It is believed that the temperature change at
the area affected with CTS is primarily caused by vasomotor activity regulation'’. During the early and mild
phases, thin-unmyelinated fibers of the median nerve, which mainly consist of sympathetic nerve fibers, are
more vulnerable to compression®"*2. Damage to the sympathetic nerve fibers decreases vasoconstriction in the
innervated area, thereby increasing temperature in the affected area®® **. The activation of antidromic unmyeli-
nated C-fibers is also an important mechanism causing temperature changes with entrapment neuropathies®.
Neural pathology induces pain; subsequently, vasodilators are secreted from the terminal antidromic C-fibers,
resulting in an increase in local temperature®°. However, as CTS progresses, reactive vasoconstriction occurs,
which is associated with hypersensitivity to catecholamines and results in a decreased temperature for several
months®®. Additionally, in chronic denervated muscles, perfusion is reduced as the capillary density in the mus-
cle decreases”. A previous study also found that the low energy consumption of the myocytes leads to reduced
heat emission®.

We inferred that the change in AM-U territories was more related to the change in AM-U digits than to the
change in Athenar-hypothenar. Compared to AM-U digits, Athenar-hypothenar showed less significant differ-
ences between patients and controls. The digital cutaneous branch, which innervates the fingers and certain areas
of the palm, passes through the carpal tunnel, whereas the palmar cutaneous branch, which mainly innervates
the thenar area, branches from the median nerve proximal to the carpal tunnel®. Because the sensory innerva-
tion of the thenar area is not affected by the compression of the carpal tunnel, the Athenar-hypothenar seems
relatively small compared to the AM-U digits. As CTS progressed, the hypothermic effect of the thenar area was
prominent. We inferred that this was mainly attributable to atrophied thenar muscles.

Contrary to AM-U territories, median nerve-innervated digits anisometry was more apparent as the dis-
ease progressed. This suggests that as the disease progresses, various mechanisms caused by damage in thin-
unmyelinated nerve fibers, such as sympathetic dysfunction, reactive vasoconstriction, and antidromic sensory
fiber activation, appear to activate simultaneously, and that thermal variations may increase even within the
same nerve-innervated area. It has been reported that thermal anisometry is an early sign associated with
vasoregulation®’. Our findings were consistent with those of previous studies because thermal anisometry occurs
even during the early stages of disease and may become worse as disease progresses. Moreover, some studies have
reported that median nerve-innervated digits anisometry decreased after carpal tunnel release surgery, resulting
in an improvement in vasoregulation by thin-unmyelinated fibers*" 2.

We used the symptom durations of 3 months, 6 months, and 12 months because previous studies have
shown that reactive vasoconstriction occurs at 5 to 8 months® **. Symptom duration groups experienced more
significant changes associated with AM-U territories and thermal anisometry compared to the electrodiagnos-
tic severity groups. With compressive neuropathy, nerve fibers associated with autonomic function could be
involved at the onset, which could progress and damage thick-myelinated fibers as the disease advances®* 4.
Therefore, DITI findings could be largely dependent on the prevalent period. However, electrodiagnosis is not
able to demonstrate cutaneous thermal changes because it mainly reflects the status of thick-myelinated nerve
fibers®. Although electrodiagnosis is widely utilized to confirm or rule out CTS, its low sensitivity for injuries of
thin-unmyelinated fibers affected during the early phase of the disease is a limitation*’. To overcome this, studies
aiming to confirm autonomic dysfunction with CTS using the sympathetic skin response have been conducted;
however, the results are debatable®" *°. Attempts to identify unmyelinated fiber dysfunction with CTS using
indicators, such as the thresholds of cold and warm sensations and pin-prick sensations, have also been made?,
and supporting results have been found** .

Efforts have been made to assess autonomic dysfunction with CTS through the use of DITI. However, studies
that attempted to determine the diagnostic value of DITI for CTS did not yield dependable results. Several stud-
ies investigated the diagnostic significance of DITI by comparing affected and unaffected hands of patients with
unilateral CTS; however, no consistent conclusions were obtained'! ! #°. Studies comparing the DITI findings
of the CTS group and healthy control group also showed inconsistent results regarding the diagnostic value of
DITI**** !, Such inconsistencies in previous studies may be primarily attributed to the lack of consideration
of disease progression and the small number of hands in the CTS groups used for the analysis. We were able to
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identify significant changes in DITI findings by dividing CTS into subgroups according to its severity and dura-
tion, which is a strength of our research.

As shown in our correlation analysis, it is well-established that changes in small fiber function are not strongly
correlated with pain®2. The subjective pain score is influenced by sensory neural deficits. Although some antidro-
mic C-fibers are associated with sensory symptoms, myelinated Ad-fibers are involved in pain as the main afferent
nociceptor fibers®> >3, In the same context, US findings reflect inflammatory changes of the median nerve and
carpal tunnel; however, such changes are not directly proportional to the injury of thin-unmyelinated fibers®*.

Our study had several limitations. Because of the retrospective cross-sectional design of the study, follow-up
data regarding disease progression were not obtained. A comparison of DITI results of the same patient over
time could further support our findings. Additionally, patients with similar clinical manifestations of CTS and
normal findings with electrodiagnosis were excluded from this study. Therefore, direct proof of whether DITI
could overcome the aforementioned limitations of electrodiagnosis could not be obtained during this study.
Because of the strict inclusion process, we excluded almost half of the hands from the initial dataset. Therefore,
for individuals with any complicating factors that could influence DITT, electrodiagnosis, or the subjective pain
scale rating, our findings might not be applicable. In terms of clinical information, our study only presented
subjective pain scale scores and symptom durations. Because this was a retrospective study, various clinical
manifestations, such as the flick sign, hyperalgesia, altered two-point discrimination, night pain, and thenar
weakness/atrophy, could not be obtained consistently because the evaluations of clinical symptoms for each
patient were not standardized; therefore, some clinical symptoms could have been missed.

In conclusion, DITT findings vary with CTS duration and severity. The temperature of the median nerve-
innervated area was higher than that of the ulnar nerve-innervated area, and the difference tended to decrease
as the duration and severity increased. Thermal anisometry tended to increase as the duration and severity
increased. When interpreting DITT results, it is necessary to consider the symptom duration and disease severity
of CTS. Finally, the results of this study using DITI findings elucidated the physiological changes in the unmy-
elinated autonomic nerve with CTS. Therefore, DITI can have a complementary role when attempting to under-
stand and evaluate CTS, and it can help overcome the shortcomings of electrodiagnosis and US examinations.

Data availability
The dataset including all variables analyzed during this study is available in the online supplementary content.
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