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This current Special Issue of JCM will highlight some of the latest studies on carpal
tunnel syndrome (CTS). This common upper extremity compression neuropathy can lead
to a permanent lack of sensation in the median nerve area of the hand as well as thenar
muscle atrophy. In addition to unpleasant symptoms, the disease can lead to incapacity for
work, sick leave, and disability.

There are many aspects of CTS that are still unclear. Through active research, we
generate a better overall picture of this disease’s etiology, risk factors, implications, and
effective treatment options.

In the review of Zimmerman et al. [1], the pathophysiological aspects of CTS relating
to diabetes are summarized. This comprehensive article combines current data and explains
the increased risk of CTS in individuals with diabetes.

One can quickly think that only local wrist-level compression of the median nerve
causes problems in CTS, but the picture is more comprehensive. When analyzing psy-
chotropic medication in CTS patients in a large national register study, Dahlin et al. [2]
found that surgically treated individuals with a nerve compression disorder have a higher
risk of impaired psychological health.

Additionally, one study in this Special Issue states that patients with CTS have signs
of changing central pain mechanisms. This might be associated more with psychological
factors than central pain processing in people with focal nerve injuries [3].

Some anatomical risk indicators for CTS have been pointed out, such as body mass
index, as found in the extensive birth cohort study by Lampainen et al. [4].

The diagnosis of CTS faces some challenges. Diagnosis is usually made from right
anamnesis, clinical symptoms, and electromyography (EMG) findings. EMG studies
are routinely used as a diagnostic tool of CTS, but these studies also contain sources of
uncertainty. In the study of Sasaki et al. [5], a robust negative correlation between sensory
nerve conduction velocity and distal motor latency was found, meaning that the severity
classifications do not always correctly reveal the severity of CTS.

Ultrasound (US) has also been used as a diagnostic tool for CTS. In the study by
Song et al. [6], most electrodiagnostic measurements revealed substantial correlations with
roentgenographic and ultrasonography features. The electrodiagnostic severity was also
correlated with imaging characteristics and wrist X-rays, and US may help diagnose CTS
as a supplement to electrodiagnostic studies.

The article of Heiling et al. [7] concludes that diagnosis of CTS in diabetic patients
should mainly be based upon specific anamnestic information and clinical findings. They
point out that electrodiagnostic testing and nerve US results must be interpreted carefully,
and other factors must also be considered.

In the article by Watanabe et al. [8], a specific hand drawing test was used to screen
CTS patients, and was found to be effective for this purpose.

The differential diagnosis of CTS to more proximal median nerve problems is essential
and should be carefully considered when deciding on the proper treatment. The review
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of Lopponen et al. [9] clarifies that proximal median nerve compressions (PMNC) should
be seen as a continuum of mild to severe nerve lesions along a branching median nerve,
thus producing variable symptoms. The diagnosis should be based on a more thorough
understanding of anatomy and clinical examination. In PMNC, intervention should be
planned according to each patient’s condition. To point out the complexity of causes and
symptoms, PMNC should be named proximal median nerve syndrome.

How about the conservative treatment of CTS? In this Special Issue, Karjalainen et al. [10]
review the present evidence of non-surgical treatments for CTS. These practices are diverse,
and an unambiguously superior method is not clear. They found that many studies propose
small short-term advantages of certain treatments, but evidence of their long-term benefits
is weak. The article concluded that “research in this area should focus on establishing the
value of each treatment instead of comparing various treatments with uncertain benefits”.

Surgery is reserved for those patients that do not attain a satisfactory symptom state
by non-operative means, but what is the best method?

Segal et al.’s [11] review describes the current practice of carpal tunnel release (CTR)
using the wide-awake, local-anesthesia, no-tourniquet (WALANT) technique. This is associ-
ated with substantial cost savings and a faster workflow. It can be safely implemented in an
outpatient clinic with less use of resources. The authors conclude that WALANT surgery is
able to achieve standard or better postoperative pain control and satisfaction for patients.

Another widely discussed technical issue is whether to treat CTR using endoscopic
(ECTR) or open methods. Both surgeries are widely utilized, and there are no significant dif-
ferences in the long-term postoperative results [12]. However, ECTR has certain advantages,
such as less scarring and a shorter recovery period. This facilitates an earlier return to daily
life activities. However, there are concerns about the potential for transient or permanent
nerve injury. In the study of Yamamoto et al. [13], the annual open and endoscopic carpal
tunnel release figures of Japan were documented, and their trends, gender differences,
age distributions, and regional variations were analyzed. The results show that almost
40,000 CTRs were performed annually in Japan, and open CTR was implemented nearly
four times more often than endoscopic CTR.

When the diagnosis and treatment of CTS are too late for the nerves to recover, or
there is a surgical complication or failure of initial surgery, there might be a need for some
late reconstructive surgeries. These should be performed by experienced hand surgeons.
The approach and management of failed CTR are reviewed in the comprehensive article
by Pripotnev et al. [14]. These patients can be categorized into persistent, recurrent, and
new symptom groups. The operative treatment of revision cases included the proximal
exploration of the median nerve, the re-release of the transverse retinaculum and scar, the
evaluation of the nerve injury, the treatment of secondary sites of compression, and possible
supplementary procedures. In addition, ulnar nerve release with neurolysis in the Guyon'’s
canal is recommended.

Researchers and clinicians from different fields sometimes look at CTS only from their
narrow perspective of epidemiology, diagnostics, or surgical treatment. However, it would
be useful to have a broader view of the matter. This Special Issue offers an interdisciplinary
approach to the CTS problem from different perspectives. I hope the reader will take new
inspiration from it for further research, aiming to achieve the best patient care.
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Abstract: We analyzed trends in open and endoscopic carpal tunnel release (CTR) from 2014 to 2019
using the National Database of Health Insurance Claims and Specific Health Checkups in Japan
(NDB). Japan has a universal health insurance system and more than 95% of all claims are searchable
in the NDB open data repository. The results revealed that nearly 40,000 CTRs were performed
annually in Japan, and open CTR was performed almost 4 times more often than endoscopic CTR.
The crude annual incidence of CTR in the general population among people 20 years of age or older
was 32.2 per 100,000. The incidence of open CTR peaked in the 80-84 age range for both males and
females. The incidence of endoscopic CTR peaked at 80-84 years in females and at 75-79 years in
males. There was a mild correlation coefficient between the endoscopic CTRs and the number of hand
surgery specialists by prefecture per population (r = 0.32, p = 0.04). However, the number of hand
surgeons per capita by region and open CTR per capita was not correlated (r = 0.06, p = 0.67). There
were about twice as many outpatient as inpatient surgeries, reflecting a trend toward ambulatory
treatment.

Keywords: carpal tunnel syndrome; carpal tunnel release; trends; Japan

1. Introduction

Carpal tunnel syndrome (CTS) is the most common compression neuropathy. In the
general population, one in five symptomatic individuals can be expected to have CTS based
on a clinical and electrophysiological examination [1]. The prevalence of CTS using differ-
ent case definitions ranges from 2.5 to 11.0% [2]. Open carpal tunnel release (OCTR) and
endoscopic carpal tunnel release (ECTR) have been performed for symptomatic patients
with successful results after failed conservative treatments such as splinting, medications,
and corticosteroid injections [3]. Both procedures are widely utilized and there are no
significant differences regarding the long-term postoperative results [4]. Although ECTR
has advantages, such as minimal scarring and a shorter recovery period which facilitates an
earlier return to activities of daily life, there are concerns about the potential for transient or
permanent nerve injury, and these serious consequences should not be underestimated [5].
The transverse carpal ligament is divided in both OCTR and ECTR, although each tech-
nique has its own advantages and disadvantages [6]. The regional distribution of hand
surgery specialists may also influence differences in surgical procedures, and while general
orthopedic surgeons might perform a percentage of OCTR, endoscopic surgery requires
more specialized skills.

The overall risk and relative severity of CTS increases with age [7]. Carpal tunnel
release (CTR) is widely performed in Japan, which has a rapidly aging population [6]. As
the leading super-aged society in the world, Japan serves as a demographic bellwether
regarding health conditions associated with advanced age and their treatments. According
to reports from the United States and Canada, CTR for the elderly is increasing [7-9].
Being alert to the trends in Japan associated with the age distribution of patients who
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have undergone CTR will help other countries that are anticipating becoming super-aged
societies themselves to be prepared.

The National Database of Health Insurance Claims and Specific Health Checkups
of Japan (NDB) is one of the largest, most comprehensive, national-level healthcare data
repositories in the world. It is thorough and contains complete datasets of insured medical
care delivered within the country’s universal healthcare system. Since 2014, this information
has been parsed, compiled in spreadsheets, and published annually in NDB Open Data
Japan (NDB-OD)J). As a result, more than 95% of ECTR and OCTR claims are accessible
in the form of anonymized statistics—for example, surgical type, age, and geographic
location—drawn from health insurance claims [10].

The purpose of this study was to document the annual OCTR and ECTR figures within
Japan for procedures conducted between 2014 and 2019 and to analyze their trends, gender
differences, age distributions, and regional variations based on this comprehensive survey.

2. Materials and Methods

In this study, the designation “NDB” refers to the National Database of Health In-
surance Claims and Specific Health Checkups of Japan administered by the Ministry of
Health, Labour and Welfare, while “NDB-OD]J” refers to NDB Open Data Japan published
as spreadsheets that summarize the claims” data. For 2014-2019, we accessed the NDB-
OD] site and downloaded the following Excel files: “Number of calculations by division,
sex, and age group” and “Number of calculations by prefecture” under “operation (code
K)” [11-16]. The NDB contains almost all health insurance claims and specific health
checkup data associated with the national health insurance system.

In the database, surgical procedures for CTS were classified as either OCTR (K093) or
ECTR (K093-2). Information on age, gender, and prefecture was obtained in addition to
treatment location, from which a distinction was made between inpatient and outpatient
surgeries from 2015 onward.

We characterized the information as follows: (1) Trends in surgical procedures: The
total number of OCTR and ECTR by year was summarized. Trends and differences, if
any, were investigated. (2) Age distribution by type of surgery and gender: The mean number
of operations from 2014 to 2019 was calculated by surgery type and gender according to
age. The age group that underwent surgery most often was investigated. (3) Age- and
sex-specific incidence of OCTR and ECTR: The crude mean annual incidence of OCTR and
ECTR by sex and age from 2014 to 2019 was calculated using a 2019 population estimation
summary [17]. The WHO World Standard Population distribution was used to make age-
based international comparisons [18]. Calculations using a direct approach were performed
to adjust for the age at carpal tunnel release, the Japanese population in 2019, and the
crude mean annual incidence of CTR for 6 years. (4) Number of surgeries by prefecture per
population: The average number of surgeries per 100,000 people in each prefecture from
2014 to 2019 was summarized using a 2019 population estimation summary [17]. The
standardized incidence ratio was calculated using the mean cases in each prefecture and
the 2019 demographic data [17]. The correlation coefficients between ECTRs or OCTRs
and the hand surgery specialists by prefecture per population were analyzed. (5) Trends
in outpatient and inpatient surgeries: The number of outpatient and inpatient settings by
surgical type was compared.

Statistical Analysis

An m x n contingency table was used to determine the differences between the
procedures by year. We used the x-square test to identify the differences in CTR between
men and women and the differences in inpatient and outpatient surgery depending on
the procedure used. We examined the correlation coefficients of the number of ECTRs and
OCTRs and the hand surgery specialists as of 2022 by prefecture per population using the
Pearson correlation coefficient. The statistical analysis was performed using the Statcel2
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(OMS Publishing, Saitama, Japan) software add-in for Microsoft Excel (Microsoft 365,
Microsoft, Redmond, WA, USA). p values < 0.05 were considered statistically significant.

3. Results

1.  Trends in surgical procedures.

The trends in surgical techniques for the 6-year period beginning in 2014 are shown in
Figure 1. There was no significant change in the proportion of surgical procedures over the
period (p = 0.13). From 2014 to 2019, the ECTR percentages were 28%, 30%, 20%, 21%, 29%,
and 30%, respectively, and the overall percentage was 26%.

Number of cases

45,000
40,000
35,000 . .
30,000 . . - -
25,000
20,000
15:000° 5 890 25,776 26,240 28,375 Z5esu 2
10,000

5,000

0
2014 2015 2016 2017 2018 2019

OCTR ®mECTR

Figure 1. Trends in surgical techniques, 2014-2019 (6 years). OCTR; open carpal tunnel release, ECTR;
endoscopic carpal tunnel release.

2. Age distribution by type of surgery and gender.

The mean age distribution by surgical procedure is shown in Figure 2a,b. There was
a peak at the 75-79 age range for female patients regardless of the procedure. For male
patients, there were peaks at 70-74 years for OCTR and at 65-69 years for ECTR. No
difference in CTR was observed for gender (p = 0.99).

Mean annual OCTR cases by age
0 500 1000 1500 2000 2500 3000
= 90~
85~89
80~84
757499
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—_— 4549
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Figure 2. Cont.
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Mean annual ECTR cases by age
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Figure 2. Mean age distribution by type of surgery and gender. Mean annual open carpal tunnel
release (OCTR) (a) and endoscopic carpal tunnel release (ECTR) (b) cases by age.

3. Age- and sex-specific incidence of OCTR and ECTR.

The crude mean annual incidence of OCTR and ECTR by sex and age from 2014 to
2019 is shown in Figure 3a,b. The incidence of OCTR peaked at the 80-84 age range in both
males and females. The overall annual incidence of OCTR in the population over the age of
20 per 100,000 was 17.3 (15.6-19, 95% CI) for males and 34.4 (32.5-36.4, 95% CI) for females.
The incidence of ECTR peaked at 80-84 years in females and at 75-79 years in males. The
overall annual incidence of ECTR in the population over the age of 20 per 100,000 was 4.5
(3.6-5.4, 95% CI) for males and 9 (7.1-10.9, 95% CI) for females.
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Figure 3. Annual incidence of OCTR and ECTR. (a). Mean annual incidence of OCTR (a), ECTR
(b), and WHO World Standard Population adjustment and crude annual incidence of CTR (c) per
100,000 people. OCTR; open carpal tunnel release, ECTR; endoscopic carpal tunnel release, CTR;
carpal tunnel release.
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The WHO World Standard Population adjustment and the crude annual incidence of
CTR per 100,000 people are shown in Figure 3c. The crude total incidence of CTR in the
population over the age of 20 per 100,000 was 32.2 (29.6-34.8, 95% CI).

4. Number of surgeries by prefecture per population.

The average number of annual operations from 2014 to 2019 is compared by prefecture
in Figure 4. OCTR was performed in Kumamoto and Shimane in more than 50 cases per
100,000 people. This was followed by Oita, Akita, and Nagano. The number of ECTRs
was highest in Kochi, Saga, Aomori, and Okayama in that order, each with more than
20 cases per 100,000 people. The age standardized incidence ratio of OCTR was highest
in Kumamoto, Shimane, and Oita, while it was highest for ECTR in Kochi, Saga, and
Okayama. There was a mild correlation coefficient for ECTRs and the number of hand
surgery specialists by prefecture per population (r = 0.32, p = 0.04). However, the number
of hand surgery specialists by prefecture and OCTR per population was not correlated
(r=0.06, p = 0.67) (Table S1).
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Figure 4. Mean annual open carpal tunnel release (OCTR) and endoscopic carpal tunnel release
(ECTR) cases per 100,000 people by prefecture.

5. Trends in outpatient and inpatient surgeries.

The number of outpatient and inpatient surgeries for the 5 years (2015-2019) during
which data were collected was compared by the procedure. Outpatient surgery was more
common for both. ECTR had a higher proportion of outpatient procedures, but there was
no significant difference (Table 1). Concerning outpatient and inpatient surgery, the former
increased for both OCTR and ECTR, as shown in Figure 5.

Table 1. Comparison of outpatient and inpatient surgery by surgical procedure, 2015-2019 (5 years).

Setting OCTR ECTR p Value
Outpatient 86,972 24,276 0.11
Inpatient 52,112 11,945

OCTR; open carpal tunnel release, ECTR; endoscopic carpal tunnel release.
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Figure 5. Trends in outpatient and inpatient surgeries, 2015-2019 (5 years). OCTR; open carpal tunnel
release, ECTR; endoscopic carpal tunnel release.

4. Discussion

In the analysis of the NDB-OD]J, we found that nearly 40,000 CTRs were performed
annually in Japan. According to the Statistics Bureau of Japan, in 2019 [17], among the
general population of persons aged 20 years or older, the crude annual incidence of CTR
was 32.2 (29.6-34.8, 95% CI) per 100,000. It reflected a smaller incidence of CTR compared to
studies from the United States and Canada which showed the average annual incidence to
be 100 to 300 per 100,000 [7,8]. As shown in Figure 3¢, the WHO World Standard Population
adjusted annual incidence of CTR is higher than the crude annual incidence. The WHO
World Standard Population has a lower percentage of elderly people compared to the
Japanese age distribution [18]. Therefore, the adjusted annual incidence of CTR became
higher. In Sweden, the incidence of first-time CTR was reported to be 151 in women and
65 in men per 100,000 [19]. It is not clear why the CTR numbers in Japan are smaller than
Europe and the United States. One of the reasons might be that the rate of obesity is much
lower in Japan. According to the 2017 OECD Obesity Update, obesity rates of adults in
Japan were the lowest (4.2%) among OECD countries. Obesity rates in the United States,
Canada, and Sweden were 40% (highest), 28.1%, and 13%, respectively [20]. However,
the number of CTS patients in Japan is expected to rise. Accumulating evidence from the
present study and elsewhere suggests that longer lifespans and increasing rates of diabetic
morbidity are negatively impacting the incidence of CTS [6].

We determined that the ratio of OCTR to ECTR was approximately 3:1 in Japan. This
reflects a higher prevalence of ECTR compared to the United States where, according
to a nationwide study by Foster et al. of a 5-year period from 2007 to 2011, ECTR was
only performed 16.1% of the time, with the majority (83.9%) being OCTR [21]. During
the period, while OCTR was predominant, ECTR increased significantly as a share of all
procedures from 14.0% to 18.8%. A more recent report drawing upon a large subset within
the same database, but extended through 2014, showed that ECTR was performed even
less—about 15% of the time. This dataset, from one of the largest private medical insurance
companies in the U.S., revealed that the number of both the ECTR and OCTR procedures
increased from 2007 to 2014 [22]. In our investigation, there was no significant change in
the proportion of surgical procedures between 2014 and 2019.

More female patients aged 75-79 underwent CTR, while the largest percentages of
male patients were in the 65-69 range for OCTR and 70-74 for ECTR. Surprisingly, the
incidence of OCTR was highest in the range of 80-84 years for both females and males,
while for ECTR, the incidence was highest at 80-84 for females and 75-79 for males. The
age difference at the time of the surgical procedure was likely associated with the average
life expectancy in Japan, which was 87 years for women and 81 years for men in 2019 [23].
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Successful outcomes following CTR have been reported even in the elderly, and surgery is
performed irrespective of age if it is indicated and desired by the patient [24,25].

In terms of the geographical distribution of surgeries, both OCTR and ECTR were
performed more often in rural than in urban areas. The percentage of elderly people in these
areas might have had an effect. In fact, Akita, Kochi, and Shimane—the three prefectures
with the highest proportions of elderly [26]—had the greatest numbers of surgeries per
capita. Even after standardization by age, there was a tendency for OCTR to be performed
more often in rural areas. On the other hand, the fact that the number of ECTRs differed by
prefecture might have been due to the influence of the surgeons themselves. The number of
ECTRs per population can vary considerably due to the proximity, ability, and predilection
of surgeons who actively perform endoscopic surgery in the region. There was a mild
correlation coefficient between the number of ECTRs and hand surgery specialists by
prefecture per population (r = 0.32, p = 0.04). However, the number of hand surgeons per
capita by region and OCTR per capita was not correlated (r = 0.06, p = 0.67). Reports from
Sweden, Italy, and the United States also show regional variation in the number of surgeries
per capita, with occupational factors and access to specialist care having a substantial
effect [19,27,28].

The ratio of inpatient to outpatient surgeries was about 1:2. ECTR was performed on an
outpatient basis more often than OCTR, likely due to it being less surgically invasive. While
outpatient surgery is increasingly performed in Japan, the rates are considerably different
compared to the United States where, by 2006, more than 99% of CTRs were performed
in an ambulatory setting [9]. In Japan, it is not unusual for admission to a hospital to
be available for a medical or surgical treatment that might typically be conducted on an
outpatient basis in other countries. Comparatively, there is ample capacity—]Japan and
South Korea lead OECD countries in the number of beds per capita—and the average
length of hospitalizations is long [29]. Despite this, healthcare expenditures per GDP are
relatively low. With respect to both type and setting, the cost of operative treatment for CTS
remains moderate in Japan’s tightly regulated medical system, and the outcome is typically
favorable. Nevertheless, considering all factors and given the increasing economic pressure,
it is worth analyzing and debating whether the continuation of the current trend related to
inpatient surgery for CTS remains an effective allocation of limited medical resources.

This study has several limitations. The NDB-ODJ information on which our findings
are based did not include statistics on either the treatment results or complications. In
the NDB-OD]J, ECTR is identified by a specific code, but OCTR might have been labeled
“neurolysis”, which has another code (K188) for some conditions such as secondary or
recurrent CTS. Nevertheless, this study identifies recent trends in CTR within Japan and
serves as a reference point with which to understand and optimize treatments.

In the future, by combining the NDB open data with the medical record informa-
tion including treatment results, even more comprehensive CTS and CTR trends will be
elucidated.

5. Conclusions

We analyzed nationwide trends in open and endoscopic CTR using comprehensive
open data maintained by the Ministry of Health, Labour and Welfare of Japan. Nearly
40,000 CTRs are performed annually in Japan, and in recent years, OCTR has been per-
formed as a surgical treatment about three times more frequently than ECTR. The crude
annual incidence of CTR was 32.2 (29.6-34.8, 95% CI) per 100,000, which is lower than
Europe and the United States. By age group, both men and women underwent surgery
most often in their 70s, and the annual incidence of surgery was highest in those who
were 80-84 years old. In terms of the population ratio, there was a tendency for surgery
to be performed more often in rural areas than in urban areas. During the study period,
outpatient surgery increased compared to inpatient surgery, and was approximately twice
as common. Nevertheless, inpatient surgery is still relied upon more frequently in Japan
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than in other countries. The findings from this study will help to develop future healthcare
strategies for CTS.
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Abstract: We aimed to study psychological health, as approximated by the use of psychotropic
drugs, in a population diagnosed and surgically treated for carpal tunnel syndrome (CTS) or ulnar
nerve entrapment (UNE), or both, also considering the demographic and socioeconomic factors of
the individuals. Linking data from five large national registers, use of psychotropics (at least one
dispensation during the first year after the surgery or the baseline date) was examined in around
5.8 million people 25-80 years old residing in Sweden 2010. Among these individuals, 9728 (0.17%),
890 (0.02%) and 149 (0.00%) were identified as diagnosed and surgically treated for CTS, UNE, or
both, respectively. As much as 28%, 34% and 36% in each group, respectively, used psychotropic
drugs, compared with 19% in the general population. Regression analyses showed a general higher
risk for use of psychotropics related to these nerve compression disorders, to higher age, being a
woman, and having low income or low occupational qualification level. Individuals born outside of
Sweden had a lower risk. We conclude that surgically treated individuals with a nerve compression
disorder have an increased risk of impaired psychological health. Caregivers should be aware of the
risk and provide necessary attention.

Keywords: nerve compression; carpal tunnel syndrome; carpal tunnel surgery; ulnar nerve entrap-
ment; cubital tunnel syndrome; psychotropic drugs; psychological health; socioeconomical factors;
national quality register

1. Introduction

The two common nerve compression disorders, carpal tunnel syndrome (CTS) and
ulnar nerve compression at the elbow or wrist (both here defined and abbreviated as
UNE), induce symptoms and disability, which may severely affect the individuals’ life,
particularly if pain is a major clinical component [1-4]. Nerve compression disorders,
such as CTS and UNE, have an incidence of 105-197 and 26-36 per 100,000 person-years,
respectively, of whom around 62% and 45%, respectively, are surgically treated [5,6]. Socio-
economic factors have been discussed in the context of the risk of being diagnosed and
treated for CTS in particular [7-12], but has been less highlighted for UNE [1,13,14]. More
importantly, the recognition and addressing of psychological health early is crucial in
decision-making before performing surgery for CTS and UNE [15], and also an important
factor to consider during rehabilitation [16], and it may influence return to work after
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carpal tunnel surgery [17]. The use of psychotropics (i.e., psycholeptics, antidepressants,
and psycholeptics and psychoanaleptics in combination) can be considered as a proxy
or indicator for impaired psychological health, especially in highly accessible health care
systems such as the Swedish system, and can be used to evaluate if a condition is associated
with impaired psychological health [18]. Using psychotropic drugs as an indicator of
psychological health, it has previously been found that children born with a brachial
plexus birth injury have an increased risk of suffering poor psychological health during
adolescence [18]. In addition, children born with an orofacial cleft have an increased risk of
psychotropic drug use compared to children born only with a cleft lip or cleft palate [19].
Thus, one may hypothesize that even nerve compression disorders, such as CTS and UNE,
or the combination of both disorders [20], may have an impact on the use of psychotropic
drugs among surgically treated individuals over and above the discussed socioeconomical
factors related to nerve compression disorders.

Our aim was to study the risk of impaired psychological health, as approximated
by the use of psychotropic drugs, in relation to the existence of diagnoses and surgical
treatments for the nerve compression disorders CTS and UNE alone or in combination.
When doing so, we also considered the demographical and socioeconomic characteristics
of the included surgically treated individuals.

2. Population & Methods
2.1. Databases

The present record linkage study joined data from several registers with individual
level information covering the whole population of Sweden. We used data from the registers
of the Total Swedish Population (TPR) and the Longitudinal Integration Database for Health
Insurance and Labor Market Studies (LISA), administered by Statistics Sweden (www.scb.
se/en/, accessed on 1 January 2021), as well as from the National Patient Register (NPR),
the Cause of Death Register (CDR) and the Swedish Prescribed Drug Register (SPDR),
administered by the National Board of Health and Welfare (www.socialstyrelsen.se/en/,
accessed on 1 January 2021). After revision and consent by their own data safety committees
and initial approval by the Regional Ethical Committee in South Sweden (#: 2014-856), the
Swedish authorities anonymized the registers and delivered them to us. The record linkage
was performed by us using a unique anonymized personal identification number.

The SPDR contains information about all drug dispensations in the Swedish phar-
macies, except from stockpiles in nursing homes and hospital wards, coded according to
the Anatomical Therapeutic Chemical (ATC) classification system, while the NPR codes
discharge diagnoses from hospital and outpatient clinics according to the International
Classification of Diseases and Causes of Death, 10th version (ICD-10). The NPR also
records and codes clinical and surgical procedures according to the Swedish Classification
of Care Procedures (SCCP). The TPR and the LISA database provide demographic and
socioeconomic information.

Our research database consisted of the total Swedish population of 2010 (i.e., residing
in Sweden 31 December 2010). From the approximately 9.4 million people, we excluded
those who died (n = 95,618) or emigrated (n = 49,939) during the one year follow up,
individuals residing less than five years in the country (n = 423,414), those whose sex
was not registered (n = 335) and people without information on country of birth (COB)
(n=60,564). We also excluded people below the age of 25 years and above the age of
80 (n =3,027,306). In addition, we excluded those with previous CTS-UNE operation
(n =12,250). The final sample consisted of around 5.8 million people (Figure 1).

2.2. Assessment of Variables

We defined nerve compression disorders according to the ICD-10 and SCCP codes
simultaneously registered at the hospital discharge as surgery for carpal tunnel syndrome
(CTS) (ICD-10: G56.0 and SCCP: ACC51) and surgery for ulnar nerve compression at the elbow
or wrist (both here defined and abbreviated as UNE) (ICD-10: G56.2 and SCCP: ACC53). In
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the analyses, we distinguished between CTS, UNE or both CTS and UNE if the hospital
discharge simultaneously presented both diagnoses and surgical procedures.

Population residing
in Sweden by 31
December 2010.
9,420,128 individuals

95,618 died during the 1st year
of follow up

9,324,960 individuals

49,939 emigrated during the 1st
year of follow up

423,414 residing less than five
years in Sweden

335 without information on sex

8,851,607 individuals

8,851,272 individuals

60,564 without information on
country of birth

9,275,021 individuals

8,790,708 individuals

3,027,306 less than 25 or more
than 80 years of age

5,763,402 individuals

12,250 previous CTS-UNE
diagnosis and surgery

5,751,152 individuals

Figure 1. Flow chart showing the individuals excluded from the original 2010 Swedish population to
obtain the final study sample.
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We assigned an individual baseline date to every individual, defined by the date of
the first CTS/UNE diagnosis in 2011, or 1 January 2011 if the individual did not have any
CTS/UNE diagnosis. Thereafter, we followed everyone for one year from the baseline
date (the follow-up could extend until 31 December 2012) in order to ascertain their use
of psychotropics defined as at least one dispensation (ATC code) of Psycholeptics (N05),
Antidepressants (N06A) or Psycholeptics and Psychoanaleptics in combination (N06C). We
considered use of psychotropics as a proxy for impaired psychological health as discussed
elsewhere [18].

Previous psychotropic drug use defined at any dispensation of Psycholeptics (N05),
Antidepressant (N06A) or Psycholeptics and Psychoanaleptics in combination (N06C) five
years before the baseline.

Age was arbitrarily classed into five wide categories, i.e., 25-34 (reference), 35-44, 45—
54, 55-64 and 65-80 year-olds. In age-stratified regression analyses, we included continuous
age as a quadratic function. We used essentially ten-year categories for descriptive purposes
in Figure 2 (25-34, 35-44, 45-54, 55-64 and 65-80 year-olds). Sex was coded as male
(reference) or female according to the register. We categorized the individuals according to
their COB as born in Sweden (reference) or not (i.e., immigrant). We obtained information
on individualized disposable family income for the years 2000, 2005 and 2010 to compute a
cumulative measure that considers the size of the household and the consumption weight
of the individuals according to Statistics Sweden. For each of the three years, income levels
were categorized into 25 groups (1-25) by quantiles using the complete Swedish population.
These groups from the respective three years were summed up, so that everyone received a
value between 3 (always in the lowest income group) and 75 (always in the highest income
group). We categorized this cumulative income into three groups by tertiles [low, medium
or high (reference) income]. Individuals with missing values on income during 2000 or
2005 were assigned the values for the year 2010. No individuals had missing income data
for 2010.

Psychotropics drugs(%)

T T T T T
25-34 35-44 45-54 55-64 65-80

Age
Nerve compression disorders
NoMen  —-—-—-- No Women
CTSMen ———-—- CTS Women
UNE Men —---—-—- UNE Women
Both Men 5 Both Women

Figure 2. Age stratified percentage of use of psychotropic drugs in men and in women, residing in
Sweden 2010, and suffering from carpal tunnel syndrome (CTS), ulnar nerve entrapment (UNE) and
both disorders as well as in people without any nerve compression disorder.
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Occupational qualification level was categorized into five skill groups, which reflect
the type of working task and their complexity (low, middle-low, middle-high, high, and
missing) according to the Swedish Standard Classification of Occupations 2012 [21]. The
major groups in SSYK2012 are associated with the following skill levels: managers, commis-
sioned officers and occupation requiring advanced level of higher education were classified
as high level; occupation managers in service industries, occupations requiring higher
education qualifications or equivalent and non-commissioned officers were classified as
middle-high; administration and customer service clerks, service, care and shop sales
workers, agricultural, horticultural, forestry and fishery workers, building and manufac-
turing and transport workers and manufacturing and transport workers were classified
as middle-low; elementary occupation was classified as low level. If no information was
available [553,865 individuals (9.61%)], the case was classified as missing. The distribution
of age in cases with no information in occupation was 15.9% between 25 and 34 years old,
13.2% between 35 and 44, 17.4% between 45 and 54, 24.1% between 55 and 64 and 29.5% 65
or more years old.

2.3. Statistical Analyses

We performed age-stratified analyses to calculate the absolute risk (AR), the absolute
risk difference (ARD) and 95% confidence intervals of use of psychotropics in relation to
the existence of the nerve compression disorders.

Since prevalence of the outcomes was relatively high, we measured the relative asso-
ciations between the explanatory variables and use of psychoactive drugs by prevalence
ratios (PRs) rather than by odds ratios [22]. For this purpose, we applied Cox proportional
hazards regression models with a constant follow-up time equal to 1. We developed two
regression models. Model 1 included only the nerve compression disorders and model 2
added socioeconomic and demographic variables (i.e., age, sex, income, country of birth
and occupational qualification level).

We estimated the discriminatory accuracy (DA) for each model by calculating the area
under the receiver operating characteristic curve (AUC) and its 95% confidence intervals
(CI). The value of the AUC ranges from 0.5 to 1, with 1 representing perfect discrimi-
nation and 0.5 indicating no predictive accuracy [23]. Using the criteria proposed by
Hosmer and Lemeshow [24], we classified DA as absent or very weak (AUC = 0.5-0.6),
poor (AUC >0.6-< 0.7), acceptable (AUC > 0.7-< 0.8) or excellent (AUC > 0.8-0.90) and
outstanding (AUC > 0-90).

3. Results
3.1. Demographic and Socioeconomic Characteristics of the Population

The characteristics of the surgically treated individuals with the actual nerve com-
pression disorders, CTS, UNE or both, residing in Sweden by 2010 and included in the
study, are presented in Table 1. Among the 5.8 million individuals 25-80 years old, 9728
(0.17%) individuals had CTS, 890 (0.02%) individuals had UNE and in addition 149 (0.00%)
individuals were surgically treated for a diagnosis of both CTS and UNE.
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Table 1. Characteristics of the 5,751,152 individuals residing in Sweden by 2010 and included in the
study sample in relation to the existence of diagnosed and surgically treated carpal tunnel syndrome
(CTS), ulnar nerve entrapment (UNE), or both by use of psychotropic drugs as well as demographical
and socioeconomic factors. Values are number and percentages (%).

Nerve Compression Disorders

None CTS UNE Both
Study sample 5,740,385 9728 890 149
Y samp (99.81) (0.17) (0.02) (0.00)
Pevchotrovic dries 1,072,677 2,732 305 53
YeHotropic arug (18.69) (28.08) (34.27) (35.57)
Age (years)
997,168 803 73 6
25-34 (17.37) (8.25) (8.20) (4.03)
1,183,624 1689 188 24
35-44 (20.62) (17.36) ©1.12) (16.11)
1554 1,165,714 2522 260 41
. (20.31) (25.93) (29.21) (27.52)
1,147,095 2205 234 41
55-64 (19.98) (22.67) (26.29) (32.21)
6550 1,246,784 2509 135 30
— (21.72) (25.79) (15.17) (20.13)
N 2,865,465 3149 483 63
en (49.92) (32.37) (54.27) (42.28)
Income
L 1,309,528 2520 236 31
ow (22.81) (25.90) (26.52) (20.81)
) 2,038,179 3646 351 57
Middle (35.51) (37.48) (39.44) (38.26)
Hioh 2,392,678 3562 303 61
& (41.68) (36.62) (34.04) (40.94)
mierant 778,468 1150 118 24
8 (13.56) (11.82) (13.26) 16.11)
Occupational qualification
level
L 329,645 804 68 15
ow (5.74) (8.26) (7.64) (10.07)
, 2,611,706 5469 525 73
Middle-low (45.50) (56.22) (58.99) (48.99)
. . 980,117 1300 94 28
Middle-high (17.07) (13.36) (10.56) (18.79)
: 1,267,169 1326 115 18
High
(22.07) (13.63) (12.92) (12.08)
Missin 551,748 829 88 15
& 9.61) (8.52) (9.4889) (10.07)
Previous psychotropic use 1,608,486 3993 440 80
(28.02) (41.05) (49.44) (53.69)
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The age distribution of the nerve compression disorders showed a slight increase of
CTS with age and with a peak between 45 and 54 years of age (Table 1). Overall, there
were more women than men among individuals with CTS and among individuals with
both CTS and UNE, while the sex distribution was equal among the individuals with UNE
(Table 1). Compared with the group with no nerve compression disorders, there were
essentially small differences in the distribution of income, but high-income individuals
were underrepresented and low-income overrepresented in the groups with the three
different nerve compression disorders (Table 1). The number of immigrants with diagnosed
and surgically treated nerve compression disorders was lower, but proportionally rather
similar across the nerve compression disorder categories. The occupational qualification
levels showed a difference with higher proportions of individuals with low and middle
low qualification levels in individuals with nerve compression disorders. In accordance,
the proportions were lower among individuals with middle-high and high qualifications.
Missing information on occupational qualification level was rather similarly distributed
across the categories of nerve compression disorders (Table 1).

3.2. Use of Psychotropic Medication

Of the adults diagnosed with CTS, UNE and both disorders, 28%, 34% and 36%,
respectively, used psychotropic drugs, while this proportion was only 19% in the adult
general population (Table 1). The use of psychotropic drugs across the age groups, divided
by sex and the three different nerve compression disorders are presented in Figure 2.
Overall, women had a higher use of psychotropic drugs than men and there were higher
proportions of use of psychotropic drugs among surgically treated individuals with nerve
compression disorders than among individuals without such disorders across all age
categories except for men older than 54 years.

We used two different regression models to analyze the use of psychotropic drugs
(Table 2). In the first model, including only the nerve compression disorders, there was
an increased risk for the use of psychotropic drugs compared to the individuals without
nerve compression disorders. In relative terms, this increased risk was lower in individuals
with CTS (Prevalence Ratio; PR = 1.50) than in individuals with UNE (PR = 1.83) or
with the combination of both the nerve compression disorders (PR = 1.90). In the second
model including age, sex, income, occupational qualification level, COB and previous
psychotropic use. The adjusted PRs of the nerve compression disorders were reduced but
remained conclusively high. Higher age, being a woman, having a low income and a low
occupational qualification level increased the risk for use of psychotropic drugs (Table 2).
Being born outside Sweden showed a slight, but non-significant, lower risk for use of
psychotropic drugs. As expected, previous use of psychotropic medication was strongly
associated with psychotropic use after the operation. (PR = 15.59).

Table 3 shows age stratified unadjusted AR and ARD of psychotropic medication use
during 2010 in relation to CTS, UNE, or both in the 5,751,152 individuals aged 25-80 years
residing in Sweden by 2010. The unadjusted AR of psychotropic medication use was
higher in all the categories of nerve compression disorders than in the general population
without such disorders, except for in the oldest age group with both diagnoses. Overall, the
ARD was systematically higher in the three categories of the surgically treated individuals
with the nerve compression disorder than in those without such a diagnosis (Table 3).
However, the 95% CI showed a large uncertainty in elderly individuals with UNE or both
CTS-UNE categories.
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Table 2. Crude (Model 1) and adjusted (Model 2) for demographical and socioeconomic factors
association between the existence of diagnosed and surgically treated carpal tunnel syndrome (CTS),
ulnar nerve entrapment (UNE), or both and use of psychotropic drugs during the follow-up in the

5,751,152 individuals aged 25-80 residing in Sweden by 2010. Values are prevalence ratios (PR) and

95% confidence intervals (CI).

Model 1 Model 2

PR (95% CI) PR (95% CI)
Nerve compression disorders
. None Ref Ref
° CTS 1.50 (1.45-1.56) 1.06 (1.02-1.10)
. UNE 1.83 (1.64-2.05) 1.16 (1.04-1.29)
. Both 1.90 (1.45-2.49) 1.08 (0.83-1.42)
Age (years)
e 2534 Ref
e  35.44 112 (1.11-1.13)
. 45-54 1.20 (1.19-1.21)
. 55-64 1.30 (1.29-1.31)
. 65-80 1.49 (1.48-1.50)
Men Ref
o Women 1.15 (1.15-1.16)
Income
. Low 1.07 (1.07-1.08)
. Middle 1.07 (1.06-1.07)
° High Ref
Native Ref
. Immigrants 0.89 (0.89-0.90)
Occupational qualification level
e  Low 1.06 (1.05-1.07)
e Middlelow 1.04 (1.03-1.04)
e Middle-high 1.00 (1.00-1.01)
e  High Ref
. Missing 1.27 (1.26-1.42)

Previous psychotropic drugs use

. Yes
AUC

0.501

15.59 (15.50-15.67)
0.885

Table 3. Age stratified unadjusted absolute risk (AR), absolute risk difference (ARD) and 95%
confidence intervals (CI) of psychotropic medication use during the follow-up in relation to the

existence of diagnosed and surgically treated carpal tunnel syndrome (CTS), ulnar nerve entrapment
(UNE), or both in the 5,751,152 individuals aged 25-80 years residing in Sweden by 2010.

Nerve Compression Disorders

Age None CTS UNE Both
(Years)
ARD ARD ARD
N AR ARD N AR N AR (95% CI) N AR (95% CI)
12.57 20.42 558
2534 997168 1109 Ref. 803 2366 Mo, 73 3151 g 7o 6 1667 s a0)
11.55 18.01 19.43
3544 1183624 1390  Ref 1689 2546 e ao 188 3192 o 24 BB (o)
10.33 2246 21.48
4554 1162714 1754 Ref 2522 2787 gonihog 260 4000 ol a0
5.39 8.39 12.24
5564 1147095 2110 Ref 2205 2649 oo B4 2949 oo 8 BB 0
473 8.15 11.85
65-80 126784 2815  Ref 2509 3288 o0t 135 3630 o0 30 4001 5T
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4. Discussion

The present age stratified analysis of 5.8 million individuals, 25-80 years and residing
at least five years in Sweden by 2010, provides observational evidence of the existence of im-
paired psychological health after surgery for the two common nerve compression disorders,
CTS and UNE, or for a combination of the two conditions. The use of psychotropic drugs
can be considered as an indicator for impaired psychological health, and this app-roach
has been previously applied for other injuries and disorders, such as brachial plexus birth
injury [18] as well as orofacial cleft [19]. In the unadjusted analysis, both absolute and
relative risk of psychotropic medication use was much higher in individuals that were
diagnosed and surgically treated for CTS and UNE or both conditions. The combination of
these two nerve compression disorders simultaneously is not common from a population
perspective, but rather common from a clinical perspective as to why the individuals
appearing with such a combination were also included in the present study [2]. In the
regression models, we found that this increased risk of psychotropic drug use in surgically
treated individuals with CTS, UNE and the combination of CTS and UNE remained when
adjusted for age, sex, income, country of birth and occupational qualifications with PRs of
about 1.50. In the same models, PRs for the use of psychotropic drugs were also increased
by a higher age, being a woman, having low income and a low occupational qualification
level. Regarding the relevance of these factors, one may consider that socioeconomic status
can be a confounder from the perspective of nerve compression disorders and impaired
psychological health. However, our adjusted analyses (Table 2, model 2) indicated an
independent effect of both the nerve compression disorders and the socioeconomic status.
A positive association between anxiety, depression, and health-related quality of life with
patient-reported symptom severity, but not for objectively derived severity, of CTS has been
reported [25]. Some authors argue that electrophysiological testing, as a more objective
assessment, should be performed before considering surgery in CTS due to the risk that
poor mental health results in functional symptoms [26].

There are socioeconomic disparities among individuals surgically treated for CTS,
where socially deprived patients are less likely to receive surgical treatment in an American
setting [11]. Whether this is also the case in countries such as Sweden, where health care
is financed by the government and equally available regardless of socioeconomic status,
remains unknown. However, in our database most patients with a diagnosis received
surgical treatment. Economic well-being seems to be crucial in CTS since a low economic
well-being is related to higher comorbidity burden [12], such as diabetes in which nerves
are more susceptible to nerve compression [27,28]. There is also evidence that both type
of occupation as well as level of educational achievement are important for development
of clinically relevant CTS [7]. Most of these socioeconomical factors are associated with
more symptoms both before and after surgery for CTS, but do not affect the relative
improvement [9]. Analysis of preoperative psychological mindsets, based on several
questionnaires, seems to be important for predicting the outcome of surgery [29]. Return to
work after surgery for CTS is also influenced by illness perception and mental health [17],
which seems to be particularly relevant for treated women for CTS where depression
predicts outcome [16]. In the present study, a low income as well as a low occupational
qualification level were associated with an increased odds ratio for use of psychotropic
drugs over and above other factors. Thus, the etiological factors, often multifactorial,
behind nerve compression disorders, such as CTS and the relation to mental health, such
as depression and socioeconomic status, are complex, but should be considered in clinical
practice when treating individuals with nerve compression disorders.

Most studies concerning the importance of mental illness and socioeconomical factors
for having or being treated for a nerve compression disorder have so far been focused on
CTS and there have been few on UNE [13]. CTS and UNE, requiring surgery, are more
common in socially deprived individuals and seem to occur at an earlier age [15], where
the authors stressed that the relationship was strikingly similar for UNE and CTS. We
found a higher risk for use of psychotropic drugs among the surgically treated individuals
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with CTS, UNE and the combination of UNE and CTS, although the size of the risk was
different between the three groups. The high use of psychotropic drugs among middle
aged women with UNE is an interesting observation. Despite some similarities between
CTS and UNE as nerve compression disorders, the latter condition is different in many
aspects. This includes a more unpredictable outcome of surgery in some individuals
with UNE, where psychological health may be one crucial influencing factor and a risk
for postoperative neuropathic pain. Thus, the indication for surgery for UNE should be
very clear and sometimes strict. An interesting question is if patients with preoperative
anxiety and/or depression benefit from a specific type of surgery, but data indicate that
patients, surgically treated with a total knee arthroplasty, are improved regardless of their
presurgical psychological status [30]. Preoperative information, where also assessment
of the psychological and psychiatric status is considered before surgery, seems to be
crucial [31] and anxiety and depression symptoms may also decrease after a total knee
arthroplasty [32]. Finally, we did not find any positive association between country of birth
and the diagnosis or treatment of the three disorders; in fact, model 2 of the regression
analysis indicated a decreased use of psychotropic drugs in surgically treated individuals
born outside of Sweden. However, it is known that there is an underutilization of health
care services and especially psychiatric medication by migrants [33,34].

Our study has several strengths. It is based on large national registers that cover
the whole Swedish population and all the relevant patients. The coding of the diagnoses
and surgical procedures is also highly standardized and similar across the whole country.
However, it might also have some limitations. For instance, one may argue that our study
did not have data from primary health care, but we defined the exposed population as
patients diagnosed and surgically treated for a nerve compression disorder, which is a clear
and valid definition of such syndromes, excluding transient and possibly vague symptoms
from the peripheral nervous system. We also excluded 423,414 individuals residing less
than five years in Sweden. We did so because it is known that there is an underutilization
of health care services by migrants, especially those residing for only a few years in the
country [34]. In addition, we aimed to obtain a solid measure of socioeconomic position
based on information about income during the last 10 years and to obtain information
about previous use of psychotropic medication and relevant surgery.

We conclude, based on a large record linkage database of several national registers
covering the entire Swedish population at the age of 25-<80 years, that surgically treated
individuals suffering from a nerve compression disorder, such as CTS and particularly
UNE and a combination of both disorders, have an increased risk of impaired psycho-
logical health as expressed by their high use of psychotropic medication, and this risk is
independent of the socioeconomic characteristics of the patients. Caregivers involved in
the treatment of individuals with nerve compression disorders should be aware of such an
increased risk and be ready to provide the necessary attention to the individual.
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Abstract: In diabetic patients, controversies still exist about the validity of electrodiagnostic and nerve
ultrasound diagnosis for carpal tunnel syndrome (CTS). We analyzed 69 patients with type 2 diabetes.
Nerve conduction studies and peripheral nerve ultrasound of the median nerve over the carpal
tunnel were performed. CTS symptoms were assessed using the Boston Carpal Tunnel Questionnaire.
Polyneuropathy was assessed using the Neuropathy Symptom Score and the Neuropathy Disability
Score. Although 19 patients reported predominantly mild CTS symptoms, 37 patients met the
electrophysiological diagnosis criteria for CTS, and six patients were classified as severe or extremely
severe. The sonographic cross-sectional area (CSA) of the median nerve at the wrist was larger than
12 mm? in 45 patients (65.2%), and the wrist-to-forearm-ratio was larger than 1.4 in 61 patients (88.4%).
Receiver operating characteristic analysis showed that neither the distal motor latency, the median
nerve CSA, nor the wrist-to-forearm-ratio could distinguish between patients with and without CTS
symptoms. Diagnosis of CTS in diabetic patients should primarily be based upon typical clinical
symptoms and signs. Results of electrodiagnostic testing and nerve ultrasound have to be interpreted
with caution and additional factors have to be considered especially polyneuropathy, but also body
mass index and hyperglycemia.

Keywords: carpal tunnel syndrome; diabetes mellitus; nerve conduction study; peripheral nerve
ultrasound

1. Introduction

Carpal tunnel syndrome (CTS) is the most common entrapment neuropathy in the
general population [1]. Risk factors for CTS are diabetes mellitus, obesity, metabolic
syndrome, thyroid dysfunction, rheumatic diseases, and others [2,3]. It has been shown
that the incidence of CTS is increased in diabetic patients [4]. Typical symptoms are
numbness, predominantly nocturnal par- and dysesthesias, and/or neuropathic pain,
which are associated with localized compression of the median nerve at the wrist, and
weakness and atrophy of the thenar muscle later in the course of the disease [5,6].

Nerve conduction studies are the technical gold standard for diagnosis [7]. CTS
typically shows an elongation of the distal motor latency (DML) and a decrease in sensory
nerve conduction velocity (CV) measured over the wrist. Principally, sensory changes occur
before motor changes and changes in latencies and CV precedes changes in the amplitudes
of compound motor action potentials (CMAP) and sensory nerve action potentials (SNAP).
It is recommended that nerve conduction studies for the diagnosis of CTS be performed in
patients with clinical manifestations of CTS [8].
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Recently, peripheral nerve ultrasound was revealed to give valuable additional infor-
mation; so, it has been advised to perform nerve ultrasound in addition to electrodiagnostic
testing [9]. Sonographic diagnosis is based on a swelling of the median nerve at the inlet of
the carpal tunnel (at the level of the pisiform bone), where an increase in the cross-sectional
area (CSA) of the median nerve can be measured [10,11]. In addition, the wrist-to-forearm-
ratio (WFR) compares the median nerve CSA at the wrist to the CSA 12 cm proximal at the
forearm and shows a high sensitivity to detect CTS if the ratio is larger than 1.4 [12].

However, in diabetic patients, still controversies and uncertainties exist as to how
far the diagnosis criteria for CTS may be valid for electrodiagnostic testing [13,14] and
nerve ultrasound as well [15]. A major factor is generally seen in the coexistence of diabetic
neuropathy, which also influences carpal tunnel measurements [16]. Most of the studies
evaluated diabetic patients with the clinical diagnosis of CTS.

The clinical question here is how to interpret electrodiagnostic testing and ultrasound
results for suspected CTS in patients with type 2 diabetes. Therefore, the aim of this study
is to analyze patients with type 2 diabetes independent from the medical history of CTS or
diabetic neuropathy in order to compare CTS symptoms (measured by the Boston Carpal
Tunnel Questionnaire), diabetic neuropathy, nerve conduction studies, and peripheral
nerve ultrasound of the median nerve.

2. Materials and Methods
2.1. Patients

We analyzed a database of patients with type 2 diabetes mellitus who participated in
the still-ongoing SELECT study (Sonographic and electrophysiological characterization
of peripheral nerves in patients with type 2 diabetes, German Clinical Trials Register
DRKS00023026). All patients presented in the tertiary care outpatient clinic for diabetology
at Jena University Hospital. The data were collected prospectively between September 2020
and April 2022. All participants gave written informed consent. The study was approved
by the local ethics committee (number 2019-1416-BO).

Inclusion criteria were patients with type 2 diabetes, age between 40 and 85 years, will-
ing to fill out questionnaires, and willing to undergo nerve conduction studies and periph-
eral nerve ultrasound. Exclusion criteria were known other etiologies for polyneuropathy
(such as alcohol abuse, inflammatory polyneuropathies, etc.), rheumatic disease, peripheral
arterial occlusive disease, active malignant tumor disease, and history of chemotherapy
and CTS surgery.

2.2. Assessments

Several baseline parameters were collected: age, gender, duration of diabetes in
years, body mass index (kg/m?), HbAj. (mmol/mol), and glomerular filtration rate
(mL/min). HbA. was measured using high-performance liquid chromatography (TOSOH-
Glykohaemoglobin-Analyzer HLC-723 GhbV, Tosoh Corporation, Tokyo, Japan).

Symptoms and deficits due to CTS were inquired using the Boston Carpal Tunnel
Questionnaire (BCTQ) [17], which consisted of two parts: the Symptom Severity Scale
(SSS) and the Functional Status Scale (FSS). The SSS included eleven questions and the
answers ranged from 1 (no pain or difficulties) to 5 (severe/permanent pain or difficulties).
The score (ranging from 11 to 55) discerns five degrees of severity (0 = asymptomatic to
4 = severely affected). The SSS is performed for each hand separately. The FSS includes
eight activities in daily life, which are scored from 1 (no difficulties) to 5 (not feasible). The
score (ranging from 8 to 40) also discerns five degrees of severity (0 = asymptomatic to
4 = severely affected). The German version of the BCTQ has been shown to have sufficient
internal consistency, reliability, and validity to assess the health status in CTS [18].

Subjective symptoms due to diabetic polyneuropathy were evaluated using the Neu-
ropathy Symptom Score (NSS) and the severity of sensory deficits using the Neuropathy
Disability Score (NDS) [19]. NSS asks for sensory symptoms in the legs (burning, numb-
ness, tingling, fatigue, cramping), the localization, time of appearance, and improvements.
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Scores of 3—4 imply mild, 5-6 moderate, and 7-10 severe symptoms. The NDS checks
ankle reflexes, vibration perception threshold (tuning fork), pain sensitivity (pin-prick), and
temperature sensitivity. Scores of 3-5 imply mild, 6-8 moderate, and 9-10 severe deficits.
Based on NSS and NDS scores, diabetic polyneuropathy can be diagnosed; if the NDS is
between 6 and 8 or NDS is between 3 and 5 and NSS is between 5 and 6 [20].

Principally, the right median nerve was measured with nerve conduction studies (NCS)
and peripheral nerve ultrasound, except if there was a pathology at the right wrist (such as
complex regional pain syndrome, amputation, status after surgery, fractures, and others).
In this exception, the left median nerve was measured (in 11 patients). The examiner was
blinded with respect to the existence of CTS symptoms.

Nerve conduction studies (NCS) of the median nerve were performed by an expe-
rienced neurologist using a Medelec Synergy device (Synergy 15.0; Viasys Healthcare,
Natus Europe GmbH, Planegg, Germany). Measurements were carried out on the median
nerve (on the same side as the ultrasound measurements). Here, we measured the distal
motor latency (DML), the amplitude of compound muscle action potential (CMAP) of
the abductor pollicis brevis muscle, the sensory nerve conduction velocity (CV), and the
amplitude of the sensory nerve action potential (SNAP) measured at the second finger
(Figure 1A-C). The distance over the wrist between stimulation and recording electrode for
motor NCS was kept constant at 7 to 8 cm. Skin temperature was controlled to be between
32 and 34 °C. Cut-off values in our laboratory for the median nerve are (according to [21])
DML 4.2 ms, CMAP amplitude 5.0 mV, sensory CV 45 m/s, and SNAP amplitude 6.9 pV.

CMAP - . . ' SNAP
amplitude - 5 - [T @mplitude

norma! CSA Increased CSA
(9 mm?2) (20 mm?2)

Figure 1. Nerve conduction studies and peripheral nerve ultrasound of the median nerve at the wrist.
(A) Placement of electrodes. (B) Motor nerve conduction study. (C) Sensory nerve conduction study.
(D) Normal cross-sectional area (CSA) of the median nerve. (E) Increased CSA of the median nerve.
Abbreviations: CMAP, compound motor action potential; CSA, cross-sectional area; DML, distal
motor latency; SNAP, sensory nerve action potential.

Sonographic examinations were performed by an experienced neurologist using a high-
resolution ultrasound device (Mindray M7, Medical Australia Ltd., Ultrasound systems,
Darmstadt, Germany) with a 14 MHz linear-array transducer. The median nerve was
measured at the inlet of the carpal tunnel (at the level of the pisiform bone) and 12 cm
proximal of the wrist at the forearm. We measured the CSA using direct-tracing technique
around the inner margin of the hyperechoic epineural sheath (Figure 1B,D) and calculated
the wrist-to-forearm-ratio. For the CSA of the median nerve at the level of the pisiforme
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bone, a cut-off value of 10 mm? showed good diagnostic utility and a wrist-to-forearm-ratio
of >1.4 showed a high sensitivity in the general population [22].

2.3. Statistics

All data were analyzed with the Statistical Package for the Social Sciences software
(SPSS version 25.0; IBM Corporation, Armonk, NY, USA). The values were presented as
mean and standard deviation (SD) or as numbers and percentages. First, we described the
cohort using descriptive statistics.

Spearman correlations were used to analyze correlations between nerve conduction
studies and peripheral nerve ultrasound. Unpaired t-test was used to analyze differences
of measurements between patients with and without CTS symptoms and between patients
with and without diabetic polyneuropathy. Linear regression was used to evaluate potential
influences of clinical parameters on electrodiagnostic measurements and sonographic mea-
surements. Finally, receiver operating characteristic (ROC) analysis was used to evaluate
the potential of these measurements to differentiate between patients with and without
CTS symptoms. For all analyses, a p value < 0.05 was considered statistically significant.

3. Results
3.1. Patients

At the time point of analysis, 88 patients were included in the SELECT cohort and
were screened for eligibility for this study. Nine patients had CTS surgery before and 10
patients did not answer the BCTQ. Therefore, 19 patients had to be excluded from analysis.
Thus, 69 patients with type 2 diabetes (26 female and 43 male) were finally included into
this study. Tables 1 and 2 show the baseline characteristics of the patients. Fifty patients
reported no CTS typical symptoms at the analyzed hand (BCTQ SSS = 0) and 19 patients
only reported predominantly mild CTS symptoms. In contrast, 49 patients were diagnosed
having typical signs of diabetic polyneuropathy (when NDS was between 6 and 8 or NDS
was between 3 and 5 and NSS was between 5 and 6, according to [20]).

Table 1. Baseline characteristics of the patients (n = 69), categorical variables.

Variable n %
S Female 26 37.7
X Male 43 62.3
0 50 72.5
BCTQ SSS 1 17 24.6

at the measured hand 2 1 1.4
3 1 14
0 50 72.5
. 1 17 24.6

BCTQ SSS right hand 5 1 14
3 1 14
0 51 73.9
1 16 23.2

BCTQ SSS left hand 5 1 14
3 1 14
0 50 72.5
BCTQ FSS 1 18 26.1

4 1 14

Polyneuropathy

if NDS > 5 Yes 49 71.0
or (NDS > 2 and NSS > 4) No 20 29.0
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Table 1. Cont.

Variable n %
No symptoms (0-2) 27 39.1
NSS Mild symptoms (3—4) 10 14.5
Moderate symptoms (5-6) 16 23.2
Severe symptoms (7-10) 17 24.6
No deficits (0-2) 9 13.2
NDS Mild deficits (3-5) 18 26.5
Moderate deficits (6-8) 26 38.2
Severe deficits (9-10) 15 22.1
CTS symptoms Asymptomatic + no neuropathy 18 26.1
ind CTS symptoms only 2 0.3
Diabetic neuropathy only 32 46.4

diabetic polyneuropathy CTS symptoms and neuropathy 17 24.6

Abbreviations: BCTQ, Boston Carpal Tunnel Questionnaire; FSS, Functional Status Scale; NDS, Neuropathy
Disability Score; NSS, Neuropathy Symptom Score; SSS, Symptom Severity Scale.

Table 2. Baseline characteristics of the patients (n = 69), metric variables.

Variable Mean SD Minimum Maximum
Age (years) 66.77 9.72 44 82
Duration of diabetes (years) 14.72 8.95 0.63 38
Body mass index (kg/m?) 32.42 6.17 20.1 48.0
HbA ;. (mmol/mol) 59.08 10.94 27.98 82.51
Glomerular filtration rate (mL/min) 71.79 20.64 27.92 107.25
CSA median nerve at wrist (mm?) 13.53 474 5.00 37.00
CSA median nerve at forearm (mm?2) 7.03 2.09 4.00 15.00
Wrist-to-forearm-ratio 2.05 0.76 0.33 4.75
Distal motor latency median nerve (ms) 4.42 0.67 3.50 6.15
CMAP amplitude median nerve (mV) 10.12 4.39 0 22.30
Sensory nerve CV median nerve (m/s) 43.26 7.84 29.0 63.6
SNAP amplitude median nerve (V) 13.31 9.64 0 489
NSS (0-10 points) 3.84 3.23 0 9
NDS (0-10 points) 6.10 2.75 0 10

Abbreviations: CMAP, compound motor action potential; CSA, cross-sectional area; CV, conduction velocity; NDS,
Neuropathy Disability Score; NSS, Neuropathy Symptom Score; SNAP, sensory nerve action potential.

3.2. Nerve Conduction Studies

Distal motor latencies of the right median nerve larger than 4.2 ms were found in
34 patients, and in two patients, no CMAP could be measured. Thirty-four patients
showed sensory nerve conduction velocities slower than 45 m/s and five patients had no
SNAPs. Figure 2 shows the measurements of nerve conduction studies. As expected, there
was a correlation between DML and sensory conduction velocity (Spearman correlation
coefficient of —0.532, p < 0.001). Using the Bland classification of neurophysiological
severity of CTS [23], nine patients showed mild, twenty-two moderate, four severe, and
two extremely severe neurophysiological measurements.
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Figure 2. Nerve conduction studies of the median nerve. (A) Scatter plot of sensory nerve conduction
velocity and distal motor latency. (B) Histogram of distal motor latencies. (C) Box plots of distal
motor latencies in patients with and without CTS symptoms. (D) Box plots of distal motor latencies
in patients with and without diabetic polyneuropathy.

DML did not show statistically significant differences between patients with and
without CTS symptoms (Figure 2C, t-test: T = 1.151, p = 0.254) and between patients with
and without diabetic polyneuropathy (Figure 2D, t-test: T = 1.465, p = 0.148).

3.3. Peripheral Nerve Ultrasound

Median nerve CSA at the wrist was between 10 and 12 mm? in 16 patients, between
12 and 15 mm? in 24 patients, and larger than 15 mm? in 21 patients. Sixty-one patients
had a WER > 1.4. Figure 3 shows the ultrasound measurements of the median nerve.

Median nerve CSA at the wrist and wrist-to-forearm-ratio did not show any statisti-
cally significant differences between patients with and without CTS symptoms (Figure 3C,
CSA: t-test, T = 0.621, p = 0.537; wrist-to-forearm-ratio: t-test, T = 0.161, p = 0.873) nor be-
tween patients with and without diabetic polyneuropathy (Figure 3D, CSA: t-test, T = 1.273,
p = 0.207; wrist-to-forearm-ratio: t-test, T = 0.120, p = 0.905).
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Figure 3. Peripheral nerve ultrasound measurements of the median nerve at the wrist. (A) Histogram
of the CSA at the wrist. (B) Histogram of the wrist-to-forearm-ratio. (C) Box plots of median nerve
CSA at the wrist in patients with and without CTS symptoms and patients with and without diabetic
polyneuropathy. (D) Box plots of wrist-to-forearm-ratio in patients with and without CTS symptoms
and patients with and without diabetic polyneuropathy.

3.4. Interactions

A correlation (Figure 4) between DML and median nerve CSA at the wrist (Spearman
correlation coefficient of 0.406, p = 0.001) and between DML and wrist-to-forearm-ratio
(Spearman correlation coefficient of 0.324, p = 0.009) could be found.
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Figure 4. Scatterplots of distal motor latencies and peripheral nerve ultrasound measurements.
(A) Distal motor latencies and median nerve CSA at the wrist. (B) Distal motor latencies and
wrist-to-forearm-ratio.

Linear regression showed body mass index being a predictive variable for median
nerve CSA and HbA;. being a predictive variable for wrist-to-forearm-ratio (Table 3),
although both had small R? (0.065 and 0.068, respectively).
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Table 3. Linear regression.

Variable Coefficient Standard Error P Beta
Modell with median nerve CSA as dependent variable (R? = 0.065)
Constant 7.269 8.375 0.027
Body mass index 0.197 0.102 0.047 0.255
Model2 with wrist-to-forearm-ration as dependent variable (R? = 0.068)
Constant 1.036 3.206 0.052
HbA;. 0.018 0.097 0.043 0.260

Receiver operating characteristic (ROC) analysis showed that neither distal motor
latency, cross-sectional area of the median nerve at the wrist, nor the wrist-to-forearm-ratio
were able to distinguish between diabetic patients with and without symptoms for CTS
(Figure 5). Area under the curve was 0.632 for the distal motor latency, 0.473 for the median
nerve CSA, and 0.546 for the wrist-to-forearm-ratio.
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Figure 5. ROC curve analysis shows that DML, median nerve CSA at the wrist, and wrist-to-
forearm-ratio were not suited to distinguish between diabetic patients with and without symptoms
for CTS.

4. Discussion

Symptoms characteristic of CTS such as pain, numbness, and/or tingling in the median
nerve distribution in the hands have been shown to have a prevalence of 14.4% in the
general population, while CTS typical changes in nerve conduction studies of the median
nerve have a prevalence of 4.9% [24]. According to the clinical diagnosis of CTS, the
prevalence of CTS was 2% in the general population, 14% in diabetic patients without
neuropathy, and 30% in patients with diabetic neuropathy [13].

In our study, patients with type 2 diabetes were examined regardless of having CTS or
not. In this cohort, 50 patients did not report typical symptoms of CTS (according to the
BCTQ), and the other 19 patients predominantly complained about mild symptoms. In
contrast, 49 patients showed typical clinical signs of diabetic polyneuropathy (due to the
NSS and NDS).

Electrodiagnostic testing is the technical gold standard to evaluate CTS [7]. It has been
shown that approximately one quarter of diabetic patients had an electrophysiological, but
clinically asymptomatic CTS while only 7.7% also had CTS symptoms [25]. A more recent
study [14] found about 6.8% of persons with diabetes showing typical electrophysiological
signs of CTS being clinically asymptomatic. Thus, it was suggested that asymptomatic
CTS constellation in nerve conduction studies in diabetic patients are related to increased
vulnerability of peripheral nerves at entrapment sites [14].
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In our study, half of the patients showed a pathological increase in DML according
to the cut-off values in our lab. Referring to the Bland classification [23] of electrophys-
iological severity of CTS, 37 patients met the diagnosis criteria for CTS and six patients
were classified as severe or extremely severe. Thus, many more patients met the elec-
trophysiological criteria for CTS diagnosis, while considerably fewer patients reported
typical symptoms. The major hallmark of our study was that nerve conduction study
was not able to differentiate between diabetic patients with CTS symptoms from diabetic
patients without.

However, we did not use additional nerve conduction studies to increase sensitivity
such as comparison studies of sensory-latency difference between the 2nd and 5th digit,
between the median and ulnar part of the 4th digit, or between the median and radial
thumb [26], which may be of additional value in diabetic patients.

Considering the results of peripheral nerve ultrasound in our study, the median nerve
CSA at the wrist was larger than 12 mm? in 45 patients, and the wrist-to-forearm-ratio was
larger than 1.4 in 61 patients.

It has been suggested before that sonographic assessment for the diagnosis of CTS
requires a different cut-off value for diabetic patients [27]. A cut-off value for CSA of
the median nerve at the wrist to diagnose coexisting CTS and diabetic polyneuropathy
of 11.6 mm? was suggested (in contrast to the cut-off used for the diagnosis of CTS in
nondiabetic patients of 9.2 mm?) [28]. Others suggested a cut-off value of CSA at the wrist
for CTS confirmation of more than 13 mm? in both diabetic and nondiabetic patients [29].
Overall, the cut-off values for CSA abnormality in CTS vary considerably in different
studies and no consensus exists on a specific optimum cut-off value [9].

Nevertheless, ultrasound measurements in our study were not able to differentiate
between patients with CTS symptoms and patients without, and even not between patients
with polyneuropathy and those without.

A recent meta-analysis [15] of CSAs of the median nerve at the wrist level described
larger CSA measurements in patient groups with both CTS and diabetes than in patients
with CTS only and patients with diabetes only, and the smallest CSAs in normal controls.
The wrist-to-forearm-ratio in CTS patients with diabetes was significantly lower than
in nondiabetic patients, and no difference between the wrist-to-forearm-ratio could be
demonstrated between diabetics with and without CTS [30]. It was suggested that an
increase in median nerve CSA without change in the wrist-to-forearm-ratio might be an
indicator of diabetic polyneuropathy [31]. However, this assumption could not be verified
in our study.

In a study of patients with typical clinical symptoms of CTS, patients with diabetes
tended to have a longer latency, smaller amplitude, and lower conduction velocity in nerve
conduction studies compared to patients without diabetes mellitus, but the ultrasound CSA
values did not differ significantly [32]. In contrast, it was found in a comparison between
diabetic patients with symptomatic and asymptomatic CTS that the symptoms of CTS in
patients with diabetes are related to CSA of the median nerve [33].

In a small percentage of patients with median nerve entrapment at the carpal tunnel,
the CSA is abnormal at the outlet rather than the inlet of the carpal tunnel. However,
we measured the CSA at the inlet only. CSA measurements at the outlet had possibly
shown other results. In addition, other promising ultrasound techniques were not used in
this study—particularly, the evaluation of echogenicity, the intraneural blood flow using
Doppler ultrasound [9], or ultrasound elastography—to assess changes in stiffness of the
nerve [34,35]. These techniques may provide additional information for CTS diagnosis but
need more clinical evaluation.

Polyneuropathy is a common complication in diabetes mellitus [20]. In our study
population, 49 (out of 69) patients had polyneuropathic symptoms. However, diabetic
polyneuropathy causes alterations in nerve conduction studies [36,37] and in peripheral
nerve ultrasound as well [27,38,39]. Generally, diabetic polyneuropathy leads to an en-
largement of peripheral nerve CSAs with particular nerve enlargement at entrapment
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sites [27,40]. These sonographic alterations are explicitly less pronounced than those found
in demyelinating polyneuropathies [41,42].

The presence of diabetic polyneuropathy has been shown to be associated with an
increase in CSA of the median nerve at the carpal tunnel [16,31]. In contrast, others found
median nerve CSA at the wrist significantly smaller in patients with CTS and diabetic
polyneuropathy compared with diabetic patients with CTS only [15,43].

We found a correlation between distal motor latency and median nerve CSA at the
wrist and also between distal motor latency and wrist-to-forearm-ratio, which shows that
sonographically enlarged nerves also have slower conduction velocities. This was already
shown generally in polyneuropathy [42,44] but also in CTS measurements in patients with
diabetic neuropathy [45]. Moreover, it demonstrates that the measurements in our study
show the same physiological relationship as those found in other studies and, therefore,
seem conclusive. Nevertheless, NCS is generally seen to be superior to ultrasound for the
identification of superimposed CTS in diabetic polyneuropathy [45,46].

Besides the existence of polyneuropathy, there may be additional factors able to
influence carpal tunnel measurements. In our cohort, we found a small but significant
influence of body mass index on median nerve CSA and HbA . on wrist-to-forearm-ratio. It
has been shown that CTS was significantly associated with high body mass index in diabetic
patients [47] and generally in the normal population also [48,49]. In addition, higher levels
of HbA;. and plasma glucose levels were shown to be associated with an increased risk for
CTS in diabetic patients [50]. This shows that the quality of long-term blood glucose control
(measured by HbA;.) has an impact on CTS ultrasound measurements and, therefore,
should be taken into account. It has to be noted that body mass index and HbA also have
a strong correlation to each other [51,52].

Limitations of the study are the relatively small sample size and the single-center
character of the study. All patients were cared for in a tertiary care outpatient clinic for
diabetology, which may introduce some selection bias towards patients with potentially
more complicated diabetes mellitus. In addition, the study was not primarily designed
to study CTS in diabetes. If electrodiagnostic testing and ultrasound had been conducted
on the most symptomatic wrist, the results would possibly have been different. However,
BCTQ scores were not strikingly different between the left and right hand. Nevertheless,
strengths of the study are the use of standardized scores for CTS and diabetic neuropathy
in addition to standardized electrophysiological and ultrasound measurements.

5. Conclusions

In conclusion, the major finding of our study was that neither the distal motor latency
of the median nerve, the cross-sectional area of the median nerve at the wrist, nor the
wrist-to-forearm-ratio were able to distinguish between diabetic patients with and without
CTS symptoms. This may especially be caused as electrodiagnostic testing and peripheral
nerve ultrasound of the carpal tunnel in diabetic patients may significantly be altered
due to the existence of additional factors such as diabetic neuropathy, but also body mass
index, hyperglycemia, and others. Therefore, it is advisable to primarily rely upon typical
symptoms and clinical signs of CTS in diabetic patients. Results of electrodiagnostic testing
and peripheral nerve ultrasound have to be interpreted with caution and additional factors
have to be considered, especially the existence of diabetic polyneuropathy.
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Abstract: Electrodiagnostic studies (EDXs) are the confirmative diagnostic tool for carpal tunnel syn-
drome (CTS). Previous studies have evaluated the relationship between EDXs and ultrasonography
(US) but not with X-rays. Recently, many studies on the diagnostic value of X-rays in various diseases
have been reported, but data on CTS are lacking. We evaluated the relationship between electrodi-
agnostic parameters and roentgenographic and ultrasonographic features in CTS and investigated
the usefulness of X-rays and US for CTS. This retrospective study included 97 wrists of 62 patients.
All patients with suspected CTS underwent EDXs, wrist US, and wrist X-rays. The CTS patients
were classified into mild, moderate, and severe groups. The roentgenographic features included the
ulnar variance (UV) and the anteroposterior diameter of the wrist (APDW), and the ultrasonographic
features included the flattening ratio (FR) and the thickest anteroposterior diameter of the median
nerve (TAPDM). Most EDX parameters showed significant correlations with roentgenographic and
US features. The electrodiagnostic severity was also correlated with all imaging features. Therefore,
both wrist X-rays and wrist US can be useful for the diagnosis of CTS as supplements to EDXs.

Keywords: carpal tunnel syndrome; electrodiagnosis; X-rays; ultrasonography; median nerve

1. Introduction

Carpal tunnel syndrome (CTS), or entrapment neuropathy of the median nerve at
the wrist, is a common condition associated with numbness, tingling, pain that frequently
worsens at night, and atrophy in the thenar region as the typical symptoms [1]. Thus, a
patient with these symptoms is considered to have CTS, and women are much more apt to
have this condition than men [2].

Electrodiagnostic studies (EDXs) are the confirmative diagnostic tool and are also used
for severity grading, but they do not provide anatomic information at the wrist. Therefore,
ultrasonography (US) has been used to visualize the median nerve and its surrounding
anatomic structures [3,4]. Several studies have been conducted on various US features
useful for the diagnosis of CTS, including the cross-sectional area (CSA), flattening ratio
(FR), palmar bowing, thickest anteroposterior diameter of the median nerve (TAPDM),
and the wrist-to-forearm ratio [4-10]. However, it is still unknown which one is the most
indicative of CTS. Buchberger et al. [6] first reported that compared to normal wrists, the
median nerves of CTS patients were significantly flattened. Duncan et al. [7] revealed
significant differences in the FR of the median nerve and the TAPDM between CTS patients
and controls.

There have been insufficient studies showing that simple X-rays have a diagnostic
value for CTS, but they have the advantage of providing morphological images easily and
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inexpensively. Considerable progress in the development of radiology technology has
been made, and studies on the diagnostic value of X-rays have recently been reported [11].
Among five roentgenographic features, Ikeda et al. [12] reported that there was a statis-
tically significant difference in ulnar variance (UV) between CTS patients and controls.
Therefore, additional research on the usefulness of plain radiography for the diagnosis of
CTS is required.

A few other studies have evaluated the relationship between EDXs and US features.
However, to our knowledge, no study has evaluated the relationship between EDXs and
roentgenographic features. Therefore, we were interested in (1) examining the relationship
between EDX parameters and roentgenographic and US features in patients with suspected
CTS and (2) confirming the usefulness of roentgenographic and US features as a tool for
diagnosing CTS.

2. Materials and Methods
2.1. Subjects

This study was designed as a retrospective chart review. We collected the data of
68 patients between January 2019 and May 2021. The patients who visited the outpatient
department of rehabilitation medicine in a single center with some or all symptoms of
CTS and underwent EDXs, wrist US, and wrist simple X-rays were selected for the study.
The symptoms were sensory abnormalities in median nerve distribution, nocturnal pain,
atrophy in the thenar region, and several positive provocative tests (Tinel sign, Phalen’s
maneuver, and reverse Phalen’s maneuver) [13-15]. The exclusion criteria were as fol-
lows: (1) Patients with a history of wrist surgery or injections and any upper extremity
trauma; (2) patients with neurologic diseases, such as diabetic polyneuropathy, brachial
plexopathy, ulnar neuropathy, proximal median neuropathy (entrapment of the ligament of
Struthers, pronator syndrome, anterior interosseous nerve syndrome), cervical radiculopa-
thy, and rheumatic diseases; and (3) patients with hereditary or metabolic diseases that can
cause peripheral neuropathy. Six patients were excluded due to insufficient wrist images.
Finally, 97 wrists of 62 patients were enrolled in this study (Figure 1). The study was
approved by the Institutional Review Board of Konyang University College of Medicine
(IRB no. 2021-06-010).

EDXs, wrist US, and wrist X-rays performed
(n=135)

Excluded

Figure 1. Study flow chart. Abbreviations: CTS, carpal tunnel syndrome; EDXs, electrodiagnostic
studies; US, ultrasonography.

2.2. Electrodiagnostic Studies

EDXs were conducted using Natus Synergy on a Nicolet EDX machine. All patients
underwent needle electromyography and routine nerve conduction studies (NCSs) with
an antidromic technique, including median and ulnar NCSs [16]. The temperature of both
hands was measured and maintained between 32 °C to 34 °C. For the sensory NCS of the
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median nerve, a surface ground electrode was placed over the dorsum of the hand. A pair
of surface recording electrodes were placed in line over the index finger at an inter-electrode
distance of 4 cm. Standard stimulation was conducted at two sites that were 14 cm proximal
to the active electrode (wrist) and 7 cm proximal to the active electrode (palm). For the
motor NCS of the median nerve, the belly-tendon method was used for recording. A
surface ground electrode was placed over the same site as that used in the sensory NCS.
A surface active electrode was placed over the center of the belly of the abductor pollicis
brevis (APB) muscle, and a surface reference electrode was placed distally over the tendon
of the APB muscle. Standard supramaximal stimulation was conducted at the wrist. The
sensory NCS parameters collected were the onset latency, peak latency, baseline-to-peak
amplitude, and conduction velocity. The motor NCS parameter collected was the distal
motor latency.

When the routine NCS results were normal, we performed three additional Preston’s
median-versus-ulnar comparison studies [17]. In the palmar mixed comparison study, the
median mixed nerve latency across the palm was compared to the adjacent ulnar mixed
nerve latency using identical distances between the stimulation and recording sites. In the
digit 4 comparison study, the median sensory latency recording of digit 4 was compared
to the ulnar sensory latency recording of digit 4, using identical distances between the
stimulation and recording sites. In the lumbrical-interossei comparison study, the median
motor latency recording of the second lumbrical was compared to the ulnar motor latency
recording of the interossei using identical distances between the stimulation and recording
sites. A very mild CTS score (grade 1 on the Bland scale) was assigned when two or more
of these three sensitive studies were positive.

The severity of the patients was classified according to the Bland scale using the EDX
results [18]. Grade 0 (normal) indicated no neurophysiological abnormality in the sensory
and motor conduction studies. Grade 1 (very mild CTS) indicated that abnormalities were
detected in two or more sensitive tests. Grade 2 (mild CTS) indicated slowing sensory
nerve conduction velocity and normal distal motor latency (<4.5 ms from the wrist to the
APB muscle). Grade 3 (moderately severe CTS) indicated preserved sensory potential and
slowing distal motor latency (>4.5 ms and <6.5 ms). Grade 4 (severe CTS) indicated absent
sensory potential and slowing distal motor latency (>4.5 ms and <6.5 ms). Grade 5 (very
severe CTS) indicated absent sensory potential and slowing distal motor latency (>6.5 ms),
and grade 6 (extremely severe CTS) indicated decreased surface motor potential from the
APB (<0.2 mV).

The above severity grades were also reclassified into four severity groups [19]. A
severity grade of 0 was the control group, severity grades 1 and 2 were classified as the
mild group; a severity grade of 3 was assigned to the moderate group; and severity grades
of 4, 5, and 6 were classified as the severe group (Table 1).

Table 1. Reclassification of severity grade by electrodiagnostic study.

Severity Grade * Severity Group
0 Control
1
5 Mild
3 Moderate
4
5 Severe
6

* Severity grades of 0-6 according to the Bland scale.

2.3. Wrist X-rays

All patients underwent simple X-rays of the posteroanterior and lateral view of the
wrist. To obtain the posteroanterior view, the elbow was flexed 90°, the forearm was
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pronated, and the wrist was in a neutral position. The UV was defined as the distance
between horizontal lines (that were perpendicular to the long axis of the radius/ulna)
drawn from the distal ulnar and radial articular surfaces (at the level of the distal radioulnar
joint) on a posteroanterior view (Figure 2A) [12,20]. To obtain the lateral view, the elbow
was flexed 90° and adducted against the trunk, and the wrist was in a neutral position.
The anteroposterior diameter of the wrist (APDW) was defined as the distance between
the volar and dorsal edge of the distal radius on a lateral view (Figure 2B) [12]. Two raters
performed the measurements without other information on the patients, and the mean of
the measurements was used in the analyses.

Figure 2. Measurements of ultrasonographic and roentgenographic features. (A) Ulnar variance on
X-rays (the distance between the two arrows). (B) AP diameter of the wrist on X-rays (the distance
of the arrow). (C) Flattening ratio on US (a (width)/b (height)). (D) Thickest AP diameter of the
median nerve on US (the distance between the two arrows). Abbreviations: AP, anteroposterior; US,
ultrasonography.

2.4. Ultrasonography

An experienced radiologist who was blinded to all of the patient’s results conducted
the US evaluations using an ultrasound system with a 5-15 MHz linear transducer (GE
LOGIQ E9; General Electrical Healthcare, China). No additional force was applied other
than the weight of the probe. The FR of the median nerve was calculated as the ratio
of the nerve’s major axis to its minor axis at the pisiform bone level on the transverse
view (a/b) (Figure 2C) [7]. The TAPDM, including the hypoechogenic median nerve
and hyperechogenic nerve sheath, was measured between the carpal tunnel inlet and
outlet on the longitudinal view (Figure 2D) [9]. Two raters performed the measurements
without other information on the patients, and the mean of the measurements was used
in the analyses.

2.5. Statistical Analyses

Statistical analyses were performed using SPSS statistical software version 28.0 for
Windows (IBM, Armonk, NY, USA). First, to examine differences in the distribution of
demographic characteristics, we used the chi-square test for categorical variables and
the analysis of variance (ANOVA) for continuous variables. Second, Pearson’s correlation
coefficient was used to assess the relationship between EDXs and roentgenographic features,
EDXs and US features, and roentgenographic and US features. Because sensory potentials
were absent in the severe group and could not be quantified, the correlation analysis could
not include the severe group, so the analysis included all except the severe group. Third, to
examine differences in roentgenographic and ultrasonographic features in CTS patients
and controls, we used t-test. Furthermore, to examine differences in roentgenographic and
ultrasonographic features between the four severity groups, we used one-way ANOVA.
If the result of ANOVA was statistically significant, Scheffe’s method was additionally
used for multiple comparisons in post hoc analysis. Lastly, logistic regression analysis
was conducted to evaluate the independent, related variables of CTS in the four imaging
features and to determine the odds ratio (OR) and corresponding 95% confidence intervals
(95% CI). Stepwise backward elimination was used to identify the most significant predictor
of CTS. The diagnostic value of the imaging features was evaluated by the area under the
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receiver operator characteristics (ROC) curve. All analyses were tested at the significance

level of 0.05.

3. Results

3.1. Demographic Characteristics

The demographic characteristics of the subjects are shown in Table 2. The subjects
were 17 males and 45 females. The mean ages of the participants in the four groups were
41.13 4 14.46, 53.50 £ 9.05, 59.80 + 8.43, and 62.89 + 8.43 years, respectively. Age and sex
were significantly different between the four groups, and the ratio of left hands to right
hands was not significantly different.

Table 2. Demographic characteristics of the subjects.

Control Mild CTS Moderate CTS Severe CTS p-Value
Number of Hands 30 34 15 18
Age (years) 41.13 + 14.46 53.50 +9.05 59.80 + 8.43 62.89 + 8.43 <0.001
Male 11 2 4 6
Sex Female 19 2 1 12 0.021
, Right 14 20 8 10
Side Left 16 14 7 8 0.806

Values are presented as the mean =+ standard deviation. Abbreviation: CTS, carpal tunnel syndrome.

3.2. Relationship between Electrodiagnostic Parameters and Roentgenographic and

Ultrasonographic Features

Pearson’s correlation coefficient is shown in Tables 3 and 4. First, both the UV and
APDW, which were roentgenographic features, showed statistically significant correla-
tions with all EDX parameters, except for between UV and distal motor latency. Second,
the FR and TAPDM showed statistically significant correlations with all EDX parame-
ters. Especially, the correlation coefficients between sensory onset latency and the FR
(r =0.772), sensory peak latency and the FR (r = 0.772), sensory conduction velocity and
the FR (r = —0.725), and distal motor latency and the FR (r = 0.703) were relatively high.
Third, there were significant relationships between all roentgenographic features and all

US features.

Table 3. Pearson’s correlation coefficients between electrodiagnostic parameters and imaging features.

X-ray Ultrasonography
EDXs

uv APDW FR TAPDM

Sensory onset latency 0.358 ** 0.333 ** 0.772 *** 0.458 ***
Sensory peak latency 0.334 ** 0.332 ** 0.772 *** 0.438 ***
Sensory amplitude —0.443 *** —0.428 *** —0.652 *** —0.370 **
Sensory conduction velocity —0.361 ** —0.357 ** —0.725 *** —0.488 ***
Distal motor latency 0.139 0.306 ** 0.703 *** 0.434 ***

**p <0.01, ** p <0.001. Abbreviations: EDXs, electrodiagnostic studies; UV, ulnar variance; APDW, AP diameter
of the wrist; FR, flattening ratio; TAPDM, thickest AP diameter of the median nerve.
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Table 4. Pearson’s correlation coefficient between ultrasonographic and roentgenographic features.

X-ray Ultrasonography
uv APDW FR TAPDM
X-ra uv !
y APDW 0310 * 1
. FR 0.320 ** 0.467 *+* 1
Ultrasonography TAPDM 0.283 * 0.397 *** 0.320 ** 1

*p <0.05 * p<0.01, ** p <0.001. Abbreviations: UV, ulnar variance; APDW, AP diameter of the wrist; FR,
flattening ratio; TAPDM, thickest AP diameter of the median nerve.

3.3. Differences in Roentgenographic and Ultrasonographic Features between CTS Patients
and Controls

The imaging features in the CTS patients and controls are summarized in Table 5.
There were significant differences in all four imaging features between the two groups. The
mean UV was 1.45 & 1.89 in the CTS patients and —0.01 & 1.55 in the controls. The mean
APDW was 23.81 £ 2.34 mm in the CTS patients and 22.14 4 2.07 mm in the controls. The
mean FR was 3.53 £ 0.52 in the CTS patients and 2.81 £ 0.28 in the controls. The mean
TAPDM was 2.44 & 0.46 mm in the CTS patients and 1.97 £ 0.35 mm in the controls.

Table 5. Roentgenographic and ultrasonographic features in CTS patient and control groups.

Control Group CTS Patient Group p-Value

uv —0.01 £1.55 1.45 +£1.89 <0.001
APDW (mm) 22.14 £2.07 23.81 £234 0.001
FR 2.81 £0.28 3.53 £0.52 <0.001
TAPDM (mm) 1.97 +0.35 2.44 + 0.46 <0.001

Values are presented as the mean + standard deviation. Abbreviations: UV, ulnar variance; APDW, AP diameter
of the wrist; FR, flattening ratio; TAPDM, thickest AP diameter of the median nerve.

3.4. Differences in Roentgenographic and Ultrasonographic Features between the Four
Severity Groups

The roentgenographic and the US features in the four severity groups are shown in
Table 6. The mean UV and standard deviation were —0.01 4 1.55, 1.69 + 2.18,0.96 + 1.61,
and 1.41 + 1.61 in the control, mild, moderate, and severe groups, respectively. The APDW
was 22.14 + 2.07 mm, 23.11 + 2.29 mm, 23.85 &+ 1.93 mm, and 25.09 £ 1.93 mm, respectively.
The FR was 2.81 + 0.28, 3.24 4- 0.41, 3.80 £ 0.48, and 3.87 £ 0.48, respectively. The TAPDM
was 1.97 £ 0.35 mm, 2.34 £ 0.39 mm, 2.49 £ 0.52 mm, and 2.58 & 0.52 mm, respectively.
All imaging features showed statistically significant differences.

Table 6. Roentgenographic and ultrasonographic features in four severity groups.

. Moderate
Control Group Mild Group Group Severe Group p-Value
uv —0.01 £1.55¢ 1.69 £+ 2.18 0.96 + 1.61 141+161°¢ 0.003
APDW (mm) 2214 4+2.07° 2311 +£2.29 23.85+1.93P 25.09 +1.93 <0.001
FR 2.81+0282b¢ 3.24 £ 04124 e 3.80 +£ 04854 387048 <0.001
TAPDM (mm) 1.97 £ 035 b.c 2.34+0.39° 249 +052° 2.58 +0.52°¢ <0.001

Values are presented as the mean = standard deviation. In post-hoc analysis, # p < 0.05 in control group vs. mild
group, ® p < 0.05 in control group vs. moderate group, € p < 0.05 in control group vs. severe group, ¢ p < 0.05 in
mild group vs. moderate group, and © p < 0.05 in mild group vs. severe group. Abbreviations: UV, ulnar variance;
APDW, AP diameter of the wrist; FR, flattening ratio, TAPDM, thickest AP diameter of the median nerve.

Scheffe’s multiple comparison test was conducted for post hoc analysis. There was a
significant difference in UV between the control and severe groups. There was a significant
difference in APDW between the control and moderate groups. In the FR, there were
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significant differences between all subgroups except for the moderate and severe groups.
There were significant differences in the TAPDM between the control and all CTS groups.

3.5. Factors Related to Carpal Tunnel Syndrome

The OR and 95% CI in univariate logistic regression of the four imaging features
adjusted for baseline age values are presented in Table 7. Neither UV (p = 0.05, OR 1.43, 95%
CI1.00-2.04) nor APDW (p = 0.237, OR 1.16, 95% CI 0.91-1.48) were significantly related to
CTS. However, the FR (p < 0.001, OR 86.52, 95% CI9.26-808.83) and the TAPDM (p < 0.002,
OR 15.33, 95% CI 2.78-84.62) were significantly associated with CTS. The ROC curves are
shown in Figure 3. The area under the curve (AUC) of the UV and the APDW was 0.832
(p < 0.001) and 0.805 (p < 0.001), respectively. The AUC of the FR and the TAPDM was
0.927 (p < 0.001) and 0.889 (p < 0.001), respectively. Table 7 also shows the multiple logistic
regression analysis results using backward elimination. The FR (p = 0.001, OR 52.52, 95%
CI 5.50-501.73) and the TAPDM (p = 0.032, OR 8.91, 95% CI 1.20-65.97) were significant
variables, so they remained in the model.

Table 7. Univariate logistic regression analysis and multiple logistic regression analysis using
stepwise backward elimination.

Univariate Logistic Regression Multiple Logistic Regression
Odds Ratio 95% Confidence Interval p-Value Odds Ratio 95% Confidence Interval p-Value
Lower Upper Lower Upper
uv 1.43 1 2.04 0.05
APDW 1.16 0.91 1.48 0.237
FR 86.52 9.26 808.83 <0.001 52.52 55 501.73 0.001
TAPDM 15.33 2.78 84.62 0.002 891 12 65.97 0.032

Abbreviations: UV, ulnar variance; APDW, AP diameter of the wrist; FR, flattening ratio; TAPDM, thickest AP
diameter of the median nerve.

o0 02 o4 o8 o8 0 00 02 04 [ o8
1-Specificity

1-Specificity

Figure 3. Receiver operating characteristic (ROC) curves for the diagnosis of CTS. (A) UV. (B) APDW.
(C) ER. (D) TAPDM. Abbreviations: CTS, carpal tunnel syndrome; UV, ulnar variance; APDW, AP
diameter of the wrist; FR, flattening ratio; TAPDM, thickest AP diameter of the median nerve; AUC,
area under the curve.
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4. Discussion

EDXs have been widely used as the standard test for diagnosing CTS. Routine NCS
or various comparison studies [21] can confirm electrophysiologic abnormalities of the
median nerve within the carpal tunnel and the location of the lesion can be confirmed
using the inching technique [22]. However, due to the disadvantage of not being able to
obtain information on the anatomic structure of the wrist along with pain experienced
during the examination, several imaging tests, including magnetic resonance imaging
(MRI), computed tomography (CT), US, and X-rays, have been used together. Among them,
both the US and X-rays have the common advantages of being easy, fast, non-invasive,
and painless for the patient during the examination. Buchberger et al. [5,6] first reported
the usefulness of US features such as the CSA, FR, and palmar bowing for CTS based on
wrist MRIs, and Ikeda et al. [12] revealed the usefulness of roentgenographic features for
CTS. However, they did not investigate the relationship between imaging features and
various EDX parameters, which is the difference and uniqueness between this study and
other previous studies. Our study demonstrated that all EDX parameters were correlated
with all roentgenographic and US features, with just one exception between distal motor
latency and the UV. In the post hoc analysis (Table 6), there was a significant difference in
UV only between the control group and the severe group. Therefore, excluding the severe
group from the correlation analysis could have caused this result. The sensory onset latency
and sensory peak latency showed positive correlations with all imaging features, and the
sensory amplitude and sensory conduction velocity showed negative correlations with all
imaging features.

The UV represents the relative length of the ulna compared to the radius [23]. Cha et al. [24]
reported a significant relationship between a decreased CSA around the distal radioulnar
joint and a positive UV in CTS patients, supporting the importance of a positive UV in
the development of CTS. Our UV findings were consistent with those of Ikeda et al. [12].
CTS patients showed a significantly high UV value compared to the controls. This finding
suggests that although UV refers to the state of the extra space in the carpal tunnel and
does not directly impact the median nerve, an imbalance in the distal radioulnar joint may
be involved in the development of CTS [12,24].

The APDW is a popular and simple measurement of wrist size, estimating the carpal
tunnel size. Carpal tunnel size has been a controversial risk factor for CTS. Bleecker et al. [25]
and Dekel et al. [26] found that the carpal tunnel was smaller in CTS patients than in
controls. Conversely, Winn et al. [27] reported that CTS patients had a larger carpal tunnel
area than matched controls. Uchiyama et al. [28] showed that the proximal and distal carpal
tunnel areas were significantly larger in mild-to-moderate and severe CTS patient groups
than in the control group except for the extreme CTS group. The results of our study were
similar. The APDW was larger in CTS patients than in the controls. Considering both the
above findings, we suggest that there are other anthropometric risk factors or work-related
factors, and further studies are needed.

Various studies have confirmed localized swelling and flattening of the median nerve
in CTS patients by US or MRI [5,6,29,30]. Duncan et al. [7] reported an FR of 3.2 in CTS
patients and 2.7 in controls by US at the level of the pisiform bone, which is usually the
level of the maximum swelling of the median nerve. Additionally, they reported a TAPDM
of 2.2 mm in CTS patients and 1.8 mm in controls by US. Uchiyama et al. [28] showed that
the FR was significantly larger at the pisiform bone level in the mild-to-moderate, severe,
and extreme CTS groups than in the control group based on MRI. Kim et al. [9] revealed
that there were statistical differences in the TAPDM between CTS patients and controls.
Likewise, we revealed that the FR and TAPDM values in CTS patients were larger than in
the controls. Therefore, we also confirmed the swelling and flattening of the median nerve
in CTS patients.

Identifying the factors related to CTS can be helpful in diagnosing CTS more precisely.
The logistic regression analysis results showed that two US features were significantly
related to CTS, and a higher FR was the most predictive factor for CTS. We speculate that
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this was due to the advantage of US, which can directly show the swelling and flattening
of the median nerve. As reported in other studies, we also found that the US features
could be useful for diagnosing CTS. Notably, the results of our study confirmed that the
roentgenographic features were correlated with the EDXs and US features, and there was a
significant difference between the CTS patient group and the control group. X-rays have
limitations in that they mainly show bony structures and cannot show vascularity and
tendons. However, they also have several advantages. They are relatively inexpensive
compared to other imaging studies, and if they are conducted according to an accurate
position and protocol, X-rays can be a more objective test than US, which can be relatively
subjective depending upon the examiner.

This study had some limitations that should be considered. First, the retrospective
nature was a major limitation. Due to the lack of data, we could not include information
on CTS risk factors, such as the body mass index, wrist circumference, and participant
occupation. This may have limited the generalizability of the results. Second, there
were relatively fewer subjects, a higher percentage of female patients, and this was a
single-center study. Particularly, the sample size of the control patients was small, and
they were relatively young. Thus, these factors may have affected the logistic regression
analysis, yielding a relatively high OR and wide 95% CI range. However, the fact that
CTS occurs more frequently in women and between the ages of 50 and 60 should be taken
into account. Third, although it is known that age affects nerve conduction velocity and
waveform morphology, there were significant differences in age between the four groups. To
compensate for this, we adjusted for baseline age values in the logistic regression analysis.
Finally, no inter-rater reliability test was performed. However, two raters performed
the measurements, and the average of the measured values was used. Despite these
limitations, to our knowledge, this was the first study to report associations between
EDXs and roentgenographic features. Further studies with a larger number of subjects are
necessary to confirm and generalize our findings.

5. Conclusions

This study showed that most EDX parameters were correlated with roentgenographic
and ultrasonographic features, and the electrodiagnostic severity was correlated with all
wrist imaging features. Although the US features showed statistically better results than
the roentgenographic features, depending upon the situation, X-rays can also be useful for
diagnosing CTS. Therefore, we recommend considering both wrist X-rays and wrist US for
patients with CTS symptoms to supplement EDXs. This will make the diagnosis of CTS
more accurate. Furthermore, a larger follow-up study is necessary to reinforce the clinical
effectiveness of wrist X-rays in CTS.
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Abstract: Electrophysiological examination is important for the diagnosis and evaluation of nerve
function in carpal tunnel syndrome (CTS). Electrophysiological severity classifications of CTS using a
nerve conduction study (NCS) have been reported, and there are many reports on the relationship
between severity classifications and clinical symptoms. The existing electrophysiological severity
classifications have several problems, such as cases that do not fit into a classification and unclear
reasons for the boundary value. The purpose of this study was to clarify the relationship between
sensory nerve conduction velocity (SCV) and distal motor latency (DML) and to evaluate whether
the existing severity classification method is appropriate. We created a scatter diagram between
SCV and DML for our NCSs and found a negative correlation between SCV and DML (correlation
coefficient, —0.786). When we applied our NCSs to the existing classifications (Padua and Bland
classifications), there were many unclassifiable cases (15.2%; Padua classification), and the number of
Grade 3 cases was significantly higher than that of Grade 2 or 4 cases (Bland classification). Our large
dataset revealed a strong negative correlation between SCV and DML, indicating that the existing
severity classifications do not always accurately reflect the severity of the disease.

Keywords: carpal tunnel syndrome; nerve conduction study; median nerve; electrophysiological
severity classification

1. Introduction

Carpal tunnel syndrome (CTS) is identified by numbness, pain, and disordered thumb
opposition associated with localized compression of the median nerve at the wrist and is
the most common nerve entrapment syndrome [1-6]. Although CTS is diagnosed mainly
based on clinical findings, an electrophysiological examination is important for diagnosis
and determining the appropriate course of treatment [7-10]. Electrophysiological severity
classification of CTS using a nerve conduction study (NCS) is a useful method that can easily
display results of electrophysiological examination with several parameters on a single
scale, and various classification methods have been reported [6,11-13]. In addition, there
have been many reports on the assessment of clinical symptoms using electrophysiological
severity classifications [14-17].

A previous study reported that because sensory fibers have a large proportion of large
myelinated fibers, they are more susceptible to ischemic damage [6,18]. In clinical practice,
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numbness due to sensory disturbance is more likely to be recognized at an early stage than
muscle atrophy due to motor disturbance [19,20]. Therefore, many existing severity classifi-
cations are based on the premise that CTS is a disorder of sensory fiber dominance [6,11-13].
However, motor nerve fiber damage appears long before the appearance of muscle atrophy,
and sensory nerve damage does not necessarily occur first. The reasons for the boundary
value that separates severities are not clear in the existing classifications, and we have had
cases in which patient results do not fit the existing classifications. We thought it necessary
to examine whether or not the existing severity classifications can accurately evaluate the
degree of disability in CTS patients.

We hypothesized that the existing electrophysiological severity classifications have
several problems such as the existence of cases that do not fit the classifications and unclear
reasons for the boundary value. The purpose of this study was to determine the relationship
between sensory nerve conduction velocity (SCV) and distal motor latency (DML) using
data from NCSs on patients with CTS at our hospital and apply the NCS data to the existing
severity classifications (Padua and Bland classifications) to evaluate whether the existing
classifications are appropriate classification methods.

2. Materials and Methods
2.1. Participants

In this retrospective study, all clinical and NCS data were obtained from the 560 patients
(1120 hands; median age, 69.5 years; 264 male hands, 856 female hands) treated at the
department of orthopedic surgery at Tokyo Medical and Dental University (Table 1). We
obtained written informed consent from all the participants. This retrospective analysis
was approved by our institutional review board. This study included patients who were
suspected of having CTS by hand surgeons and underwent NCSs between April 2007 and
September 2019 at our hospital. The inclusion criteria for this study were as follows: clinical
symptoms of CTS (numbness, tingling, and pain) and positive examination findings for
CTS, including a positive Phalen test and Tinel’s sign. In addition to the patients who
underwent NCSs preoperatively, the patients who had CTS symptoms, underwent NCSs
postoperatively, and had abnormal results were also included in this study. The patients
whose symptoms disappeared after surgery and had normal SCV and DL were excluded.
Since the purpose of the study was to electrophysiologically evaluate sensory and motor
neuropathies at the carpal tunnel area, patients with peripheral polyneuropathy, cervical
disease, de Quervain syndrome, or trigger finger and those with a history of a distal radial
fracture were also included in this study. Although peripheral polyneuropathy and cervical
disease may cause abnormal results in NCSs, we included them in our analysis. In addition,
although patients with de Quervain syndrome or trigger finger and those with a history of
a distal radial fracture may have wrist pain, numbness, and a positive Tinel’s sign at the
carpal tunnel, we included these patients. This is because the participants of this study
were diagnosed by hand surgeons as having neuropathy in the carpal tunnel area, and the
main neuropathy is considered to be entrapment of the median nerve in the carpal tunnel
area even if there are other comorbidities. Patients were excluded from this study if they
could not undergo NCSs due to pain caused by electrical stimulation.
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Table 1. Characteristics of the participants.

n = 1120 Hands

Age! 69.5 (60-77)
Sex

Male 132 patients, 264 hands
Female 428 patients, 856 hands
Pre-operation 247 patients, 494 hands
Post-operation 313 patients, 626 hands

Measurable DML and measurable SCV 934 hands

Non-measurable DML and non-measurable 62 hand
SCV ands

1 Data are presented as the medians (interquartile range). Abbreviations: DML, distal motor latency; SCV, sensory
nerve velocity.

2.2. Nerve Conduction Study

NCSs were performed on both hands of each patient by trained clinical technicians,
with patients relaxed and in the supine position. A skin temperature of 32 °C was main-
tained on the dorsum of the hand. An NCS of both median nerves was performed using
an evoked potential/electromyography system (MEB-2300; Nihon Kohden, Tokyo, Japan)
with the bandpass filter set to 5-10 Hz for motor nerve recording and 2-20 Hz for sensory
recording. The sensory nerve action potential of the median nerve was antidromically
recorded with a pair of cup electrodes placed on the index finger. Square-pulse supra-
maximal electrical stimuli at 0.5 Hz with a duration of 0.3 ms were delivered to the palm,
wrist, and elbow. We calculated the sensory nerve conduction velocity (SCV) from the
latency of the waveform of the sensory nerve action potential and the distance between the
stimulation point and the recording electrode. The compound muscle action potential was
recorded with a pair of surface cup electrodes placed over the abductor pollicis brevis by
using the belly—tendon method. Square-pulse supramaximal electrical stimuli at 0.5 Hz
with a duration of 0.3 ms were delivered to the wrist and elbow. The wrist stimulation point
was 7 cm proximal to the cathode electrode placed on the abductor pollicis brevis. Distal
motor latency (DML) was determined from the waveform of the compound motor action
potential. Each measurement was performed twice to confirm reproducibility. The neurolo-
gists and orthopedic surgeons calculated the SCV and DML values from the waveforms.
Those with unclear latency and no reproducibility were considered non-measurable.

2.3. Analysis

First, we analyzed the relationship between SCV and DML from the 1120 right and
left hands of 560 patients. The results of the NCSs on the healthy side were also included in
the analysis. We created a scatter diagram to study the correlation between SCV and DML
using data from 934 hands in which both SCV and DML were measurable. The correlation
coefficient of this scatter diagram was calculated, and the relationship between SCV and
DML was evaluated. Furthermore, only patients with diabetes were extracted, and a scatter
diagram was created in the same way. We added an analysis that excluded patients with
peripheral polyneuropathy or cervical disease and postoperative patients. We also created
a scatter diagram for these patients.

The NCS results of 1120 hands were then applied to the existing severity classifications
(Padua and Bland classifications). A six-level classification (Grades 1-6) was created in
the Padua classification. The boundary values of SCV and DML were set to 44 m/s and
4.0 ms, respectively [12] (Figure 1a). In the Bland classification, a seven-level classification
(Grades 0-6) was created. The boundary values of SCV and DML were set to 40 m/s and
4.5-6.5 ms, respectively [11] (Figure 1b). We counted the number of cases that could not fit
these classifications and extracted the problems of these systems by applying the results of
our NCSs to the two classifications.
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Figure 1. Electrophysiological severity classifications for CTS. (a) Padua classification. 1. Extreme
CTS: absence of SNAP and CMAP. 2. Severe CTS: absence of SNAP and DML > 4.0 ms. 3. Moderate
CTS: SCV <44 m/s and DML > 4.0 ms. 4. Mild CTS: SCV < 44 m/s and DML < 4.0 ms. 5. Minimal
CTS: “standard negative” hands with abnormal comparative or segmental tests. 6. Negative: normal
findings on all tests. (b) Bland classification. Grade 0: no neurophysiological abnormalities. Grade
1: very mild CTS, detected only in two sensitivity tests (e.g., inching, palm/wrist median/ulnar
comparison, ring finger “double peak”). Grade 2: mild CTS (SCV < 40 m/s and DML < 4.5 ms).
Grade 3: moderately severe CTS (4.5 ms < DML < 6.5 ms and SCV < 40 m/s). Grade 4: severe CTS
(4.5 ms < DML < 6.5 ms and absent SNAP). Grade 5: very severe CTS (6.5 ms < DML). Grade 6:
extremely severe CTS (CMAP < 0.2 mV). Abbreviations: CMAP, compound muscle action potential;
CTS, carpal tunnel syndrome; DML, distal motor latency; SCV, sensory nerve conduction velocity;
SNAP, sensory nerve action potential.

3. Results

NCSs were performed on 1120 hands. The participants” demographic characteristics
are presented in Table 1. There were 28 patients with diabetes (56 hands), 42 patients
with cervical desease (84 hands), 60 patients with de Quervain syndrome or trigger finger
(120 hands), and nine patients with a history of a distal radial fracture (18 hands). There
were 247 preoperative patients (494 hands) and 313 postoperative patients (626 hands).

3.1. Relationship between SCV and DML

A scatter diagram was created using the results for 934 hands in which both SCV
and DML were measurable. Both the SCV and DML values showed a strong negative
correlation with a Spearman’s rank correlation coefficient of —0.786 (Figure 2) [21,22]. The
scatter diagram of diabetes patients also showed a strong negative correlation between
SCV and DML (53 hands) (Spearman’s rank correlation coefficient of —0.841) (Figure 3).
The scatter diagram that excluded the patients with peripheral polyneuropathy or cervical
disease and the postpoerative patients also showed a strong negative correlation between
SCV and DML (320 hands) (Spearman’s rank correlation coefficient of —0.779) (Figure 4).
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Figure 2. Scatter diagram between SCV and DML. The straight line shows the correlation between
SCV and DML. Abbreviations: DML, distal motor latency; SCV, sensory nerve conduction velocity.

SCV (rrs)

Figure 3. Scatter diagram between SCV and DML in the diabetes patients. The straight line shows the
correlation between SCV and DML. Abbreviations: DML, distal motor latency; SCV, sensory nerve
conduction velocity.
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Figure 4. Scatter diagram between SCV and DML that excluded the patients with peripheral polyneu-
ropathy or cervical disease and the postoperative patients. The straight line shows the correlation
between SCV and DML. Abbreviations: DML, distal motor latency; SCV, sensory nerve conduc-
tion velocity.

3.2. Applying the Results to the Existing Severity Classifications

In the Padua classification, cases with normal SCV but abnormal DML and cases with
measurable SCV but non-measurable DML were unclassifiable; thus, 170 of the 1120 cases
(15.2%) could not be classified (Figure 5a). In the Bland classification, all the cases could
be classified (Figure 5b), including 260 cases that were Grade 0 or 1, 59 cases that were
Grade 2, 449 cases that were Grade 3, 10 cases that were Grade 4, 248 cases that were Grade
5, and 94 cases that were Grade 6. The number of Grade 3 cases was significantly higher
than that of Grade 2 or 4 cases.
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Figure 5. Results applied to the existing classifications. The NCS results of 1120 cases were applied
to the existing severity classifications (Figure 1). (a) Padua classification: gray areas indicate cases
that could not be classified. (b) Bland classification. Abbreviations: CMAP, compound muscle action
potential; DML, distal motor latency; NCS, nerve conduction study; SCV, sensory nerve conduction
velocity; SNAP, sensory nerve action potential.
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4. Discussion

In this study, we showed that SCV and DML had a strong negative correlation using
the NCS results of the CTS patients (all patients, diabetic patients, andpatients who were
excluded postoperatively) and those with peripheral polyneuropathy or cervical disease.
We applied the results to the existing severity classification, and the following problems
were identified: unclassifiable cases in the Padua classification and bias of the number in
the Bland classification.

A previous study reported that because sensory fibers had a large proportion of large
myelinated fibers, they were more susceptible to ischemic damage [6,18]; the Padua and
Bland classifications were based on this premise [11,13]. However, our results show that
SCV and DML have a strong negative correlation, indicating that we could not conclude
whether the sensory fibers or motor fibers are damaged first. When our NCS results were
applied to the existing severity classifications, 15.2% of cases could not be categorized
using the Padua classification. Cases with normal SCV but abnormal DML and cases
with measurable SCV but non-measurable DML were unclassifiable. The high number of
unclassifiable cases was due to the fact that the Padua classification was based on sensory
fiber dominance. Similarly, the Stevens and Werner classifications, which are cited in many
papers, are based on the premise that sensory nerves are damaged first, and unclassifiable
cases are also observed in these classifications [6,13]. According to previous reports, Martin—
Gruber anastomosis (MGA) is present in 5-40% of patients, which may lead to prolonged
DML and normal or higher SCV values [23]. Given the influence of MGA and our results
suggesting that SCV and DML are strongly correlated, it may not be appropriate to use
these classifications in clinical assessment.

Although all the results of NCSs were categorized in the Bland classification, as
Bland himself states, a motor terminal latency measurement of 6.5 ms was arbitrary and
the reasons for the boundary values (DML: 4.5, 6.5 ms, SCV: 4.0 m/s) were not clearly
reported [11]. Furthermore, the Bland classification does not reflect the severity of disease
in the order of classification. In the Bland classification, the cases in which sensory fibers
were damaged first were classified as Grade 2 (area A of Figure 6), and those in which
motor fibers were damaged first were classified as Grade 3 (area B of Figure 6). In other
words, the cases in which motor fibers were damaged first were considered more severe
in the Bland classification. However, motor and sensory fibers had a strong correlation
in our results; thus, cases in area B were not necessarily more severe than those in area A
(Figure 6). Furthermore, in Figure 6, the cases in areas B and C were classified as Grade
3 using the Bland classification. However, it is not necessarily correct to state that cases
in areas B and C have the same severity because most cases in area C were more severe
than those in area B when taking the correlation line into consideration. Because areas
B and C were classified as having the same severity (Grade 3), the number of Grade 3
cases may have been notably higher than that of Grades 2 and 4 when using the Bland
classification. Although Bland allows individual laboratories to define abnormal sensory
and motor conduction values for Grades 2, 3, and 4, adjusting the definition for abnormal
values will not solve this problem.

An electrophysiological study provides useful information for an objective and quanti-
tative assessment of the neurophysiological severity of CTS [24-26]. Median nerve conduc-
tion studies in CTS cases evaluate both sensory and motor nerve fibers. Electrophysiological
severity classification in CTS is a useful method to show these evaluation parameters on
a single scale [11,12], and there are many reports on clinical evaluations using severity
classifications [27-34]. However, as shown in this paper, the existing severity classifications
do not always accurately reflect the severity of disease, and our results suggest the need to
reevaluate previous studies that used these classifications.

There was a limitation in this study: we did not consider MGA in this study. As
MGA can affect the results of NCS, patients with and without MGA should be analyzed
separately for an accurate evaluation of the relationship between SCV and DML.
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Figure 6. Analysis of the Bland classification. Area A: Grade 2 in Figure 1b. Area B: normal SCV in
Grade 3 in Figure 1b. Area C: SCV < 40 m/s in Grade 3 in Figure 1b. The straight line shows the
correlation between SCV and DML in Figure 2. Abbreviations: CMAP, compound muscle action
potential; DML, distal motor latency; SCV, sensory nerve conduction velocity; SNAP, sensory nerve
action potential.

In conclusion, our large dataset revealed a strong negative correlation between SCV
and DML in our NCSs in patients with CTS. Problems with the existing severity classifi-
cations were higlighted, such as unclassifiable cases, unclear boundary values, different
classifications for the same degree of severity, and the same classifications for different
degrees of severity. In the future, it will be necessary to develop a comprehensive CTS
severity classification that includes physical findings and subjective symptoms, while
taking into account the correlation between sensory and motor fiber disorders.
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Abstract: Background: Excess body mass is a risk factor for carpal tunnel syndrome (CTS), but the
mechanisms of this are unclear. This study aimed to evaluate the association between CTS and
personal risk factors of body mass index (BMI), waist circumference and waist-to-hip ratio (WHR).
Methods: The study sample consisted of the Northern Finland Birth Cohort 1966 (n = 9246). At the
age of 31 in 1997 and at the age of 46 in 2012, the participants underwent a clinical examination.
Cohort A consisted of complete cases with a follow-up from 1997 to 2012 (n = 4701), and Cohort B
was followed up from 2012 to 2018 (n = 4548). The data on diagnosed CTS were provided by the
Care Register for Health Care until the end of 2018. Results: After an adjustment for confounding
factors, BMI was associated with CTS among women (hazard ratio (HR) 1.47, 95% C1 0.98-2.20 for
overweight women and HR 2.22, 95% C1 1.29-3.83 for obese women) and among both sexes combined
(HR 1.35 95% CI 0.96-1.90 for overweight and HR 1.98 95% Cl 1.22-3.22 for obese participants).
Neither waist circumference nor WHR was associated with CTS. Conclusions: BMI is an independent
risk factor for CTS and is more relevant for estimating the increased risk of CTS due to excess body
mass than waist circumference or WHR.

Keywords: carpal tunnel syndrome; body mass index; waist circumference; waist-to-hip ratio;
obesity; median nerve

1. Introduction

Carpal tunnel syndrome (CTS) is the most common entrapment neuropathy of the
upper extremities and carpal tunnel release is the most common surgical procedure for
the upper extremities [1-3]. CTS causes work disability and a great economic burden [4,5].
Based on previous studies, the incidence rate of CTS per 100,000 person-years varies
between 88 and 105 among men and 193 and 232 among women, and these rates increase
until middle age among both genders [6-8].

Well-known risk factors for CTS are age, female gender, overweight, diabetes mellitus
and thyroid disease [7,9-16]. Arthritis, pregnancy and hand trauma are also potential risk
factors for CTS [15-17]. The role of smoking as a risk factor for CTS is unclear [18].

Both overweight and obesity are also risk factors, but the mechanism of this is un-
clear [19]. Only a few case-control and cross-sectional studies have investigated the relation-
ship between waist circumference and CTS [12,20-22] and found an association between
the two. In their case-control study, Mondelli and colleagues (2014) showed that a high
waist-to-hip (WHR) ratio (>0.95 for men and >0.85 for women) is an independent risk factor
for CTS. They found that obese participants (BMI > 30) were at an increased risk of CTS
despite their WHR, whereas overweight participants (BMI 25-29.9) were only at risk if
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their WHR was high [20]. A previous longitudinal study found no association between
waist circumference or WHR and carpal tunnel release after controlling for confounding
factors [23].

This large birth cohort study aimed to evaluate the association between CTS and
personal risk factors, including BMI, waist circumference and WHR.

2. Materials and Methods
2.1. Study Population

The study population consisted of the Northern Finland Birth Cohort 1966 (NFBC1966),
which originally consisted of 12,231 participants with an expected date of birth in 1966,
born in the Oulu and Lapland provinces [24]. These cohort participants have been studied
at several time points throughout their lives. We used data collected in 1997, when they
were aged 31 (baseline population, cohort A) and in 2012, when they were 46 (follow-
up population, Cohort B) (Figure 1) [25]. When handling the data, we replaced each
participant’s personal identification number with a study identification code. The study
was approved by the Northern Ostrobothnia Hospital District Ethical Committee 94/2011
(12 December 2011), and followed the principles of the Declaration of Helsinki.

12,231 participants born in

h 4

NFBC1966

v

Survey in 1997 Data on diagnosed CTS Survey in 2012

n=8719 —2018 n=7071

o Cohort A Cohort B B

- (1997-2012) (2012-2018) N

Participants with CTS at Participants with CTS at
baseline in 1997 excluded |« » Dbaseline in 2012 excluded
(n=18) {n=225)
¥ ) J
Participants with no missing Participants with no missing
data data

(n=4701) {n = 4548)

Both cohorts combined
n = 9249 observations

Y

Figure 1. Flowchart of NFBC1966 study population.

64



J. Clin. Med. 2022, 11, 1510

2.2. Cohort A (1997-2012)

In 1997, at the age of 31, a total of 8719 participants gave their informed consent
to voluntarily participate in the study, underwent a clinical examination, and answered
several questionnaires. Of this study population, 16 participants were already diagnosed
with CTS and were excluded from the analysis. Of the 8703 participants, 4701 with no
missing data were included in the study.

2.3. Cohort B (2012-2018)

The second follow-up study was conducted in 2012 when the cohort was 46 years
old. In total, 7071 participants gave their written consent to voluntarily participate in the
study, underwent a clinical examination, and answered several questionnaires. Of these,
225 participants were diagnosed with CTS before the second follow-up study and were
excluded. Finally, 4548 participants were complete cases and were included in the study.

2.4. Data Collection 1997 and 2012

The participants attended the clinical examination and answered several question-
naires. We measured their weight and height, their waist and hip circumference and
calculated their body mass index (BMI) and WHR. BMI, waist circumference and WHR
were divided into three categories according to WHO: normal (18.5-24.9 kg/m?), over-
weight (25.0-29.9 kg/m?) and obese (>30 kg/m?); low risk (<94 cm for men and <80 cm for
women), intermediate risk (94-102 cm for men and 80-88 cm for women), and high risk
(>102 cm for men and >88 cm for women); low risk (<0.95 for men and <0.80 for women),
intermediate risk (0.96-1.0 for men and 0.81-0.85 for women), and high risk (>1.0 for men
and >0.86 for women), respectively.

Socio-economic status was defined according to Statistics Finland’s Classification of
Socio-economic Groups 1989 [26]. This classification divides people into nine categories:
farmers, entrepreneurs, upper and lower clerical workers, manual workers, students,
pensioners, the unemployed and the unknown. The socio-economic status variable was
formed by the following groups: (1) upper clerical workers, (2) lower clerical workers,
(3) entrepreneurs, (4) farmers and manual workers (combined), and (5) students, pensioners,
and unemployed (combined). If the status was coded as unknown, it was handled as
missing data. Information on regular smoking, diabetes, rheumatoid arthritis and thyroid
diseases was collected. Cohort A included complete cases and was followed up from 1997
to 2012 (n = 4701), and Cohort B from 2012 to 2018 (n= 4548), forming a total study sample
of n =9249.

2.5. Data on Diagnosed Carpal Tunnel Syndrome

The data on diagnosed CTS were provided by the Care Register for Health Care, which
is a national register covering public and private hospital data in Finland. It identifies over
95% of hospital discharges and 80-99% of common diagnoses [27]. It contains information
on patients’ demographic characteristics, diagnoses, surgical procedures and admission
and discharge dates. The diagnoses are coded according to the International Classification
of Diagnoses (ICD). According to the eighth revision of ICD 1981-1986, CTS was coded as
357.2; in line with the ninth revision of ICD 1987-1995, as 354.0; and according to the tenth
revision in 1996-2016, CTS was coded as G56.0. The diagnoses were obtained from hospital
data covering inpatient and outpatient data in specialist care. In specialist care in Finland,
the diagnosis of CTS is based on clinical findings and positive electroneuromyography
(ENMG) findings.

2.6. Statistical Analyses

The Cox proportional hazards regression model was used to study the association
between baseline characteristics and CTS, controlled for panel data. First, we ran sex-
specific age-adjusted models or age- and sex-adjusted models for both sexes combined. An
association was considered statistically significant if the 95% confidence interval (CI) of the
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hazard ratio (HR) did not include 1. In these cases, the variables associated with CTS were
added to the full models. BMI, waist circumference and WHR were added to the models
one at a time. Next, both BMI and waist circumference were added simultaneously to the
models. Finally, a multiplicative interaction between BMI (continuous variable) and the
other baseline factors was tested.

3. Results

The mean follow-up time was 14.69 (SD 1.66) years for Cohort A, 4.48 (SD 0.41) years
for Cohort B and 9.67 (SD 5.25) years for both cohorts combined. A total of 290 participants
(3.1%) were diagnosed with CTS during follow-up. The incidence of CTS was higher among
women than among men, as, during the follow-up, 4.0% of women and 2.2% of men were
diagnosed with CTS. We also found that 51.7% of the study population had increased BMI.
In the univariable analysis of both genders combined, overweight and obesity measured
by BMI, increased waist circumference, and increased WHR were also associated with
CTS (Table 1). The results of the sex-specific analyses for women were similar to those for
both genders combined. Among men, obesity and increased waist circumference were
associated with CTS (Table 2).

Table 1. Age-adjusted hazard ratios (HR) with 95% confidence intervals (Cl) of diagnosed carpal
tunnel syndrome among men, women and both genders combined (1 = 9249). NA = not applicable.

Characteristic Women Men Both Genders
n Cases HR 95% CI n Cases HR 95% CI n Cases HR 95% CI
Sex
Men 4408 96 4408 96
Women 4841 194 4841 194 1.95 1.47-2.57
Occupational class
Upper clerical workers 866 16 1 918 3 1 1784 19 1
Lower clerical workers 1729 66 1.77 1.00-3.12 780 12 4.49 1.27-15.9 2509 78 2.23 1.32-3.76
Entrepreneurs 265 10 2.74 1.20-6.22 397 8 722 1.92-27.2 662 18 3.50 1.80-6.79
Farmers, manual workers 1743 92 354  2.02-6.20 2139 71 10.09  3.16-32.2 3882 163 453 2.76-7.43
students, pensioners, 28 10 280 125627 174 2 382 064228 412 12 303 145-632
unemployed
Body mass index
Normal 2672 84 1 1798 30 1 4470 114 1
Overweight 1388 61 1.71 1.00-3.12 1965 45 1.53 0.93-2.52 3353 106 1.64 1.24-2.18
Obese 781 49 2.75 1.86-4.06 645 21 2.52 1.32-4.81 1426 70 2.69 1.92-3.75
Waist circumference
according to WHO
Low risk 2213 73 1 2532 46 1 4745 119 1
Intermediate risk 1052 43 1.57 1.06-2.31 1010 26 1.73 1.05-2.84 2062 69 1.63 1.20-2.21
High risk 1576 78 2.22 1.55-3.17 866 24 2.16 1.20-3.87 2442 102 221 1.63-3.00
Waist-hip ratio according to
WHO
Low risk 1417 53 1 1155 23 1 2572 76 1
Intermediate risk 1210 51 1.56 1.06-2.29 2286 52 1.45 0.89-2.36 3496 103 1.51 1.11-2.04
High risk 2214 90 1.87 1.28-2.75 967 21 1.88 0.96-3.66 3181 111 1.86 1.34-2.60
Regular smoking
No 2508 73 1 1896 30 1 4404 103 1
Yes 2333 121 1.90 1.40-2.59 2512 66 1.73 1.07-2.81 4845 187 1.85 1.42-2.40
Diabetes
No 4731 187 1 4326 93 1 9057 280 1
Yes 110 7 1.89 0.89-4.00 82 3 228 0.70-7.36 192 10 2.01 1.06-3.78
Thyroid disease
No 4584 186 1 4346 95 1 8930 281 1
Yes 257 8 0.93 0.46-1.88 62 1 0.86 0.12-6.22 319 9 092  047-1.77
Rheumatoid arthritis
No 4767 191 1 4379 95 1 9146 286 1
Yes 74 3 1.05 0.34-3.27 29 1 1.72 0.24-12.3 103 4 116  0.43-3.12
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Table 2. Sex-specific and combined sexes’ full model hazard ratios (HR) with 95% confidence
intervals (CI) of diagnosed carpal tunnel syndrome for body mass index (BMI), waist circumference
and waist-hip ratio (WHR).

Characteristic Women Men Both Genders
HR 95% C1 HR 95% Cl HR 95% C1
Model 1.
Waist-hip ratio according to WHO
Low risk 1 1 1
Intermediate risk 1.48 1.00-2.17 1.30 0.80-2.13 1.39 1.03-1.88
High risk 1.68 1.15-2.47 1.58 0.81-3.09 1.60 1.14-2.24
Occupational class
Upper clerical workers 1 1 1
Lower clerical workers 1.57 0.89-2.80 4.31 1.21-15.30 2.02 1.19-3.42
Entrepreneurs 2.36 1.04-5.34 6.76 1.79-25.52 3.12 1.61-6.06
Farmers, manual workers 2.94 1.66-5.20 9.09 2.85-28.96 3.84 2.33-6.34
Students, pensioners, unemployed 2.38 1.05-5.38 3.46 0.59-20.40 2.60 1.24-5.46
Regular smoking
No 1 1 1
Yes 1.65 1.21-2.26 1.36 0.84-2.22 1.56 1.19-2.03
Diabetes
No NA NA 1
Yes 1.75 0.92-3.32
Model 2.
Waist circumference according to
WHO
Low risk 1 1 1
Intermediate risk 1.52 1.03-2.24 1.66 1.01-2.73 1.57 1.15-2.13
High risk 2.04 1.42-2.92 1.97 1.10-3.53 1.98 1.46-2.70
Occupational class
Upper clerical workers 1 1 1
Lower clerical workers 1.55 0.87-2.76 4.40 1.24-15.61 2.00 1.18-3.39
Entrepreneurs 233 1.03-5.28 6.77 1.79-25.56 3.10 1.60-6.02
Farmers, manual workers 291 1.65-5.13 9.09 2.85-29.06 3.81 2.32-6.28
Students, pensioners, unemployed 2.32 1.03-5.24 3.39 0.58-19.96 2.55 1.22-5.34
Regular smoking
No 1 1 1
Yes 1.65 1.21-2.26 1.37 0.84-2.21 1.56 1.20-2.03
Diabetes
No NA NA 1
Yes 1.57 0.82-3.01
Model 3.
Body mass index
Normal 1 1 1
Overweight 1.65 1.17-2.33 148 0.90-2.45 1.57 1.18-2.09
Obese 2.48 1.68-3.67 2.21 1.16-4.21 2.35 1.67-3.29
Occupational class
Upper clerical workers 1 1 1
Lower clerical workers 1.55 0.87-2.73 4.22 1.19-14.99 1.99 1.17-3.36
Entrepreneurs 2.44 1.08-5.52 6.61 1.75-25.01 3.16 1.63-6.12
Farmers, manual workers 2.85 1.62-5.02 8.90 2.78-28.50 3.75 2.73-6.17
Students, pensioners, unemployed 2.29 1.01-5.17 3.40 0.57-20.19 2.53 1.21-5.31
Regular smoking
No 1 1 1
Yes 1.66 1.21-2.26 1.38 0.85-2.24 1.57 1.20-2.04
Diabetes
No NA NA 1
Yes 146 0.76-2.80

In the multivariable analysis, BMI was associated with hospitalization for CTS among
women and among both sexes combined (Table 3). The HR was 1.47 (95% CI 0.98-2.20) for
overweight women and 2.22 (1.29-3.83) for obese women. The HR was 1.35 (0.96-1.90) for
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overweight and 1.98 (1.22-3.22) for obesity among both sexes combined. Waist circumfer-
ence and WHR were not associated with CTS.

Table 3. Sex-specific hazard ratios (HR) with 95% confidence intervals (CI) of diagnosed carpal tunnel
syndrome. Full model models for men, women and both genders.

Characteristic Women Men Both Genders
HR 95% C1 HR 95% C1 HR 95% C1
Occupational class
Upper clerical workers 1 1 1
Lower clerical workers 1.53 0.86-2.73 431 1.21-15.35 1.98 1.17-3.37
Entrepreneurs 244 1.08-5.52 6.69 1.77-25.29 3.16 1.63-6.13
Farmers, manual workers 2.82 1.59-4.98 9.01 2.81-28.84 3.74 2.26-6.17
Students, pensioners, 227 100514 342 0582032 253 120-532
unemployed
Regular smoking
No 1 1 1
Yes 1.66 1.21-2.27 1.38 0.85-2.24 1.57 1.20-2.04
Body mass index
Normal 1 1 1
Overweight 147 0.98-2.20 1.26 0.67-2.39 1.35 0.96-1.90
Obese 2.22 1.29-3.83 1.70 0.63-4.55 1.98 1.22-3.22
Waist circumference according
to
WHO
Low risk 1 1 1
Intermediate risk 1.22 0.73-2.03 1.51 0.78-2.92 1.35 0.91-1.99
High risk 1.22 0.62-2.41 1.59 0.59-4.33 1.37 0.78-2.40
Waist-hip ratio according to
WHO
Low risk 1 1 1
Intermediate risk 1.17 0.76-1.81 0.92 0.54-1.56 1.05 0.75-1.48
High risk 0.97 0.53-1.77 0.74 0.34-1.59 0.87 0.54-1.40
Diabetes
No 1
Yes 1.50 0.78-2.88

In the multivariable analysis, lower clerical workers, entrepreneurs, farmers and
manual workers were at a higher risk of CTS than upper clerical workers among both
genders combined, men, and women. After an adjustment for confounding factors, regular
smoking was associated with CTS among women and both genders combined. We found
no statistically significant association between diabetes, rheumatoid arthritis or thyroid
diseases and CTS.

There were no interactions between BMI and gender, between BMI and smoking,
between BMI and socio-economic status, between BMI and WHR, or between BMI and
waist circumference in terms of risk of CTS.

4. Discussion

Our study showed that excess body mass is an independent risk factor for CTS.
However, this association was statistically significant among women and both genders
combined. This finding is in line with those of previously published studies. In 2015,
Shiri et al. published a meta-analysis of 58 studies, which revealed that excess body mass
increased the risk of CTS and that overweight and obesity were associated with CTS in a
dose-response relationship [19].

The mechanisms by which excess body mass increases the risk of CTS are not fully
understood. Adipose tissue in the carpal tunnel may tighten the tunnel, leading to median
nerve compression [28]. Increased pressure in the carpal tunnel may also decrease blood
circulation, leading to median nerve ischemia, demyelination and axonal loss [29]. Another
possible mechanism is metabolic syndrome causing median nerve injury by adipose depo-
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sition, affecting extracellular protein glycation, mitochondrial dysfunction and oxidative
stress [30]. Tenosynovitis in carpal tunnel, caused by inflammation through metabolic
syndrome, is also a potential mechanism [31].

As mentioned earlier, a few previously published studies have found waist circumfer-
ence as a marker of central obesity to increase the risk of CTS in [12,20-22]. In the current
study, increased waist circumference and WHR were associated with an increased risk
of CTS in univariable analysis. However, when we controlled for confounding factors,
the associations did not remain statistically significant. As the multivariable analysis of
the current study shows, BMI is more relevant than waist circumference and WHR for
studying the effect of excess body mass on CTS. It is possible, and even probable, that there
is multicollinearity between BMI and waist circumference or WHR. However, including all
these variables in the same model (Table 3), it seems that BMI is the strongest of these three
to estimate the increased risk of CTS in obesity.

As regards to risk factors for CTS other than those that are weight related, the current
study showed that regular smokers, lower clerical workers, entrepreneurs, farmers and
manual workers are at a higher risk of CTS than non-smokers or upper clerical workers.

Although previous studies have identified potential risk factors for the development
of CTS, the majority of these studies have been cross-sectional. The longitudinal nature of
the study better defines the causal relationship. In the current study, the follow-up period
was long and the sample size was large. The study population was a representative sample
of a single-aged cohort with various socio-economic backgrounds and covered nearly all
people born in Northern Finland in 1966. The participation rates in the follow-up studies
were also very high. Moreover, the specialized care data on diagnosed CTS that we utilized
are reliable and comprehensive, identifying over 95% of hospital discharges and 80-99% of
common diagnoses [27].

The current study has some limitations. We used the Care Register for Health Care
data from only specialist care. In Finland, the healthcare system is divided into health
centers (primary care) and hospitals (specialist care). CTS and suspicion of it are usually
coded under the same diagnosis code in primary care. Because of this, we used only
hospital data. Thus, using only specialist care data might have excluded patients with mild
symptoms and those not willing to visit a hospital. Another limitation of the current study
is that the baseline characteristics might have changed over the long follow-up period.
Finally, residual confounding may have occurred, and the study did not measure all the
risk factors of CTS.

This study showed that BMI is an independent risk factor for CTS and is more relevant
than waist circumference or WHR for estimating the effect of excess body mass on the risk
of CTS. Future epidemiological studies should investigate whether weight loss as a primary
prevention measure decreases the burden of CTS.
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Abstract: Objective: Carpal tunnel syndrome (CTS) is the most common focal nerve injury. People
with CTS may show alterations in central processing of nociceptive information. It remains unclear
whether the central sensitization inventory (CSI) is capable of detecting such altered central pain
processing. Methods: Thirty healthy volunteers were matched with 30 people with unilateral CTS
from the orthopaedic waitlist. Changes to central pain processing were established through psy-
chophysical sensory testing (bilateral pressure pain thresholds (PPT), conditioned pain modulation,
temporal summation) and pain distribution on body charts. Patients also completed pain severity
and function questionnaires, psychological questionnaires and the CSI. Results: Compared to healthy
volunteers, patients with CTS have lower PPTs over the carpal tunnel bilaterally (t = —4.06, p < 0.0001
ipsilateral and t = —4.58, p < 0.0001 contralateral) and reduced conditioned pain modulation effi-
cacy (t = —7.31, p <0.0001) but no differences in temporal summation (t = 0.52, p = 0.60). The CSI
was not associated with psychophysical measures or pain distributions indicative of altered central
pain processing. However, there was a correlation of the CSI with the Beck Depression Inventory
(r = 0.426; p = 0.019). Conclusion: Patients with CTS show signs of altered central pain mechanisms.
The CSI seems unsuitable to detect changes in central pain processing but is rather associated with
psychological factors in people with focal nerve injuries.

Keywords: entrapment neuropathy; conditioned pain modulation; temporal summation; pain
measurement; carpal tunnel syndrome; pressure pain threshold; central sensitization; central
sensitization inventory
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1. Introduction

Carpal tunnel syndrome (CTS) is the most common focal nerve injury [1,2]. It is
defined as a compression of the median nerve as it passes through the carpal tunnel in the
wrist. Classically, CTS symptoms manifest themselves in the median nerve area, although
extramedian or proximal spread of symptoms is frequently reported [3]. This spread of
symptoms has been attributed to changes in the central nervous system such as central
sensitization [4].

Central sensitization is a neurophysiological mechanism that cannot be directly de-
termined in humans. However, in addition to the spread of symptoms, psychophysical
sensory testing can be used to infer the contribution of central pain mechanisms to patients’
presentations. For instance, local and remote mechanical hyperalgesia such as measured
with pain thresholds has been associated with central sensitization [5,6]. Additionally,
temporal summation is related to activity-dependent plasticity within the central nervous
system [7,8]. Several studies have examined the presence of such local and widespread
hyperalgesia in patients with CTS with conflicting results [9,10].

In addition to increased facilitation, a disruption of inhibitory mechanisms is another
central mechanism that can lead to hyperexcitability. Conditioned pain modulation (CPM)
is a psychophysical measure that examines the efficacy of endogenous inhibitory sys-
tems [11]. CPM evaluates whether a painful test stimulus can be modulated by a noxious
conditioning stimulus applied at a remote part of the body. About 70% of patients with
chronic pain show signs of reduced CPM efficacy [12]. To date, only one publication has
examined possible alterations of the descending inhibitory system by means of CPM in
patients with CTS and found reduced efficacy [13].

Whereas these psychophysical sensory tests can provide information about the poten-
tial involvement of central pain mechanisms, they are time consuming and involve costly
equipment. Thus, self-completed questionnaires have been developed to identify the pres-
ence of “central sensitization”. For instance, the central sensitization inventory (CSI) has
been suggested to identify patients with “central sensitivity syndrome” such as fibromyal-
gia, chronic fatigue syndrome, irritable bowel or temporomandibular joint disorders [14].
In addition, the CSI is associated with outcomes after spinal surgery [15]. However, recent
studies question its construct validity. The CSI was originally validated by demonstrat-
ing increasing CSI scores in conditions thought to represent increasing degrees of central
sensitization (e.g., healthy controls, regional chronic low back pain, chronic widespread
pain, fibromyalgia) [14]. Similarly, the cutoff to identify “central sensitivity syndrome” was
determined by receiver operating curve analyses, best distinguishing patients with diag-
noses that are thought to be characterised by central mechanisms (e.g., fibromyalgia) from
healthy controls [16]. Arguably, a more compelling way of evaluating the construct validity
of a tool that is meant to identify central sensitisation is to examine its associations with psy-
chophysical testing. However, recent studies in patients with temporomandibular disorders,
shoulder pain, chronic whiplash and chronic spinal pain found no relationship between the
CSI and psychophysical tests indicating the presence of central pain mechanisms [17-20].
In contrast, other studies have identified a weak correlation of the CSI with mechanical
hyperalgesia and CPM in patients with knee osteoarthritis [21], and CSI scores seem higher
in patients with musculoskeletal pain and more impaired CPM [22]. Of note, evidence is
growing that the CSI is more strongly associated with psychological measures rather than
psychophysical measures indicating central pain mechanisms [18-21,23]. To date, construct
validity of the CSI has only been evaluated in populations with musculoskeletal pain. It
remains unclear how the CSI performs in patients with peripheral nerve injuries.

To improve our knowledge of alterations in pain processing in focal nerve injuries
and the construct validity of the CSI, this study has the following objectives: (1) Identify
alterations in central pain mechanisms in patients with CTS using psychophysical sensory
testing and pain mapping. (2) Investigate whether the CSl is associated with psychophysical
parameters and pain distributions indicative of central pain mechanisms. (3) Investigate
whether the CSI is associated with psychological parameters.
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2. Materials and Methods
2.1. Participants

Thirty patients with unilateral CTS were recruited from Hand and Elbow surgery units
from 12 Octubre Hospital and Severo Ochoa Hospital, both located in Madrid. All patients
were on the orthopaedic surgery waitlist, with at least one year of persistency of symptoms,
had positive Tinel’s and Phalen’s sign and had electrodiagnostic confirmation of moderate
to severe CTS on the affected side according to the American Association of Neuromuscular
and Electrodiagnostic Medicine [24]. Patients were excluded if the electrodiagnostic testing
identified sensory and/or motor deficits of the radial and/or ulnar nerve, if any indication
for nerve root involvement was present (e.g., needle EMG) or if patients reported previous
hand surgeries, previous steroid infiltrations, wrist fractures, diagnoses related to the
cervical spine and upper limb (e.g., cervical radiculopathies, shoulder injuries), or other
musculoskeletal comorbidities (e.g., rheumatoid arthritis and fibromyalgia). Women who
were pregnant were excluded from the study.

The patients were matched for age and sex with healthy controls (HC, n = 30). Those
were recruited through advertisements around the hospitals and university and through
relatives of participating patients. All participants gave informed written consent prior
to participating, and the study received ethical clearance from the two committees of the
participating hospitals CPMP/ICH/135/95 (Severo Ochoa Hospital, December 2017) and
20/092 (12 Octubre Hospital, March 2020).

2.2. Symptom Characteristics and Functional Deficits

The Boston carpal tunnel questionnaire was used to assess symptom severity and
functional deficits. The Boston carpal tunnel questionnaire consists of a symptom and
a function subscale [25]. This questionnaire has been validated in Spanish, with good
levels of internal consistency and reproducibility [26]. The current hand pain intensity was
recorded using a visual analogue scale (VAS), with 0 being no pain and 100 being the worst
pain imaginable.

The presence of neuropathic pain was assessed with the Spanish version of Douleur
Neuropathique 4 (DN4). This version has shown good internal consistency [27]. The
questionnaire consists of an initial part with questions that evaluate a series of neuropathic
symptom descriptors (burning and cold-like pain, electric shock, tingling, pins and needles,
numbness, itching) followed by a short sensory clinical examination (hypoesthesia to touch,
hypoesthesia to pin prick and brush allodynia). A DN4 score of >4 was interpreted as
neuropathic pain [28] and a score < 4 was interpreted as nociceptive pain.

The central sensitization inventory (CSI) is a tool originally designed to identify pa-
tients with “central sensitivity syndrome” [14]. It includes a wide range of 25 questions
covering pain and stiffness, daily function, psychological factors (e.g., anxiety, depres-
sion), fatigue and memory. The Spanish translation shows good reliability and internal
consistency [29]. The patient scores each question from 0 to 4: never, rarely, sometimes,
continuously and always. The total score ranges from 0 to 100 with values over 40 thought
to indicate the presence of “central sensitivity syndrome” [14].

2.3. Signs Indicative of Altered Central Pain Processing
2.3.1. Pressure Pain Threshold (PPT)

PPT is defined as the minimum amount of pressure needed to elicit pain. Measure-
ments of PPT were made using a digital algometer (Model FDX 10®, Wagner Instruments,
Greenwich, CT, USA). This instrument measures the pressure in kg/ cm?. The measure-
ments were made bilaterally (affected and unaffected side) over the carpal tunnel (Supple-
mentary Figure S1). The average of three measurements was recorded, with an interval of
30 s between each measurement to avoid a temporal summation effect. PPT has shown
good reliability and internal consistency [30].
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2.3.2. CPM

For the evaluation of CPM efficiency, an average of three PPT measures was used as
a test stimulus over the base of the dorsal side of the distal phalanx of the thumb of the
affected side (Supplementary Figure S1). The conditioning stimulus involved ischemic pain
using a sphygmomanometer applied on the unaffected arm with a pressure of 200 mmHg
until the subjects reported pain intensity between 5-7/10 on a numerical pain rating scale.
While the sphygmomanometer was still inflated, the PPT measurements were repeated on
the dorsal side of the distal phalanx of the thumb on the affected side. This protocol has
been shown to be adequate to assess the endogenous inhibitory system in patients with
knee osteoarthritis [31]. CPM efficacy was calculated by deducting the PPT after applying
the conditioning stimulus from the PPT obtained before the conditioning stimulus. Positive
values indicate effective pain modulation [32].

2.3.3. Temporal Summation

The measurement of temporal summation was performed using a Model FDX 10®
digital algometer, Wagner Instruments, Greenwich, CT, USA applied to the intensity of the
PPT at the midpoint between the nail and the interphalangeal joint on the dorsal side of the
distal phalanx of the first finger of the affected side (Supplementary Figure S1). Numerical
pain ratings from 0-10 were obtained for a single stimulus followed by a rating after
10 stimuli with a repetition rate of 1 Hz. For the isolated stimuli, the patients were asked to
indicate the onset of pain and rate it from 0-10. The repetitive stimuli were performed in
an area around the same point of the finger with the same pressure that induced the first
onset of pain during the isolated stimulus. The average pain intensity after 10 repetitions
was recorded. The temporal summation ratio was calculated by dividing the average pain
produced by the train of stimuli by the pain produced by the single stimulus. A similar
method has been used and validated previously [33].

2.3.4. Symptom Spread

Patients marked the localization of symptoms on a hand and body diagram [34].
Results were dichotomized into median and extramedian distribution.

2.4. Emotional Wellbeing

To evaluate emotional wellbeing, patients completed the Beck Depression Inventory
(BECK) and the State-Trait Anxiety Inventory (STAI). The BECK consists of 21 elements
related to depressive symptoms (e.g., hopelessness and irritability), specific thoughts
(e.g., guilt or feelings of being punished) and physical symptoms [35,36]. STAI has demon-
strated acceptable psychometric properties in its Spanish version [37].

To assess pain-related fear of movement, the validated Tampa kinesiophobia scale
(TSK) was used. Each item is rated on a four-point Likert scale ranging from “strongly
agree” to “strongly disagree” with a cutoff of 29 points. This questionnaire has shown a
good consistency [38,39].

2.5. Statistical Analyses

The sample size was estimated using the program G*Power 3.1.7 (G*power from
University of Dusseldorf, Germany) [40]. The sample size calculation was powered to
detect between-group differences in PPT measures. Using previously published data
measured over the carpal tunnel area in healthy controls and patients with CTS [41], n = 30
participants are required in each group to detect an effect size of 0.74 with 80% statistical
power (alpha = 0.05, independent t-test). This sample size is sufficient to detect large effects
in correlation analyses (rtho = 0.44, power 80%, alpha 0.05).

We performed the data analysis using the Statistics Package for Social Science (SPSS
20.00, IBM Inc., Armonk, NY, USA). We checked data normality by visual inspection of
histograms and the Kolmogorov—-Smirnov test. Participants’ sociodemographic and clinical
characteristics were summarized using descriptive statistics and summary tables.
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To determine the presence of signs indicative of altered central pain processing, we
employed independent Student’s t-tests to identify differences between healthy and patient
groups for psychophysical variables. The frequency of extraterritorial spread of symptoms
(median/extramedian) was reported.

To identify associations between CSI and psychophysical signs indicative of altered
pain processing, we performed Pearson’s correlation statistics in patient data only. Coeffi-
cients of 0.5 or above were interpreted as a strong correlation, 0.3 moderate and 0.1 small
correlation. We corrected for false discovery rate using the Benjamini-Hochberg correction
(FDR = 25%). We also grouped patients with CTS into those with CSI > 40 and <40 and
explored differences in psychophysical tests and symptom spread with independent t-tests
and Chi squared or Fisher’s exact test statistics as appropriate.

To explore the relationship between CSI and emotional wellbeing (BECK, TSK, STAI) in
patient data, we calculated Pearson correlations coefficients and used Benjamini-Hochberg
correction to correct for a false discovery rate. Unadjusted p-values are reported for ease
of interpretation.

3. Results

Thirty participants were healthy controls (8 men and 22 women with a mean age of
46.23 + 1.36 years), and 30 patients diagnosed with CTS (8 men and 22 women with a
mean age of 48.67 & 1.19 years, Table 1). According to the Boston questionnaire, patients
had on average mild to moderate symptoms and moderate to severe function deficits. The
mean pain intensity was 4.2/10 (SD 2.7). Using the DN4 questionnaire, the most common
pain descriptor was tingling (100%), followed by numbness (96.6%) and electric shocks
(90%). In contrast, hypoesthesia to touch and pinprick was present only in 50% and 60% of
patients, respectively. Twenty-eight patients (93.3%) were classified as having neuropathic
pain according to the DN4.

Table 1. Participant characteristics.

Healthy (n = 30) CTS (n =30)

Female, n (%) 22 (77.3) 22 (77.3)
Age (Years) 46.2 £ 1.36 487 £12
Boston

Severity 2.6 +0.11

Functional deficits 35+0.11
Visual Analogue Scale 42(2.7)
DN4 total score 5.9 (1.6)
Burning, n (%) 11 (36.6)
Painful cold, n (%) 9 (30.0)
Electric shocks, n (%) 27 (90.0)
Tingling, n (%) 30 (100.0)
Pins and needles, n (%) 22 (73.3)
Numbness, n (%) 29 (96.6)
Itching, n (%) 9 (30.0)
Hypoesthesia to touch, n (%) 15 (50.0)
Hypoesthesia to pinprick, n (%) 18 (60.0)
DN4 neuropathic, n (%) 28 (93.3)

Data are shown as mean and standard deviation or n (%).
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3.1. Patients with CTS Have Signs Indicative of Altered Central Pain Processing

There were statistically significant differences between patients with CTS and healthy partici-
pants in the psychophysical variables related to central pain processing. PPTs were reduced in
patients with CTS, indicative of mechanical hyperalgesia compared to healthy controls both on
the ipsilateral (t = —4.06; p < 0.0001) and contralateral side (t = —4.58; p < 0.0001).

Similarly, CPM efficiency was reduced in patients with CTS compared to healthy
controls (t = —7.31; p < 0.01). No differences were found for temporal summation (t = 0.52,
p = 0.60). Data are shown in Table 2.

Table 2. Variables indicative of changes in central pain processing.

Healthy (n = 30) CTS (n = 30) p-Value
PPT affected side (Kg/cm?) 5.9 (2.0) 34(1.7) p <0.0001
PPT contralateral side (Kg/ cm?) 5.9 (2.0) 3.8(2.0) p <0.0001
CPM 2.1(2.0) 0.1(0.9) p < 0.0001

Temporal summation ratio 1.5(0.9) 1.6 (0.9) p=0.60

Data are shown as mean (standard deviation); PPT: pressure pain threshold; CPM: conditioned pain modulation;
p-values reflect Student’s t-tests.

3.2. Association between Central Sensitization Inventory and Signs of Altered Central Pain Processing
The mean CSI in patients with CTS was 32.4 (SD 11.8). Eight patients (26.67%) had a
score > 40.
The CSI did not correlate with any psychophysical signs of altered pain processing
(Table 3). Similarly, there were no differences in psychophysical signs of altered pain
processing if patients were grouped according to the CSI cutoff of >40 (p > 0.600).

Table 3. Correlations between CSI and signs of altered central pain processing in patients with CTS.

Pearson Correlation Coefficient Unadj p-Value
CSI vs. PPT affected side 0.023 0.903
CSI vs. PPT unaffected side —0.042 0.828
CSIvs. CPM 0.276 0.140
CSI vs. temporal summation 0.069 0.719

CSI: central sensitization inventory; PPT: pain pressure threshold; CPM: conditioned pain modulation.

Extramedian distribution of symptoms was reported by 25 (83%) of patients with the
remaining patients reporting a median distribution. No difference was identified for the
proportion of patients with median/extramedian spread of symptoms according to the CSI
cutoff (Table 4).

Table 4. Association between CSI and symptom spread.

CSI Median Extramedian p-Value
>40 1 8

0.521
<40 4 17

p-values reflect Fisher exact test. CSI: central sensitization inventory.

3.3. Association between Central Sensitization Inventory and Emotional Wellbeing

The mean BECK, STAI and TSK scores in patients with CTS were 7.87 (SD 4.91), 24.30
(SD 5.05), and 25.93 (SD 7.62), respectively (Supplementary Table S1). The CSI did not
correlate with the level of anxiety according to STAI (r = 0.026; p = 0.893) and kinesiophobia
according to TSK (r = 0.109; p = 0.566). There was, however, a moderate correlation between
CSI and depression according to BECK (r = 0.426; p = 0.019, Table 5), which survived the
Benjamini-Hochberg correction.
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Table 5. Correlations between CSI and emotional wellbeing.

CTS
Pearson Correlation Coefficient Unadj p-Value
CSI with BECK 0.426 0.019 *
CSI with STAI 0.026 0.893
CSI'with TSK 0.109 0.566

* reflects p-value that remains significant after Benjamini-Hochberg correction.

4. Discussion

Our cohort of patients with CTS has clear indications for the presence of central pain
mechanisms as apparent by local and widespread mechanical hyperalgesia and impaired
CPM compared to healthy volunteers. No changes were apparent for temporal summation.
Of note, there was no association of the CSI with psychophysical measures or symptom
spread indicative of central pain mechanisms. There was, however, a moderate correlation
between the CSI and depression scores, suggesting that the CSI may be more closely
related to psychological parameters than psychophysical measures indicative of central
pain mechanisms in patients with focal nerve injury.

Our cohort of patients with CTS had clear indication of a presence of central pain
mechanisms, although there was heterogeneity among patients. We identified mechanical
hyperalgesia both locally as well as remotely, extraterritorial spread of symptoms and lower
efficacy of CPM. Extraterritorial spread of symptoms in patients with CTS is consistently
reported in the literature [4,42,43] and has been associated with the presence of central
mechanisms. Mechanical hyperalgesia is also commonly interpreted as a sign of central
sensitization [44,45]. Local (and remote) mechanical hyperalgesia has previously been
reported in focal peripheral neuropathies including CTS [9,43,46]. However other patient
cohorts could not confirm this at group level [47,48]. This discrepancy may be attributed to
different recruitment pathways as well as different sites of PPT measurements (e.g., palmar
aspect of index finger, carpal tunnel). Importantly, the large variation in mechanical
hyperalgesia within patients with CTS suggests differing extents of central contributions in
individual patients.

Intriguingly, this is the second study demonstrating impaired CPM efficacy in patients
with CTS (see also Soon et al., 2017) [13]. On the other hand, temporal summation, which is
related to activity-dependent plasticity within the central nervous system [7,8] remained
unaltered in patients with CTS. Whereas we assessed temporal summation with PPTs as
used in other cohorts [33], more established protocols using pinprick stimulators also did
not find group differences between patients with CTS and healthy participants [47]. In
line with our results, temporal summation is often found to be comparable at group level
in other peripheral neuropathies including systemic polyneuropathies [49,50] and other
focal nerve injuries [46,51]. Again though, there is variation within patients, suggesting
that some patients have elevated temporal summation, which may be washed out in
group comparisons.

Of note, we did not identify an association between the CSI and psychophysical
measures and symptom location indicative of altered central pain processing. The CSI was
originally developed as a tool to identify central sensitization characteristics [52]. It was
developed in patients with fibromyalgia, chronic widespread pain and chronic low back
pain, who presumably have stronger clinical phenotypes than the here studied patients
with entrapment neuropathies. Some studies in musculoskeletal pain report a correlation
between the CSI and the spread of pain [21,53]. However, similar to our findings in
patients with peripheral nerve injury, other studies do not find a correlation of the CSI with
symptom spread in people with shoulder pain [20] and whiplash injury [18], questioning
its construct validity.

A recent systematic review reports a high construct validity of the CSI [54]. However,
the included studies compared the CSI to other questionnaires related to pain severity,
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general health, emotional wellbeing or sleep. There may be a reciprocal relationship of these
measures with central pain mechanisms. However, these constructs are not measures of
central sensitisation, which the CSI is meant to evaluate. Surprisingly, not even the original
development of the CSI involved psychophysical measures of central pain mechanisms,
which are considered to be best practice when assessing the manifestation of central
sensitisation in humans [55]. Recent studies have compared the CSI with psychophysical
tests indicative of central pain mechanisms. Of note, most studies find no [17-19] or
only a weak correlation [21,53] between the CSI and psychophysical tests in patients with
musculoskeletal pain. This, together with our findings of no association between the CSI
and psychophysical tests in patients with focal nerve injury, further questions the validity
of the CSI in detecting human correlates of central sensitization.

Intriguingly though, the CSI was associated with depressive symptoms determined
on the BECK in our cohort. Such an association of CSI with psychological wellbeing
has been consistently reported in the literature [17-21,23]. This may not be surprising as
several questions of the CSI explore psychological constructs such as anxiety, feeling sad or
depressed. Whereas, indeed, a decrease in emotional wellbeing is frequently associated
with chronic pain including neuropathic pain [46,49,50,56-58], care has to be taken to not
confuse changes in emotional wellbeing with the presence of central sensitisation [59].
Unfortunately, these two distinct principles are often equated in the clinical literature. We
should note though that whereas psychological parameters were more pronounced in
patients with CTS compared to healthy volunteers in our study, average scores were not
considered clinically relevant. These findings are in line with previous reports in patients
with CTS [42].

4.1. Limitations

Some limitations have to be taken into account. The sample size was calculated to
detect differences in central pain processing between healthy people and patients with
CTS. Whereas it was adequately powered to detect large effects on correlations between
the CSI and psychophysical testing, small or moderate correlations would have been
missed. Inspection of the data, however, clearly demonstrated the absence of trends, and
even if larger samples may have detected significant correlations, these would likely have
been weak.

We recruited patients from surgery waiting lists, which is likely to include more
severe profiles. However, symptom and function severity in our study was comparable
with previous CTS cohorts from primary care [60] and secondary care [42]. The examiner
who performed psychophysical testing could not be blinded to group allocation (CTS vs.
healthy). To minimise bias, the examiner was not aware of the outcome of the CSI and other
questionnaires until after psychophysical testing was performed. As per routine practice in
participating hospitals, the electrodiagnostic test was only performed on the affected side.
Subclinical cases of CTS on the contralateral side may therefore have been missed [61].

4.2. Clinical Implications

Our study confirms the presence of central pain mechanisms in patients with focal
nerve injury. This is of clinical relevance as their presence may be associated with poorer
prognosis in some musculoskeletal conditions [62]. It has also been suggested that the
identification of central pain mechanisms may help personalise management strategies [63],
an area of active research. For instance, duloxetine may be particularly effective in patients
with peripheral diabetic neuropathy who have altered CPM efficacy [64]. Similarly, CPM
efficacy may predict the analgesic effect of non-steroidal antirheumatic inflammatory drugs
plus acetaminophen in patients with knee osteoarthritis [65], and temporal summation
seems to predict pain relief from ketamine in patients with neuropathic pain [66]. Future
studies will have to examine whether the identification of central pain mechanisms may be
important not only for pharmacological management but also beyond (e.g., physiotherapy).
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Most studies of personalised management according to central pain mechanisms
use time-consuming psychophysical testing. A low-cost self-reported questionnaire that
identifies central sensitisation as measured by psychophysical tools would be ideal. Unfor-
tunately, our study adds to the increasing body of evidence that questions the usefulness of
the CSI in identifying central sensitisation according to psychophysical measures. Rather,
our data, together with other studies, consistently suggest that the CSI better reflects
emotional wellbeing. It is crucial that the distinct concept of emotional wellbeing is not
conflated with the neurophysiological concept of central sensitisation in clinical practice.
Nevertheless, even though the CSI may not be detecting “central sensitisation” in a strict
sense, it may still be of value clinically. For instance, CSI scores seem to be associated with
prognostic outcome in certain musculoskeletal conditions [67,68], and this could be further
explored in focal nerve injuries.

5. Conclusions

Our results suggest that patients with CTS have changes indicative of altered central
pain processing. The CSI does not seem to be associated with psychophysical measures
of central sensitization. Rather, the CSI correlates with emotional wellbeing, in particular,
depression scores. These data question the construct validity of the CSI in detecting central
sensitisation in patients with focal peripheral nerve injury.
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Abstract: When carpal tunnel syndrome (CTS), an entrapment neuropathy, becomes severe, thumb
motion is reduced, which affects manual dexterity, such as causing difficulties in writing; therefore,
early detection of CTS by screening is desirable. To develop a screening method for CTS, we
developed a tablet app to measure the stylus trajectory and pressure of the stylus tip when drawing
a spiral on a tablet screen using a stylus and, subsequently, used these data as training data to predict
the classification of participants as non-CTS or CTS patients using a support vector machine. We
recruited 33 patients with CTS and 31 healthy volunteers for this study. From our results, non-CTS
and CTS were classified by our screening method with 82% sensitivity and 71% specificity. Our
CTS screening method can facilitate the screening for potential patients with CTS and provide a
quantitative assessment of CTS.

Keywords: carpal tunnel syndrome; support vector machine; machine learning; tablet app; screening;
manual dexterity; drawing; nerve; pain; mobility

1. Introduction

Carpal tunnel syndrome (CTS) is one of the most common entrapment neuropathies [1].
The initial symptoms are numbness and sensory disturbance from the thumb to the ring
finger; however, because these subjective symptoms do not significantly disrupt their daily
activities, the patients do not seek medical attention [2]. As the severity of CTS increases,
there is a possible failure of thumb motion, and the patients undergo carpal tunnel release
surgery [3], which increases their physical burden. Furthermore, the postoperative out-
come is poor and in some severe cases [4]. Conservative treatments of CTS, such as oral
medications, injections, and wrist support, are expected to be effective if initiated at the
early stage of CTS; therefore, early detection of CTS by screening is desirable.

Accordingly, mobile apps [5,6] have been developed to serve as a simple and objective
screening tool for CTS. These apps have focused on the failure of thumb motion caused by
atrophy of the thenar muscle, which affects manual dexterity, causing patients to be aware
of associated symptoms, such as difficulties in fastening their buttons and writing [7]. In
particular, writing plays an important role in our daily lives; therefore, it is significantly
impacted by the failure of the thumb motion.

Recent advances in sensing technology have proposed pens and motion capture tools
that can measure writing motion [8,9]. However, previous studies could not set up an
experimental environment to measure writing motion because of the special devices and
systems required. Thus, there have been attempts to evaluate writing motion using off-
the-shelf tablets and styluses [10]. Since tablets can measure handwriting pressure and
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altitude—azimuth of styluses, tablet apps have been developed to evaluate writing motion
in dysgraphia [11] and Parkinson’s disease [12]. Moreover, the use of off-the-shelf devices
not only reduces the cost of preparing special experimental environments, but also reduces
medical costs as a result of the early detection of diseases outside of medical institutions,
such as at home [13-16].

We hypothesized that sensory disturbance and the lack of manual dexterity, resulting
from CTS, affect stylus manipulation, and we developed a screening method for CTS, focus-
ing on drawing motion, using a tablet and stylus and verified for its accuracy (Figure 1a).
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Figure 1. (a) A participant using the stylus on the app installed on the tablet. (b) The app screen.
Participants drew a spiral along the blue guide spiral. The longitudinal diameter of the guide spiral
was set to 4 cm to observe their manual dexterity. (c,d) are 3D graphs with the stylus trajectory
on the xy-plane and the pressure of the stylus tip on the vertical axis drawn by non-CTS and CTS

participants, respectively.

2. Materials and Methods
This study was approved by the Institutional Review Board of Tokyo Medical and
Dental University. Informed consent was obtained from all the participants.

2.1. Participants

We recruited 33 patients with CTS and 31 healthy volunteers from July 2020 to March
2021. The CTS group was diagnosed with CTS by hand surgeons in the orthopedic out-
patient clinic based on physical examinations and nerve conduction studies. The nerve
conduction study, including motor and sensory nerve conduction velocity studies, was
performed using Neuropack X1 (Nihon Kohden, Tokyo, Japan). The results were used to
classify the severity of CTS based on the Bland classification [17]. The patients with CTS
answered the Disabilities of the Arm, Shoulder, and Hand (DASH) questionnaire [18]. The
score for question 2 on writing was extracted from the DASH score and recorded as the
DASH score (writing) on a scale of 1-5, with 5 indicating the highest degree of writing
disability. In addition, their pulp pinch strength and grip strength were measured. The
non-CTS group comprised patients who had visited the orthopedic outpatient clinic or had
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been hospitalized for conditions other than CTS and had no hand complaints or abnormal
findings upon examination by the hand surgeons. Participants with a history of upper
extremity disease, injury, or surgery; those with inflammatory diseases such as rheumatoid
arthritis; those with neurological diseases such as stroke, cervical myelopathy, and radicu-
lopathy; and those with psychiatric diseases were excluded from both groups because these
diseases affect hand movement. All the participants were right hand dominant; therefore,
they manipulated the stylus with their right hand. The participants sat on a 40 cm high
chair and placed the tablet on a 70 cm high desk. While drawing, the elbows and ulnar
sides of the hands rested on the desk and the tablet. They drew three spirals, and the last
of the three was analyzed.

2.2. App Design

We developed a tablet app to measure the trajectory and pressure of the stylus tip
when drawing a spiral on a tablet screen using a stylus (Figure 1a). A blue guide spiral
was drawn on the app screen, and the participants used the stylus to draw another spiral
along the guide spiral (Figure 1b). As examples, 3D graphs with the stylus trajectory
on the xy-plane and the pressure of the stylus tip on the vertical axis for non-CTS and
CTS participants are shown in Figure 1c,d, respectively. The longitudinal diameter of the
guide spiral was set to 4 cm to observe their manual dexterity and is expressed by the
polar equation,

r=—0(0 <60 <7n) (1)

where r and 0 represent radius and angle, respectively. After measuring the trajectory and
pressure of the stylus tip, the data were transferred to Elasticsearch (version 7.4, Elastic,
Amsterdam, The Netherlands) deployed on Amazon Web Service.

We used a 1st generation iPad Pro 11” (Apple, Cupertino, CA, USA) and 2nd genera-
tion Apple Pencil (Apple, Cupertino, USA), which were among the most popular tablets
and styluses available at the time. The frame rate of the tablet screen was 120 fps, and the
range of the pressure of the stylus tip was between 0 and 4.166667, which was the custom
unit defined by the tablet’s operating system. To improve the drawing comfort and grip of
the Apple Pencil, we attached a Pencil Barrier 2 (JJT, Tokyo, Japan) to the Apple Pencil and
a paper-like film (MS factory, Kyoto, Japan) to the screen. The app was developed using
Unity (version 2019.2.17f1, Unity Technologies, San Francisco, USA).

2.3. CTS Classification Using a Support Vector Machine

We created a two-class classification model, non-CTS and CTS, using a support vector
machine (SVM) [19], based on the data obtained from the app we developed. To classify
patients into the non-CTS or CTS groups, we prepared four training data points for the
SVM (Table 1).

Table 1. Prepared training data for the support vector machine.

Index Training Data Dimension
©) Jerk of the pressure of the stylus tip 256
@) Jerk of the trajectory of the stylus tip 256
® RMSE ! between the participant’s spiral and 1
the model spiral
@ Maximum pressure of the stylus tip 1

T RMSE: root mean square error

2.4. The Jerk of the Trajectory and Pressure of the Stylus Tip

We preprocessed time-series data of the trajectory and pressure of the stylus tip
measured by the app we developed (Figure 2) and used them as training data for the SVM.
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Figure 2. We calculated the jerk from the time-series data of pressure of the stylus tip and extracted
the first 512 elements, then applied the Hanning window function and fast Fourier transform (FFT).
Finally, the Nyquist frequency, which is half of the sampling frequency, was used as training data.

Firstly, we calculated the jerk from the trajectory and that from the pressure of the
stylus tip for each participant. This was because the velocity of the stylus movement and
the pressure of the stylus tip differed among the participants. The sampling frequency was
120 Hz. The first 512 frames were extracted from each jerk due to the following two reasons:
The first was to enable a classification independent of the time used to draw the spiral—all
the participants used more than 5 s to complete the drawing; therefore, we obtained data
on a duration less than 5 s for any participants (Figure 3). The second reason was to ensure
a quick computation of the fast Fourier transform (FFT) described below when the number
of data points is a power of two [20]. We divided the 512 frames into 16 chunks; thus, each
chunk consisted of data from 32 frames. Finally, we obtained the frequency components by
applying the Hanning window function and FFT to each chunk. Each chunk was converted
into 32 frequency components. According to the Nyquist-Shannon sampling theorem,
frequency components of up to 60 Hz, which was half of the sampling frequency, were
used as the training data. At the end of the training, a 256-dimension dataset (16 chunks x
16 frequency components) was obtained for each participant.
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Figure 3. All participants took at least 5 s to complete the drawing.

2.5. Root Mean Square Error between the Participants’ Spirasl and the Model Spiral

We calculated the root mean square error (RMSE) between the spirals drawn by the
participants and the model spiral. The spiral was not in the Cartesian coordinate system
(Figure 4a) but was transformed into a polar coordinate system with 8 (0 < 6 < 2m) to
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simplify the observation. We then obtained the spiral plotted with 8 on the horizontal axis
and r on the vertical axis (Figure 4b) and calculated the RMSE.
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Figure 4. (a) Spiral plotted in the Cartesian coordinate system. (b) Spiral plotted with 8 on the
horizontal axis and r on the vertical axis. The solid line is the spiral drawn by a non-CTS participant,
and the dashed line is the model spiral. We calculated the root mean square error between the solid
and dashed lines.

The section from the start of the spiral to 27t was excluded from the observation
area. This was because when the participants started drawing from a position off the
starting point, noise was generated (Figure 4b). We tried to eliminate this noise by using
thresholds of 8 and r, but this was difficult because the noise generated was different for
each participant.

2.6. Statistical Analysis

We used a two-tailed Student’s t-test to compare the age in years of the participants
and a Chi-square test to compare sex between the non-CTS and CTS groups. The CTS
group was divided into patients with grades 1-3 and those with grades 4-6 based on the
Bland classification [17], and we compared DASH score, DASH score (writing), pulp pinch
strength, grip strength, and disease duration between the patients with grades 1-3 and
those with grades 4-6 using the Mann-Whitney U test. The RMSE between the spiral
drawn by the participants and the model spiral and the maximum pressure of the stylus
tip between the non-CTS and CTS groups were compared using the Mann-Whitney U test.
In addition, we compared their data between the patients with grades 1-3 and those with
grades 4-6. A p value of <0.05 was considered a statistically significant difference.

Regarding the SVM, leave-one-out cross-validation was used for classification accu-
racy verification. The hyperparameters, such as the degree of the kernel function and
regularization parameter, for the SVM were tuned so that the cutoff values of the receiver
operating characteristic curves were close to the upper left of the graphs.

Our analyses were performed using Python (version 3.7.3, Python Software Founda-
tion) and a machine learning library, scikit-learn (version 0.21.3, scikit-learn developers).

3. Results
3.1. Participant Characteristics

The characteristics of the participants are summarized in Tables 2 and 3. There was
no significant difference in age and sex between the non-CTS and CTS groups. Between
the patients with grades 1-3 and those with grades 4-6, only DASH score (writing) was
significantly higher in the patients with grades 4-6; there was no significant difference in
the other characteristics.
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Table 2. Characteristics of participants in the CTS and non-CTS groups.

Participant Characteristics Non-CTS ! Group CTS Group p Value
Number of participants, N 31 33 N/A?2
Sex (female), 1 (%) 18 (58.1) 26 (78.8) 0.074
Age in years, median (IQR 3) 64 (55-72) 67 (60-73) 0.280
Bland classification
Grade 1 N/A 1
Grade 2 N/A 4
Grade 3 N/A 15
Grade 4 N/A 1
Grade 5 N/A 10
Grade 6 N/A 2

1 CTS: carpal tunnel syndrome. 2N/A: not applicable. 3 IQR: interquartile range.

Table 3. Characteristics of participants in the CTS group, CTS grades 1-3, and grades 4-6.

Participant Characteristics CTS ! Group Grades 1-3 Grades 4-6 p Value
DASH score, mean (SD 2) 26.6 (19.4) 244 (22.2) 29.7 (13.9) 0.300
DASH score (writing), mean (SD) 1.8 (1.0) 1.4 (0.8) 2.3 (1.0) 0.005
Pulp pinch strength (kg), mean (SD) 2.6 (1.5) 3.0(1.6) 2.1(1.0) 0.082
Grip strength (kg), mean (SD) 17.3 (8.8) 18.1(9.7) 16.2 (7.2) 0.807
Disease duration (year), mean (SD) 2.6 (2.6) 2.7 (2.6) 2.4 (2.6) 0.797

1crs: carpal tunnel syndrome. 2 SD: standard deviation

3.2. Root Mean Square Error between the Participants’ Spirals and the Model Spiral

There were significant differences in the RMSE between the participant’s spiral and
the model spiral between the non-CTS and CTS groups (Figure 5a) and between patients
with CTS grades 1-3 and those with grades 4-6 (Figure 6a).
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Figure 5. (a) Comparison of root mean square errors between the participants’ spirals and the model spiral in the non-CTS
and CTS groups. (b) Comparison of the maximum pressures of the stylus tip between the non-CTS and CTS groups. There
were significant differences between the non-CTS and CTS groups in each comparison.
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Figure 6. The CTS group was divided into two groups, patients with CTS grades 1-3 and those
with CTS grades 4-6, based on the Bland classification. (a) Comparison of root mean square errors
between the participants’ spirals and the model spiral in the patients with CTS grades 1-3 and those
with CTS grades 4-6. There was a significant difference between the grades. (b) Comparison of the
maximum pressures of the stylus tip between patients with CTS grades 1-3 and those with CTS
grades 4-6.

3.3. Maximum Pressure of the Stylus Tip

There were significant differences in the maximum pressure of the stylus tip between
the non-CTS and CTS groups (Figure 5b). Contrarily, there was no significant difference in
the maximum pressure between patients with CTS grades 1-3 and those with CTS grades
4-6 (Figure 6b).

3.4. CTS Classification Using a Support Vector Machine

The classification using the data from the jerk of the trajectory of the stylus tip as
training data showed the highest sensitivity, while the classification using the data from
the jerk of the pressure of the stylus tip as training data showed the highest specificity
(Tables 1 and 4 and Figure 7).
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Figure 7. The receiver operating characteristic curve for classification using the jerk of the trajectory
of the stylus tip. The sensitivity and specificity were 82% and 71%, respectively, when the cutoff was
the black point closest to the upper left of the graph. The area under the curve was 0.81.
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Table 4. Classification results of indices of training data described in Table 1.

Training Data Sensitivity, % Specificity, % Accuracy, % AuUC?
©) 76 77 77 0.77
) 82 71 77 0.81
® 61 65 63 0.58
@ 73 65 69 0.58
O+©® 73 81 77 0.79
D+0 76 77 77 0.77
O+® 76 77 77 0.77
@+0 82 71 77 0.81
@Q+® 82 71 77 0.81
@+® 58 84 70 0.70
O+@+0 73 81 77 0.79
O+@+0® 73 81 77 0.79
O+®+® 76 77 77 0.78
@Q+®+® 82 71 77 0.81
D+@+®+® 73 81 77 0.79

1 AUC: area under curve

4. Discussion

In this study, we developed a tablet app that measured the stylus trajectory and pres-
sure of the stylus tip for CTS screening. The sensitivity and specificity of the classification
based on the jerk of the stylus tip trajectory were 82% and 71%, respectively (Figure 7).
The tablet app in our study did not show high sensitivity compared to that of a previous
tablet app [5], which showed 93% sensitivity and 73% specificity, and to that of a previous
smartphone app [6], which showed a sensitivity of 94% and specificity of 67%. Contrarily,
our specificity was as high as that of the other apps. Previous screening apps [5,6] focused
on the failure of the thumb motion caused by atrophy of the thenar muscle. We thought
that the apps made it difficult for the patients to perform compensatory movements for the
failure of the thumb motion, which was otherwise capable of expressing the characteristics
of the failure sufficiently. In our study, in contrast, the flexor tendons of the index and
middle fingers compensated for atrophy of the thenar muscle; therefore, it may not have
been as well characterized as that of the apps, which was the reason why our sensitivity
was not as high as that of the apps. However, as an advantage, our method does not
require patients to learn a special game and only involves drawing spirals on a tablet
screen, making it easy even for older adults who are not familiar with games. We believe
that developing screening methods that require a variety of hand motions can help identify
potential patients in the early stages of CTS.

The two sets of training data, the jerk of the trajectory and jerk of the pressure of the
stylus tip, showed higher sensitivity and specificity in this study. This implies that our
screening can be used if any of the data, the jerk of the trajectory or jerk of the pressure of
the stylus tip, are available. Considering that cheap tablets cannot measure the pressure of
the stylus tip but can measure the stylus trajectory, our app will help in identifying various
patients with CTS because it works on cheap tablets.

Regarding the RMSE between the participants’ spirals and the model spiral, there
were significant differences between the non-CTS and CTS groups (Figure 5a), and between
the patients with CTS grades 1-3 and those with CTS grades 4-6 (Figure 6a). Compared to
the non-CTS group and patients with CTS grades 1-3, patients with CTS grades 4-6 had
severe sensory disturbance in the hand and atrophy of the thenar muscle, which seemed to
affect manual dexterity, such as accurate drawing. Contrarily, patients with CTS grades 1-3
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had mild sensory disturbance and pain in the hand, which seemed not to affect accurate
drawing. Additionally, 20 of the patients in the CTS group, comprising the majority, were
classified as having CTS grades 1-3, which may explain why the RMSE did not contribute
to the CTS classification.

A previous study [9] examined manual dexterity by comparing the maximum pressure
of the stylus tip between the non-CTS and CTS groups and reported a significant difference
between the groups. Our study also showed similar results (Figure 5b), but the maximum
pressure of the stylus tip was higher in the non-CTS group than in the CTS group, which
contradicts the observations in the previous study. This could be attributed to the different
writing motion used in their study; their study participants drew Arabic numerals, and in
this study, the participants drew spirals. Since Arabic numerals are one of the characters
that participants are accustomed to writing daily, there is a possibility that individual habits
may interfere and may be falsely tagged as abnormal motion. Furthermore, the writing
accuracy was not examined in the previous study, even though the participants traced the
thinly written numerals with a pen, and it took time to evaluate the ten numerals. Therefore,
referring to another previous study [21], we used spirals that would allow us to finish the
test in a short time and generate consistent data. In addition, while the previous study [9]
did not consider the severity of CTS, we attempted to explore the manual dexterity caused
by CTS by classifying the severity. Finally, the previous study aimed to find indices of
significant differences, while we aimed to develop a screening method, which is a critical
difference between our study and efforts by others.

Additionally, there was no significant difference between the patients with CTS grades
1-3 and those with CTS grades 4-6 (Figure 6b), which meant severe sensory disturbance
and atrophy of the thenar muscle did not affect the maximum pressure of the stylus tip.
To maintain the pressure, the flexor tendons of the index and middle fingers may have
compensated for atrophy of the thenar muscle [9]. Furthermore, forearm muscles may also
have to do with the compensation.

Overall, our analyses implied that severe sensory disturbance and atrophy of the
thenar muscle affected accurate drawing, but not pressure of the stylus tip.

This study has some limitations. It is difficult to use this screening method if users
develop CTS in their non-dominant hands, since the non-dominant hand cannot draw
as precisely as the dominant hand. Furthermore, this study only examined CTS and
did not examine other diseases, such as cerebral infarction, cervical spondylosis, diabetic
neuropathy, and cubital tunnel syndrome, which also cause a lack of manual dexterity. In
addition, non-disease status, such as muscle weakness based on aging and non-painful
joint deformity, may also affect manual dexterity; therefore, we will attempt to compare the
findings before and after intervention (pre- and post-carpal tunnel release) to control for
the confounding effects of these symptoms, making our method more reliable. This study
examined this method of CTS screening by analyzing the spirals drawn by participants. In
a future study, we will consider comparing the screening accuracy of other shapes, such as
square and sine waves, and incorporate additional parameters, such as altitude-azimuth
of styluses, into training data to improve the accuracy. Our aim is to provide a screening
method for CTS with movements that fit our daily lives, such as writing one’s name.

5. Conclusions

We developed a new tablet app, focusing on drawing motion, for CTS screening that
measures the trajectory and pressure of the stylus tip when drawing a spiral with the stylus.
Our method uses off-the-shelf tablets, which makes it easier to identify potential patients
with CTS and enables quantitative assessment of CTS.
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Abstract: Carpal tunnel syndrome (CTS) is the most common median nerve compression neuropathy.
Its symptoms and clinical presentation are well known. However, symptoms at median nerve
distribution can also be caused by a proximal problem. Pronator syndrome (PS) and anterior
interosseous nerve syndrome (AINS) with their typical characteristics have been thought to explain
proximal median nerve problems. Still, the literature on proximal median nerve compressions
(PMNCs) is conflicting, making this classic split too simple. This review clarifies that PMNCs should
be understood as a spectrum of mild to severe nerve lesions along a branching median nerve, thus
causing variable symptoms. Clear objective findings are not always present, and therefore, diagnosis
should be based on a more thorough understanding of anatomy and clinical testing. Treatment
should be planned according to each patient’s individual situation. To emphasize the complexity of
causes and symptoms, PMNC should be named proximal median nerve syndrome.

Keywords: carpal tunnel syndrome; median neuropathy; median nerve entrapment; neuralgic amyotro-
phy; pronator syndrome

1. Introduction

Carpal tunnel syndrome (CTS) is the most common median nerve compression neu-
ropathy. As its clinical symptoms and presentation are well known, the correct diagnosis
and treatment are evident. However, symptoms at median nerve distribution can also be
caused by nerve compression proximal to the carpal tunnel. This should be remembered
when symptoms are atypical to CTS or persist after carpal tunnel release (CTR).

Proximal median nerve compression (PMNC) is more uncommon than CTS and prob-
ably underdiagnosed. Diagnosis can be difficult due to overlapping symptoms with CTS;
moreover, both can coexist in the same patient [1-6]. In addition, multiple anatomical
features can cause entrapment of the median nerve, presenting various symptoms. There-
fore, successful treatment of PMNC requires a thorough understanding of the median
nerve’s anatomical aspects, comprehension of its pathology and recovery, and experience
interpreting the varying clinical presentations.

Only limited good-quality clinical research exists on PMNC. Most studies are small
hospital-based series of surgically treated patients. No comparative trials have been
published on treatment of PMINC. The largest problem with PMNC is the difficulty in
differentiating whether or not it is a compressive neuropathy.

A literature search was performed in November 2021 in PubMed /Medline. Terms

", “Lacertus syndrome”, “Supracondylar process syndrome”, “Proxi-
mal median nerve compression”, and “Anterior interosseous nerve syndrome” were used.
Abstracts of published articles were read, and full-text versions were reviewed if they
seemed relevant to the subject. All papers reporting data such as symptoms, clinical di-
agnosis, treatment, or outcome after treatment were selected. Articles focusing on only
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diagnostic studies and presenting no clinical features were not included. Only articles
published in the English language were included. Only articles accessible at our facility
were included.

The aim of this review is to summarize the existing literature on PMNC, examine the
variations of this condition, identify related symptoms and signs, and help physicians in
diagnosing and treating PMNC. This paper does not discuss median neuropathies more
proximal in the shoulder such as cervical radiculopathy or thoracic outlet syndrome.

2. Anatomy and Sites of Median Nerve Compression

The literature is filled with different terminology representing a simplified under-
standing of the condition. The same diagnoses with different criteria have been accepted
and used by many clinicians and authors. However, there are reasons why this traditional
division should be reconsidered. Here, we guide the readers across the course of the median
nerve and the compressive points and etiologies of PMNC discussed in the literature.

Median nerve fibers can be traced back to cervical roots of C5-C8 and thoracic root
Thl. C5-C7 form the lateral cord, and C8 and Th1 form a smaller medial cord. Lateral and
medial cords form the median nerve. The nerve then travels across the axilla and the medial
side of the arm with the brachial artery between the biceps brachii and brachialis muscles.

2.1. Supracondylar Process, Ligament of Struthers, and Supracondylar Process Syndrome

Figure 1 shows the anatomy of the elbow. A supracondylar process or a bony spur
about 3-6 cm proximal to the medial epicondyle is present in 1-2% of individuals. The
ligament of Struthers is a fibrous arch between this process and the medial epicondyle [7],
and the median nerve and brachial artery travel underneath it if it exists [8-10]. The
median nerve can become compressed under this bony process or the ligament [9,11,12].
This neuropathy is known as supracondylar process syndrome [8,9,12,13]. The ligament of
Struthers has been described to occur and cause compression of the median nerve even
without the presence of a clinical supracondylar process [13-15].

Median nerve
Supracondylar

process

Struthers'
ligament

Humeral head of
pronator teres

Ulnar head of
pronator teres

Median nerve
between

two heads of
pronator teres

Figure 1. Course of the median nerve at the elbow.

2.2. Lacertus Fibrosus and Lacertus Syndrome

Bicipital aponeurosis or lacertus fibrosus originates from the biceps brachii muscle and
joins the fascia of the pronator-flexor mass (Figure 2). The median nerve and brachial artery
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pass underneath and are prone to compression in forearm pronosupination [2,6,11,14-20].
Persisting median artery has also been described to cause median nerve compression [6].

Median nerve

Brachial artery

Pronator teres

Lacertus
fibrosus

Pronator teres
insertion

Figure 2. Lacertus fibrosus covers the pronator-flexor mass and the median nerve.

Lacertus syndrome (LS) and its symptoms in baseball pitchers were first described by
Bennett in 1959 [21]. It has more recently been popularized by Hagert and Lalonde [22].
Symptoms of LS are described as a loss of key and pinch strength, loss of fine motor skills,
and sense of clumsiness. Hagert states that patients with LS have (1) weakness in median
nerve innervated muscles distal to lacertus fibrosus, (2) pain when compressing the nerve
at the level of lacertus fibrosus, and (3) a positive scratch collapse test. These patients
rarely have paresthesia in the median nerve innervated hand [23]. More simple anatomical
compression tends to lead to more accessible operative treatment.

2.3. Pronator Teres Muscle and Pronator Syndrome

Branches of the median nerve pass the pronator teres (PT), flexor digitorum superfi-
cialis (FDS), flexor carpi radialis (FCR), and palmaris longus (PL) before passing through
the PT muscle (Figure 1) [24]. In most people, the median nerve passes between the humeral
(superficial) and ulnar (deep) head of PT, the prevailing location of the PMNC; in some
people the latter is missing, and the nerve passes only under the humeral head of the
muscle. Rare variations of the nerve passing behind the ulnar head or through the humeral
head of PT have been described [25]. Thickened tendinous bands, fibrous arches, and
intramuscular bands can arise from the muscles [2,6,11,15-18,20,24-27]. Hypertrophy of
the PT muscle might impact the compression [17,25].

Median nerve compression by the PT muscle was first reported by Seyffarth in
1951 [28]. He suggested using the term pronator syndrome (PS), which remains the most
common term to describe PMNCs. By PS, most authors mean various combinations of
symptoms that usually include proximal volar forearm pain at the region of the PT muscle,
with varied median neuropathy such as weakness and sensory changes. Symptoms are
typically provoked by strenuous repetitive activity such as forearm pronosupination.

2.4. Flexor Digitorum Superficialis Arch and Superficialis/Pronator Syndrome

After PT, the nerve courses between the muscles flexor digitorum profundus (FDP) and
FDS. In up to 75% of forearms, the FDS muscle has a fibrous leading edge that can be tight
while covering the median nerve and anterior interosseous nerve (AIN) (Figure 3) [2,11,15-
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18,20,24,29]. Even elbow extension alone can cause median nerve and AIN compression at
the FDS arch in certain forearms [29]. To further distinguish and specify the compressive
point over the median nerve and the very close relation between FDS and PT, the term
superficialis/ pronator syndrome was recently proposed by Tang [30].

Humeral head of
pronator teres

Median
nerve

Radial
artery

Ulnar head
of pronator
teres

FDS arch,
reflected

Anterior
interosseous
nerve

Figure 3. Leading tendinous edge of the flexor digitorum superficialis arch can cause compression of
the median nerve and anterior interosseous nerve.

2.5. Anterior Interosseus Nerve and AIN Syndrome

AIN branches from the main median nerve at about the level of PT and innervates
FDP2, flexor pollicis longus (FPL), and pronator quadratus (PQ). FDP3 is usually innervated
by AIN but can be partially innervated by the ulnar nerve [31]. There are variations on the
origin of AIN, however. When branching from the radial side of the median nerve, it is
more susceptible to compression of musculoaponeurotic arches than when it originates
from the posterior side [16]. A cadaveric study showed that AIN can easily be intraneurally
separated from the main median nerve well above medial epicondyle level, even though
the actual branching happens much more distally. The branch to the FCR arose from
the AIN when dissected proximally [32]. In addition, in cases of trauma, oedema, or
traction, small and less mobile nerves, such as AIN, have been shown to be at greater risk
of injury and avulsions than bigger and more mobile nerves such as the main median nerve
trunk [33-35].

Clearly differentiated from PS, anterior interosseous nerve syndrome (AINS) has been
presented. Duchenne [36] reported one case of isolated palsy of the FPL already in 1872,
but Kiloh and Nevin first described AINS in 1952 [37]. It is characterized by weakness or
paralysis of FPL, FDP2, and PQ without sensory changes. Many authors discriminate an
incomplete AIN palsy from a complete AIN palsy, and the term pseudo-AINS is also used
for incomplete cases. It is debated whether AINS is a compression neuropathy or not.

2.6. Other Compressive Structures

On rare occasions, patients have been described to have other compression points,
including vascular structures, thrombosis of crossing vessels, enlarged bicipital bursa,
scar, hypertrophic brachialis muscle, and anomalous muscles surrounding the median
nerve [11,15-17,20,38,39].

2.7. Distal Course of the Median Nerve

The palmar cutaneous branch of the median nerve (PCBMN) emerges about 5 cm
proximal to the wrist crease. It usually runs between the tendons of FCR, and PL. PCBMN
gives sensory branches to the skin at the palm and thenar area. Anatomical variations
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exist. The main median nerve then continues inside the carpal tunnel dividing into a motor
branch to the thenar and a sensory branch to the thumb, index, long, and radial side of the
ring finger.

2.8. Other Conflicting Factors
2.8.1. Martin-Gruber Anastomosis

Martin-Gruber anastomosis is an anomalous nerve connection from the median nerve
to the ulnar nerve. It is prevalent in about 20% of the population [40]. Multiple branching
variations have been described, but the two most common are from the main median nerve
trunk before the pronator teres branch and from the AIN branch. Its significance appears
in high ulnar nerve injuries when the normal median nerve can preserve a better distal
sensory and motor function in the ulnar nerve distribution. Conversely, neuropathy in the
median nerve can sometimes lead to symptoms in the ulnar part of the hand. Therefore,
proximal median nerve compression can result in more diverse symptoms that would
normally be expected [31,41].

2.8.2. Nerve Lesions and Renervation

Classifications for nerve injury have been described by Seddon [42] and Sunder-
land [43]. However, nerve injury can also be a mixture of the different grades and has a
varying potential for recovery. Symptoms of momentary ischemia by external compression
resolve quickly, but scarring by prolonged compression or axonal damage requires surgical
decompression to enable nerve recovery. More difficult injury takes longer to heal and
renervation speed is limited. Chronic denervation leads to permanent muscle fibrosis.
Within these physiological boundaries, decisions must be made regarding the need for
surgical intervention.

2.8.3. Double Crush Syndrome

Double crush syndrome was first hypothesized in 1973 by Upton and McComas [44].
Their clinical and electrodiagnostic observations led to the suspicion that one compression
site of a nerve makes it more susceptible to other compressions. This clinical hypothesis
was later confirmed in animal models and humans, as nerve compression leads to changes
in axoplasmic flow and decreased transport of neurotrophic substances [45].

Distal median nerve compression, CTS, is more common than PMNC. Some patients
with CTS experience pain also in the proximal arm and shoulder. In 1996, Lundborg
suggested the term reverse double crush to reflect that a distal compression of a nerve
predisposes it to proximal compressions and symptoms [46].

With the understanding of double or multiple crush syndromes, it has also been
proposed that because there are many smaller potential sites of compression of the median
nerve, all of which are asymptomatic by themselves, the cumulation of these compressions
may eventually result in clinical problems for the patient. In addition, more general factors
impairing the function of nerves, such as smoking, alcoholism, diabetes, and thyroid
disease, are independent crushes themselves that need to be addressed [45].

2.8.4. Neuralgic Amyotrophy

In 1948, Parsonage and Turner reported an unusual syndrome of pain and paralysis
around the shoulder in soldiers during the war years [47]. The name neuralgic amyotrophy
(NA) was proposed, but named after the physicians, Parsonage-Turner syndrome has also
been used for this condition. NA can be presented in multiple ways, but classically sudden
pain at the top of the shoulder blade develops, lasting for a few days or weeks, eventually
leading to paralysis of the shoulder girdle. Most patients with NA have difficulties in
scapulothoracic movements, resulting in scapular winging, typically affecting the long
thoracic and suprascapular nerves. Some patients develop median nerve sensory changes,
and, like AINS, some patients also develop weakness of the AIN innervated muscles. The
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pathophysiology of NA remains unknown and likely includes genetic, autoimmune, and
mechanical factors [48].

3. Clinical Presentation
3.1. Symptoms

Differential diagnosis for PMNC should include CTS but also nerve root compression
at the cervical spine and compression at the brachial plexus such as TOS. Cervical radicu-
lopathy usually causes more severe pain than PMNC and the pain radiates from the neck
to the distal hand. TOS is a condition in which symptoms can consist of nerve, artery or
vein compressions. However, due to variations in anatomy and multiple possible sites of
compression, the symptoms vary across patients, and diagnosing TOS can be difficult.

The most common symptom in PMNC is pain at the proximal volar forearm, hand or
fingers [2—4,15,17,19,26,49-51], sometimes radiating to the elbow, the axilla, and the head [52].
Patients may complain of aching discomfort, stiffening of the muscles in the forearm, cramp-
ing, clumsiness, loss of strength, and tonic flexion position of the fingers [15,17,28,51,52].
Flexion weakness of fingers can be wide-ranging or limited mostly to the AIN-innervated
muscles FPL and FDP2 [23,53,54]. Symptoms typically begin insidiously but occasionally
rapidly after muscle sprain or an episode of activity [15,17,19]. They might be work-related
in various tasks ranging from writing or reading to heavy manual work with forceful
forearm rotations and gripping, e.g., when using a screwdriver, carrying heavy objects or
hammering [15,26-28,50,54]. Such sports as weight training, rowing, and racket games are
possible predisposing factors [17,50,55]. In PMNC, symptoms are usually aggravated by
activity but can resolve with rest and return when work resumes [28,50].

Many patients complain of numbness, tingling or sensory loss in the median nerve
distribution area, sometimes in the palmar cutaneous branch of the median nerve [2—4,15,17,
26,28,49,51,56]. The difference between patients with PMNC and CTS is that with proximal
compression patients usually do not experience the nocturnal awakening typically associated
with CTS [2,17,26,50,52]. In addition, CTS does not cause paresthesias in the PCBMN. Both in
a series of 343 patients with CTS and in another series with 101 patients, about 6% of patients
were also diagnosed with PS [2,50]. In a third series, out of 146 patients who had undergone
CTR, 13% were later diagnosed with PS [57].

The main symptom described in classic AINS is the partial or full disappearance of
pinch grip between the thumb and index finger, usually unilaterally. Loss of PQ strength
is more difficult to notice [58]. AIN is a motor nerve, so no sensory alterations occur. Pro-
dromal pain in the shoulder, arm, or elbow may be present. The aetiologies of anatomical
compression, physical exertion, repetitive activity, infection, vaccination, pregnancy, supra-
condylar humerus fracture on children, sleeping on an arm, forearm immobilization, and
surgery unrelated to AIN (e.g., shoulder arthroscopy) have been described, but sometimes
there is no apparent cause [18,33,35,59-65].

3.2. Clinical Findings

All possible median nerve compression sites should be examined, especially in the
carpal tunnel, with tests such as Phalen’s, Durkan’s, or Tetro’s test. Many patients have
positive findings for PMNC and CTS simultaneously [17]. Concomitant ulnar nerve com-
pression must be examined [66]. Thenar muscle tenderness can occur because of proximal
problems in the median nerve [28]. In rare cases, muscle atrophy in the forearm can appear
as well as atrophy of the thenar muscle [15].

All clinical tests for PMNC are subjective reports made by the examiner, which makes
the diagnosis difficult and requires clinical experience. Because a troubled nerve has a
lower threshold to withstand pressure, clinical tests that compress the nerve even more
are designed to provoke patients’ symptoms (Figure 4). Sensitivity and specificity of these
tests have not been defined.
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Figure 4. Manual compression of the median nerve at lacertus fibrosus (A) or at pronator teres and
FDS arch (B) produces local pain and even distal paresthesia, indicating a nerve compression at that
level. Compression test must also be performed at the Struthers’ ligament proximal to the elbow
joint level.

A classic finding in AINS is weakness or inability to make an “OK sign” due to
dysfunction of FPL and FDP2 (Figure 5) [18,58-60]. However, patients with other PMNCs
may present with this finding along with other muscle weaknesses [23,28,50]. In addition,
AINS is sometimes mistaken for FPL tendon rupture [59].

Figure 5. FPL and FDP2 weakness in the right hand and inability to make the OK sign indicates
nerve injury proximal to the muscles mentioned.

Figure 6. Resisted wrist (A), FDP2 (B,C), and FPL (D) flexion reveals minor weaknesses that the
patient might not have yet registered. Weakness in the muscle indicates compression of the median
nerve proximal to the site of muscle innervation. All tests must be compared with the unaffected side.
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Patients with difficult aching pain in the forearm may only have minor muscle weak-
nesses. Careful, thorough muscle testing, compared with the unaffected side, is imperative
to get a general perception of the neuropathy (Figures 5-9) [23,50,52].

Figure 7. Resisted FDS3 flexion causes pain proximal in the forearm, indicating a nerve compression
at the FDS arch.

Figure 8. Resisted elbow flexion tightens the lacertus fibrosus and compresses the median nerve,
causing local pain and sometimes distal paresthesia (A). Resisted forearm pronation in full supination
tightens the pronator teres and compresses the median nerve (B). Local pain and a loss of pronation
power can be observed compared with the unaffected side.
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Figure 9. Scratch collapse test. With the patient’s elbows flexed at 90 degrees and the arms held at
the sides, the patient externally rotates the arms while the examiner resists the movement (A). After
releasing the resistance of the rotation, the skin on top of the median nerve is scratched (B). Instead of
scratching the skin, the examiner can compress the median nerve at the point of maximal tenderness
(C). After the median nerve irritation, the patient is temporarily unable to resist the rotating force and
the affected arm collapses, indicating a proximal compression of the nerve (D).

Along with symptom-provoking and muscle-weakness testing, sensory dysfunction
must be explored. This can be done with tests for two-point discrimination or Semmes—
Weinstein monofilaments from the median nerve innervated fingers and the PCBMN. As
with muscle weakness, sensory deficits may be mild.

3.3. Electroneuromyography (ENMG)

Special expertise in performing ENMG in PMNC is needed. In PMNC, compression
usually causes only occasional ischemia. Therefore, ENMG studies are neither efficient nor
reliable in finding PMNC, especially in early symptoms, including pain and paresthesia.
Severe clinical findings can only be seen at the late stages of neuropathy [67]. Most studies
of PMNC report positive ENMG findings in a minority of patients [1-4,17,27,51,52,57,68].
However, studies reporting ENMG findings in the majority of patients probably represent
more severe cases [15,69].

In patients with clinically diagnosed AIN weakness, ENMG findings are typically
clearer but sometimes more wide-ranging than clinically expected, as complete or near-
complete denervation can be seen in FPL, FDP2, and PQ [18,58,59,70]. The injury site can be
more proximal than initially thought [61,68]. Repeated ENMG studies can track recovery.

3.4. Imaging Studies

Some authors suggest radiographs of the distal humerus, possibly revealing the
supracondylar process and the possibility of a ligament of Struthers [12,13].

Ultrasound (US) evaluation of the nerve can be used to identify possible compression
neuropathy and to assist perineural injections. Changes in nerve caliber and muscle
perfusion can help to diagnose median nerve neuropathies if sufficiently severe [1,71-73].

In determining the aetiology of AINS, magnetic resonance imaging (MRI) might be
useful to differentiate between NA and compression and to identify rare tumors in atypical
cases [58,70,74,75]. Fascicular (or hourglass) constrictions of unknown origin, potentially
trauma, inflammation, or autoimmune, are a common finding in recent imaging and
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surgical studies of AINS, suggesting neuritis such as NA. Interestingly, in MRI studies these
fascicular constrictions can also locate at the upper arm level in median nerve fascicles that
distally form the AIN branch [58,70]. Diagnostic imaging might not always be as helpful in
decision-making as clinical evaluation in patients with other PMNCs. Of all patients with
clinically diagnosed PS, 57% tested positive on US, and only 5% were positive on MRI [57].

4. Treatment

Literature on treatment of PMINC consists of heterogeneous hospital-based case series
or reports without comparison of treatments. Most of the reports include surgery, but
the extent of reporting the state of the nerve and whether thorough decompression of
all possible sites of compression was performed varies across the studies. Due to the
complexity of PMNCs, the accuracy of diagnoses can understandably be questioned.

4.1. Non-Operative Treament

A trial of conservative therapy with activity modifications is advisable. As the focus
of management is on relieving pressure over the nerve, forearm pronosupination, gripping,
flexing the elbow, and other strenuous repetitive activities should be diminished. Even
total cessation of strenuous activity can be tried. Job modifications by changing elbow or
forearm position during activity might be useful. Frequent breaks to supinate the forearm
are encouraged if the patient works in front of the computer [17,28,50,55,76]. Good results
have been reported for up to 70% of patients [28,50].

Injecting local anesthetics [28] or corticosteroids [50] to the PT muscle area has been
reported. US-guided injection gave relief of symptoms to PS patients in one series [72].

In patients with AIN weakness, modification of upper and lower arm activity can be
made as in other PMNCs. Different supportive treatments could be tried, but most studies
report only waiting for spontaneous nerve recovery. In the absence of a clear cause or
trauma, most patients with even total AIN palsy can be observed for spontaneous recovery,
with good results [18,62]. Still, in up to 30% of patients, weakness or palsy remains [64].

4.2. Operative Treatment

Currently, no trials comparing operative and non-operative treatment exist, nor is
there a consensus regarding the indications for operative treatment for PMNC. However,
the general expert opinion is that surgical release is warranted in PMNC if symptoms are
progressive or non-operative treatment is insufficient after a 3-month trial [15,61,62,66,69].

When operating on PMNC, all potential sites of pathology, including the ligament
of Struthers, lacertus fibrosus, PT, and FDS arch, should be decompressed [17,51,55]. All
fibrotic bands must be released along the course of the median nerve and AIN at the
level of proximal forearm and distal arm if needed. PT fascia can be elongated to gain
better exposure to the nerve. Afterwards, the compressive site of the nerve presents
with the paucity of vasculature distally and increased tortuosity of the vasa nervorum
proximally [51].

In a series of 27 patients with PMNC treated by Mackinnon, surgical decompression
provided satisfactory outcomes for 93% of patients measured by improvements in strength,
pain, quality of life, and DASH scores [51]. In a series of 55 surgically treated patients
with PMNC, 80% reported good outcomes and 96% would undergo the operation again.
Long progression time of symptoms significantly correlated with persisting symptoms at
follow-up. In 51% of patients, the recovery was immediate, and in 49% it took more than
3 months [15]. Good results have been reported, with up to 90% of patients satisfied with
the outcome [3,4,6,17,20,26,52,54].

A transverse incision [77] and an endoscopic technique [27,69] have been presented
to minimize the length of the scar and to promote faster healing. In the study of Lee and
colleagues [69], all 13 endoscopically operated patients received a significant improvement
in DASH scores [69]. Still, a limited decompression might increase the risk of residual
nerve impingement. With a small transverse incision in the forearm of 21 patients, the
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outcome for 12 (57%) was excellent or good, for 6 (29%) fair and for 3 (14 %) poor in
the series reported by Tsai and colleagues [77]. With a careful clinical examination of the
compressive site, many authors use a small incision with wide-awake local anesthesia
without a tourniquet (WALANT) to treat LS, allowing perioperative testing of strength
recovery after decompression of the nerve [22,23,30].

Patients with one clear mechanical cause or an apparent injury causing the symptoms
seem to benefit from surgery the most. In a case series by Seitz and colleagues [19], all
7 patients with an acute injury to the elbow causing a partial rupture of biceps brachii,
thus tethering the lacertus fibrosus over the median nerve, showed almost immediate
relief of symptoms after surgery [19]. In 44 patients with compression under the lacertus
fibrosus, Hagert [23] showed significant improvement after surgery; in most of them the
improvement was immediate [23]. In addition, releasing the median nerve under the
supracondylar process and the ligament of Struthers led to complete relief of symptoms in
most patients compared with patients with more diffuse compression points [8,9,12-14].

The literature on surgery for AINS is limited to case reports or series that reveal an
inconsistent benefit or varying recovery times. Hill and colleagues reported a series of
24 patients with surgically treated AINS; 8 of these patients returned to full function within
3 months or less, but the rest of them were slower to recover, taking up to 2 years [18].
Ulrich and colleagues noted that 13 out of 14 patients with AINS recovered well after
surgery that was performed 12 weeks after initial symptoms [62]. In a case series by Park
and colleagues, 11 patients with AINS treated conservatively for at least 6 months with no
improvement were then surgically treated; a good outcome was recorded in 10 and a fair
outcome in 1 patient [60]. In another series of 15 patients by Schantz, 9 patients improved
at 7 weeks postoperatively [59]. Spinner reported full or partial recovery in just 3-12 weeks
postoperatively [78]. Interestingly, Hill presented a patient with paralyzed FPL for 4 years
who attained full function at 5 weeks after neurolysis [18].

If surgery is needed, a short immobilization with dressings or a splint for a few days
after surgery followed by active mobilization is advised. After the wound has healed, a
strengthening program is started. Return to work varies but return to sports is advised at
6 to 8 weeks after extensive surgery. Shorter wounds and smaller operations tend to lead to
a much faster recovery, often in just a few days [23,27,69].

While adequate surgical management of PMNC usually gives satisfactory results,
recurrence of symptoms has been described [17]. Even with multiple sites of compression
of the median nerve in the forearm and carpal tunnel, initial management can resolve all
the symptoms, at least temporarily. According to the literature on double crush syndrome,
releasing one site of compression may revive the nerve for a while even if another remains
unreleased, however, recurrence of symptoms is likely [45]. This might be the case with
patients with suspected recurrence of CTS [17,79].

5. Discussion

CTS is widely diagnosed and treated. As PMNC symptoms can resemble CTS, these
two conditions are often confused with each other. As a rarer diagnosis, PMNC might
be underdiagnosed and left untreated. An undiagnosed PMNC might explain why all
the patients with CTS do not recover after CTR [79]. In addition, due to Martin—Gruber
anastomosis, symptoms of PMNC might mimic ulnar neuropathies. This can confuse
diagnosing the condition but may also explain residual symptoms after properly executed
ulnar nerve release.

CTS and PMNC can coexist in the same patient [2,17]. Olehnik and colleagues de-
scribed their protocol for treating patients with symptoms of median nerve compression if
the diagnosis was not certain for either CTS or PMNC. If ENMG is positive for CTS, they
usually recommend only CTR, expecting some of the proximal symptoms to diminish as
well. However, if ENMG is negative for CTS, they strongly advise proximal median nerve
decompression as the initial procedure [4].
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The variability of nerve injury needs to be understood. Compression neuropathies
typically cause only mild changes such as neurapraxia or demyelination at most. When
clinical findings are minor, PMNC is mostly a clinical diagnosis, and many criticize objective
measurements, such as ENMG, to make the diagnosis [23,51]. However, axonopathy can
occur in severe cases, which makes ENMG and other imaging studies necessary. In addition,
poor recovery postoperatively could be due to residual impingement or more difficult
initial nerve injury. The rate of nerve regeneration must be considered when progress
is slow.

Whether nerve decompression surgery is beneficial compared with spontaneous
recovery has been debated. When repetition and posture are related to onset of PMNC, the
treatment should begin conservatively. Work modifications and reduction of strenuous
activity can resolve symptoms by lessening muscle compressions over the nerve. Even
nerve problems resulting from NA, inflammation, transient compression or trauma could
spontaneously recover if the nerve is intact with no scarring. In most studies, if spontaneous
recovery failed after a few months, surgery was performed. Due to a lack of randomized
trials, the benefit of surgery relative to conservative treatment is unknown.

Treatment of AINS remains controversial due to difficulties in properly defining the
cause. In their critical review on AINS, Krishnan and colleagues suggested that AINS is a
form of NA and might not originate from compression in the forearm [64]. ENMG findings
and imaging nerve fascicular contractions with MRI or US could provide clarification [70,71].
Without any evident compression over the nerve, normal regeneration might take place. With
no spontaneous recovery, surgical decompression can be performed, preferably exploring the
distal arm, and decompressing all encountered fascicular constrictions [41,64].

However, AINS can also be caused by compression. In a series of 44 patients with LS
who benefitted greatly from surgical decompression, Hagert found that the most profound
symptom was distinct weakness of muscles FPL, FDP2, and FCR. Only rarely did these
patients have distal paresthesia [23]. In reports of AINS, FCR strength is seldom mentioned.
AINS might sometimes be labelled too eagerly as neuritis, without a thorough clinical
examination to identify a possible site of compression.

Because of potential multiple PMNC sites, some authors suggest separate names for
the syndromes to distinguish them. The difference between LS and superficialis/pronator
syndrome was discussed by Tang in a recent article suggesting the separation of these
two [30]. Both Hagert and Tang encourage a selective mini-invasive technique for decom-
pression with no need to release all potential compression sites. In turn, Sos and colleagues
found no isolated compression over the AIN branch, but a compression proximal to it, in
patients with classical AINS. They concluded that the proximal median nerve trunk must be
explored even in patients without sensory symptoms and stated that there is no interest in
distinguishing AINS from PS. Moreover, they criticized specific tests for nerve compression
sites because they did not correlate with the actual entrapment sites found in surgery [15].
It is not uncommon to encounter two or more compressive structures over the median
nerve in the surgery [3,17]. Mackinnon stated that it is impossible to reliably distinguish
the compressive structures preoperatively and recommended a complete surgical release of
the median nerve and AIN branch to minimize the risk of recurrence [51].

Tight lacertus fibrosus might cause pain, tightness, and swelling of the proximal
flexor-pronator mass during repetitive forearm motion without apparent distal sensation
symptoms, referring to an exertional compartment syndrome [80]. On the other hand,
recent reviews of chronic exertional compartment syndrome of the forearm described
patients characterized by pain in the volar forearm, decreased muscle strength, stiffness,
and paresthesia in the fingers [81,82]. ENMG is negative, and patients benefit significantly
from fasciotomies. The difference between PMNC and chronic exertional compartment
syndrome in the forearm is therefore also questionable. The benefit of surgery could derive
from fasciotomy but also from simultaneous nerve decompression.

This review presented available information of symptoms, diagnosis, treatment, and
outcome of PMNC. Still, understanding of PMNC is far from complete. Good-quality

108



J. Clin. Med. 2022, 11, 3988

References

clinical research is needed. Future research should focus on identifying the natural process
and epidemiology of PMNC. The differential diagnosis between compression neuropathy
and NA remains unclear. The cause of fascicular constrictions in AIN warrants closer
investigations. More detailed information on certain symptoms and related clinical findings
would be useful. Treatment guidelines rely on expert opinion and need to be properly
addressed. Randomized trials are needed to clarify the need for surgery compared with
conservative treatment.

6. Conclusions

Due to variability in anatomy and nerve injury, the findings in PMNC can range from
subtle weakness to palsy and muscle atrophy. As clear objective signs do not always exist,
PMNC is usually a clinical diagnosis with emphasis on tests that provoke symptoms and
identify muscle weaknesses. This must be remembered when interpreting ENMG and
imaging studies. Uncertainty about the etiology and treatment of AIN-related paresis
remains, with some cases apparently caused by compression and others not. Sensory and
motor symptoms of PMNC can mimic CTS, and this should be borne in mind, especially if
CTR does not resolve all CTS symptoms in a patient.

A nerve injury regardless of etiology can recover spontaneously provided that the
nerve remains intact, but pros and cons of surgery should be carefully and individually
weighed if no recovery occurs. If needed, surgical decompression of all possible compres-
sion sites can yield satisfactory results.

In PMNC, several simultaneous compressive structures might exist that could go
unnoticed with an overly limited view. Therefore, the need to separate PMNCs into smaller
anatomy-based syndromes can be questioned, as none of them truly represent the mixture
of overlapping anatomical variations encountered in clinical practice. Before clear progress
in clinical research can be achieved, proximal median nerve-related pain and motor and
sensory symptoms of multiple different etiologies should be named more comprehensively
as a proximal median nerve syndrome.
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Abstract: As surgical management of carpal tunnel release (CTR) becomes ever more common,
extensive research has emerged to optimize the contextualization of this procedure. In particular, CTR
under the wide-awake, local-anesthesia, no-tourniquet (WALANT) technique has emerged as a cost-
effective, safe, and straightforward option for the millions who undergo this procedure worldwide.
CTR under WALANT is associated with considerable cost savings and workflow efficiencies; it can
be safely and effectively executed in an outpatient clinic under field sterility with less use of resources
and production of waste, and it has consistently demonstrated standard or better post-operative
pain control and satisfaction among patients. In this review of the literature, we describe the current
findings on CTR using the WALANT technique.

Keywords: carpal tunnel syndrome; carpal tunnel release; wide-awake anesthesia; local anesthesia;
WALANT

1. Introduction

As the most common peripheral-nerve entrapment disorder worldwide, millions of
individuals are affected by carpal tunnel syndrome (CTS) each year [1-4]. CTS has a wide
variety of risk factors, including demographic (female sex), occupational (repetitive tasks
and postures), and medical (obesity, pregnancy, renal failure, hypothyroidism, congenital
heart failure, and distal radius fractures) [5]. Interestingly, Kasielska-Trojan et al. have even
suggested a role for pre- and post-natal sex steroids in the development of CTS, which
could explain the notably higher prevalence of CTS in the female population [6].

Meanwhile, surgical management through carpal tunnel release (CTR) has continued
to increase in popularity and prevalence [7,8]. With this trend, there has been extensive
research to contextualize the settings and conditions that optimize CTR. Wide-awake,
local-anesthesia, no-tourniquet (WALANT) surgery has emerged as a feasible, safe and
cost-effective option for a wide array of surgical procedures involving the hand, including
CTR. In a 2020 survey of American hand surgeons, nearly 80% reported having performed
WALANT surgeries during their career and over 60% were currently using WALANT in
their practices [9]. Since that time, its popularity and utility has continued to grow, most
notably during the recent COVID-19 pandemic where its feasibility in outpatient settings
and its better infectious-safety profile resulting from the avoidance of aerosol-generating
anesthesia were preferred [10,11].

In this review of the literature, we describe the current findings relating to the use
of WALANT for CTR, particularly as it pertains to cost and efficiency, operative set-up
and resource optimization, complications and safety, patient satisfaction and perspectives,
pain control, and return to functioning. We also discuss contraindications to the use of
WALANT.
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2. Efficiencies and Cost Savings

Efficiencies and cost savings have long been established with WALANT procedures, in-
cluding CTR. Studies that have looked at these issues have particularly focused on: savings
associated with clinic-based surgery; peri-operative metrics such as total procedural time;
direct costs between CTR under WALANT and other types of anesthesia; and its scalability
and applicability in low-resource settings. Additionally, considerable cost savings have
been achieved from optimizing the room set-up and instruments used, which we discuss
in greater detail in the next section.

2.1. Clinic-Based Procedures

It is becoming more common for CTR to be performed in outpatient clinics [12]. As
such, considerable cost savings have been derived from integrating CTR into this less costly
setting. Leblanc et al. originally estimated that the cost of CTR performed in an ambulatory
setting was close to one-fourth of the cost of CTR performed in an operating room [13].
Similarly, Kazmers et al. found that a decrease in costs of an order greater than six-fold was
associated with the performance of open CTR, under WALANT, in the clinic instead of in
the traditional operating room. White et al. demonstrated average savings of nearly USD
400 at their institution when CTR was performed in the clinic instead of in an ambulatory
surgery center (USD 151.92 versus USD 557.07, respectively) [14,15]. In addition to finding
considerable cost savings with clinic-based CTR, Chatterjee et al. calculated an opportunity
cost of USD 2700 when CTR was performed in an operating room instead of a clinic [16].
Moreover, Rogers et al. demonstrated through econometric modeling that office-based CTR
not only achieves cost savings for the individuals involved, but results in significant cost
reductions for the larger health care system and society as a whole [17].

2.2. Time Savings and Workflow Efficiencies

Several studies have also measured the time saved when CTR is performed under
WALANT. When compared with IV anesthesia and sedation, Okamura et al. found that
patients spent more time in the operating room, averaging an additional 13.5 min, when IV
anesthesia was used. Alter et al. and Via et al. found significant time savings for WALANT
patients, measured as the time spent in the post-anesthesia care unit (PACU) (average
savings of 77 and 22 min, respectively, for the two procedures) [18-20]. Patients were able
to leave the PACU more promptly following surgery under WALANT. Kamal et al. created
a clinical pathway specific to CTR under WALANT that involved particular interventions
such as: the administration of local anesthesia in a pre-operative holding room; a CTR-
specific surgical tray; and prompt attention in the PACU. Following implementation of this
pathway, the authors demonstrated a 31% reduction in total costs and 34% reduction in
total time spent by patients at the facility, with no changes in quality of outcomes or patient
experience [21]. Other studies have also demonstrated greater operative throughput and
workflow efficiencies with the incorporation of WALANT [15,22].

In addition, WALANT has reduced the need for historically-based pre-operative
assessments such as standard blood work, electrocardiograms, and chest radiographs. This
allows patients to undergo CTR more promptly and seamlessly [23].

2.3. Estimates of Cost Savings

Several studies have estimated the direct cost savings associated with the use of
CTR under WALANT. One single-center, single-surgeon study found that the total costs
of CTR under WALANT amounted to USD 89.12 compared with USD 1409.28 for intra-
venous (IV) anesthesia [19]. When introducing hand surgery procedures under WALANT,
34% of which were CTR, a military medical center reported it saved USD 393,100 over a
21-month period [24]. One study found absolute cost savings of USD 390 from anesthesia
services alone when performing CTR under WALANT, but the total costs were similar
when controlled for the location of the clinical setting [20]. This finding suggests that
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the majority of cost savings achieved with WALANT are derived from setting-specific
circumstances.

2.4. Scalability and Utilization in Low-Resource Settings

Barriers to surgical care and accessibility in low-resource regions have long been
studied by the academic community [25]. The World Health Organization’s Global Health
Estimate suggested there was an unmet need for over 40 million musculoskeletal-related
surgeries in calendar year 2010 [26]. In this context, use of WALANT with its considerable
cost savings and lower utilization of resources provides an opportunity for drastic improve-
ments in scalability and application in under-served regions. Though not studied for CTR
specifically, Behar et al. and Holoyda et al. have described the successful integration of
WALANT into a variety of hand procedures in clinics and in a teaching hospital in Kumasi,
Ghana [27,28].

3. Operative Set-Up and Resource Optimization

As discussed, it has become increasingly popular for CTR, particularly under WALANT,
to take place in the outpatient clinic. With this trend, it is important to consider how the
procedure room differs from the traditional operating room. First, the use of field sterility in-
stead of main-operating-room sterility has allowed for considerable cost and waste reductions,
without impacting upon the likelihood of surgical site infections (Figure 1) [29-31]. Instead
of needing the full standard set-up for main-operating-room sterility (which includes head
covers, neck-to-knee sterile surgeon gowns, shoe covers, laminar airflow, and full-patient-body
sterile draping), CTR can safely be performed in a clinic’s procedure room with nothing more
than a mask, sterile gloves, and single drape. Importantly, where CTR is performed in such
settings, the absence of costly, specialized ventilation systems such as laminar air filtration
or high-efficiency particulate air filters has not been linked to worse outcomes. Currently,
more than 90% of CTRs by Canadian surgeons are performed under this minimalistic sterility
set-up [32].

() (b)

Figure 1. (a) Intraoperative set-up. Main surgical attending (right) is accompanied by a resident
surgeon (left) during CTR under WALANT using field sterility. (b) Collection of all disposable
materials from one CTR procedure.
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Moreover, with a less complex room set-up, fewer personnel and surgical instruments
are needed for successful execution of CTR. Avoricani et al. showed that hand surgeries
under WALANT can safely be undertaken with a single circulating nurse instead of the
two that are typically required by most institutions. Leblanc et al. showed that a consid-
erable proportion of Canadian surgeons performed CTR without an anesthesia specialist
present [13,33]. Kamal et al., in their clinical pathway for CTR under WALANT, describe
creating an instrument pack specific to the CTR procedure to optimize workflow and
reduce waste [21]. Maliha et al. found that the use of a surgery-specific instrument tray for
trigger-finger release resulted in a 70% decrease in costs when compared with the standard
instrument tray used in a traditional operating room [34]. This has been equally studied
with regard to its applicability to WALANT. While not studied specifically for CTR, it
is reasonable to assume that CTR-specific instrument trays also result in significant cost
reductions and workflow efficiencies. The layout and contents of CTR-specific surgical
tables and instrument trays are shown in Figure 2.

(b)

Figure 2. (a) Close-up of the surgical table in a clinic-based procedure room, holding a single-use tray

of sterile instruments, sutures, wound dressing, gauze, Coban wrap, and a water basin. (b) Close-up
of sterile instruments included in the single-use instrument tray.

4. Complications and Safety

With the striking changes made to CTR by the use of WALANT, it is important
to consider ways in which this could negatively affect outcomes. While complications
are possible with any surgical procedure, some practitioners have feared that certain
complications are more likely to occur as a result of the nature of WALANT procedures.
These complications can be grouped as follows: infection-related complications; bleeding-
related complications; and complications stemming from the use of local anesthesia (most
commonly, a combination of lidocaine and epinephrine).

4.1. Infections

As discussed, procedures under WALANT are often performed with less extensive
sterility set-ups. Thus, it is possible that WALANT could be associated with more surgical
site infections. However, no studies to date have demonstrated higher infection rates
when WALANT has been used, regardless of operative location, type of sterility used, or
composition of personnel present for the procedure [29,30,33,35-39].

4.2. Bleeding

Another potential complication associated with WALANT is increased risk of intra-
operative bleeding from the absence of a tourniquet. The use of epinephrine helps limit
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intra-operative bleeding, though some studies still show an increase in blood loss with
CTR under WALANT. It is important, however, to consider the clinical significance and
interpretation of the reported increases in such intra-operative bleeding. Sasor et al. found
that, on average, only one more milliliter (mL) of blood was lost when CTR was performed
under WALANT than when a tourniquet was used (3.28 mL vs. 4.19 mL). Farzam et al.
demonstrated that Bier block anesthesia was more likely to be categorized as “bloodless or
little blood”, whereas all WALANT surgeries were deemed “bloody field, but performable”.
Saleh et al. found higher bleeding scores among surgeries performed under WALANT, but
noted that the bleeding was always controlled by “simply dabbing the incision site” [40—42].
In a meta-analysis of the literature examining the use of a tourniquet, Olaiya et al. concluded
that tourniquet use provided no clinically significant benefit but instead, as we will discuss,
led to increased post-operative pain [43]. Additionally, Croutzet and Guinand found that
patients were able to safely continue use of anticoagulation or anti-platelet medications when
undergoing hand surgery under WALANT without being at increased risk of intra-operative
bleeding [44].

4.3. Use of Local Anesthesia

Several concerns regarding the use of local anesthesia still exist as barriers to adoption
of WALANT for CTR, despite the literature finding that these risks are exceedingly rare.
Local-anesthetic systemic toxicity (LAST) is a risk of using local anesthesia which is consid-
ered serious and potentially fatal. However, this has not been reported in the literature for
CTR under WALANT and there are several strategies that are in common use to prevent
this such as the co-administration of epinephrine [45].

The use of epinephrine in the local anesthetic used for WALANT comes with its own set
of risks. These can range from minor effects, such as symptoms of an “adrenaline rush” or
transient vasovagal symptoms, to more serious catecholamine-induced arrhythmias [39,46].
Farkash et al. monitored heart rhythms during hand procedures under WALANT and
did not find any arrhythmogenic properties associated with the local anesthesia used.
They concluded that heart monitoring is not needed during these procedures in patients
who have no history of arrhythmias [47]. Another potential risk of using epinephrine
during WALANT is digital ischemia. While case reports have shown instances of digital
ischemia following use of epinephrine in hand surgeries, including CTR, the literature
demonstrates the rarity of such cases in the general population [48-50]. Importantly, 20 mL
of 1% lidocaine with 1:100,000 epinephrine and 8.4% bicarbonate are often all that is needed
for CTR with WALANT (10 mL between the ulnar and median nerves and 10 mL in the
subcutaneous tissue under the incision). This falls below the generally accepted maximal
dose of lidocaine with epinephrine (seven mg/kg, equating to 50 mL in a 70-kg adult) [51].
Additionally, easy access to phentolamine allows for quick and efficacious reversal of any
epinephrine-induced ischemia [52].

5. Pain Control

Pain control in the WALANT technique has been another point of interest. Several
studies have found that WALANT is associated with lower or equal levels of pain when
compared with tourniquet-utilizing techniques, monitored anesthesia care (MAC), or
nerve-block techniques.

5.1. Intra-Operative and Post-Operative Pain Scores

In multiple studies, WALANT was found to be superior to comparison groups in
levels of both intra- and post-operative pain (as measured using a visual analogue scale),
and of analgesic need. Some studies even went as far as attributing most of the patient’s
discomfort to the use of a tourniquet [18,41,42,53,54]. Lech et al. focused on patients aged
80 or older and again found significantly less pain post-operatively in the WALANT group
than in patients who underwent IV regional anesthesia with a tourniquet [55].
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However, the results have not been entirely consistent across studies. While
Far-Riera et al. found that the WALANT group had significantly lower levels of post-
operative pain, with less analgesic need than comparison groups, they reported similar
intra-operative pain across the anesthesia types [56]. Additionally, several studies found
no differences in intra- or post-operative pain between WALANT groups, IV regional
anesthesia groups, or MAC groups [20,57,58]. Beyond these studies of neutral conclusion,
there emerges the possibility that WALANT provides at least an opportunity of decreasing
both intra- and post-operative pain experienced by patients, and in many cases leads to
decreased observable and reported pain.

5.2. Opioid Use

When WALANT was first introduced, there were concerns that patients would need
more analgesia post-operatively since lighter anesthesia was used during the procedure.
However, this has not been the finding in studies that have explored this topic. Aultman
et al. and Miller et al. found minimal differences in opioid use between the WALANT
and MAC cohorts [59,60]. Chapman et al. similarly saw no difference in post-operative
consumption of opioids between WALANT and general anesthesia patients, concluding
that age and gender were more predictive of opioid consumption than anesthesia type [61].
Kang et al. did, however, observe that there was less need for supplemental opioid
injections in the wide-awake group than in the general anesthesia group (12% versus 35%,
respectively), showing that there is a strong possibility that WALANT could be beneficial
in reducing the need for opioids [62]. Additionally, Dar et al. demonstrated that WALANT
patients who were not prescribed opioids following surgery experienced lower pain scores
at 14 days post-operation than patients who underwent similar procedures under MAC [63].
This finding suggests that the need for opioid prescriptions post-operatively might be
reduced after utilizing the WALANT technique. Further studies would be beneficial in
elucidating the possibility that WALANT might decrease opioid use. These initial findings
are promising and confirm that the WALANT technique is not associated with increased
post-operative analgesia need or use.

6. Return to Functioning

The changes to the standard post-operative course of CTR necessary for the use of
WALANT signify that it is possible that patients could have different timelines for returning
to function. Thus far, no studies have suggested that returning to function following CTR
under WALANT is any worse or takes longer. Thompson Orfeld et al. demonstrated that,
following a unilaterally modelled WALANT procedure, patients” driving skills were not
negatively impacted. This suggests it could be safe to drive home following a procedure
under WALANT, which is not the case with other types of anesthesia [64]. Kang et al. and
Igbal et al. found patients who underwent CTR with WALANT reported similar post-
operative functional outcomes as compared with comparison groups who received general
anesthesia or wide-awake anesthesia with a tourniquet [62,65]. Interestingly, Karamanis
et al. showed that functional outcomes after CTR with WALANT did not differ regardless
of the type of local anesthetic used [36].

7. Patient Satisfaction and Perspective

While patient satisfaction with CTR tends to be high, some studies have suggested
that patient satisfaction is even higher with CTR performed under WALANT. We credit
this to many of the reasons we have previously described. Both Ki Lee et al. and Far-
Riera et al. found higher levels of patient-reported satisfaction with CTR under WALANT
compared with either local anesthesia with a tourniquet or general anesthesia with a
tourniquet [53,56]. Moscato et al. showed that a greater level of satisfaction with WALANT
than with other types of anesthesia was consistent across procedural settings [66]. Ayhan
took patient perspective a step further and asked patients in both treatment groups to
use standard dental procedures for their comparison. Patients in the WALANT cohort
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were likely to consider CTR dental procedures easier than patients from the IV regional
anesthesia group [57]. A handful of studies also showed equivalent relative levels of patient
satisfaction between WALANT and comparison groups [20,42,58,59]. Importantly, however,
no studies showed decreased levels of patient satisfaction associated with CTR performed
under WALANT.

In addition, it is important to consider patients” perspectives and possible anxieties
related to undergoing surgery with the WALANT technique. As Morris et al. showed,
WALANT offers a solution for patients who are fearful of general anesthesia and its side
effects. With regard to WALANT specifically, patients were most concerned with hearing
or seeing the procedure as it was being performed and the possibility of feeling pain intra-
operatively [67]. Furthermore, Lee et al. found that anxiety was higher among WALANT
patients when compared with patients who were given local anesthesia with a tourniquet,
although there was no change in overall satisfaction [68]. When compared with general
anesthesia, however, Davison et al. reported that the WALANT cohort had significantly
less pre-operative anxiety [23].

8. Contraindications to WALANT

While discussing the extensive literature evaluating the use of WALANT for CTR,
it is important to clarify circumstances when the WALANT technique is contraindicated.
First, it is essential that patients are comfortable with the idea of remaining awake during
surgery. As discussed, there are multiple concerns and anxieties that may interfere with
the safe execution of CTR under WALANT [67]. It is critical for surgeons to appropriately
manage expectations in patients prior to WALANT procedures, as patients with certain
comorbidities or low thresholds of anxiety may be better suited to alternative anesthesia
methods. Additionally, patients with evidence of peripheral ischemic disease or certain
vasculopathies such as scleroderma, Raynaud’s disease, Buerger’s disease, or a vasculitis
could be at increased risk of adverse events from use of local anesthesia. For this reason, it
is common for institutions not to offer WALANT to patients with any of the aforementioned
conditions [11]. Other conditions that would exclude a patient from WALANT include
allergies or hypersensitivities to any component of the local anesthesia that the surgeon
plans to use, most often lidocaine and epinephrine [69]. While alternatives to lidocaine
have been explored in fields such as dentistry, they have not yet been studied in WALANT.
For these scenarios, traditional anesthesia would thus be indicated.

9. Conclusions

As demonstrated in this review of the literature, the WALANT technique for CTR
is cost-effective, safe, and patient-centered. Furthermore, its utility and prevalence will
continue to grow as health-care systems continue to evolve and greater emphasis is placed
on value-based, accessible care.
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