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Abstract: Neurogenic thoracic outlet syndrome (NTOS) is a chronic painful and disabling condition.
Patients complain about upper-limb paresthesia or weakness. Weakness has been considered one
of the diagnostic criteria of NTOS, but objective comparisons to healthy controls are lacking. We
compared the grip and the key pinch strengths between NTOS patients and healthy controls. Grip
strength was evaluated with a hydraulic hand dynamometer and the key pinch with a pinch gauge.
All the patients with NTOS completed a QuickDASH. We included prospectively 85 patients with
NTOS, 73% female and 27% male. The mean age was 40.4 ± 9.6. They were compared to 85 healthy
subjects, 77.6% female and 22.4% male. Concerning the grip, symptomatic hands of NTOS patients
had significantly 30% less strength compared to control hands (p ≤ 0.001), and 19% less strength
compared to asymptomatic hands (p = 0.03). Concerning the key pinch, symptomatic hands of
patients with NTOS had significantly 19.5% less strength compared to control hands (p ≤ 0.001).
Grip and key pinch strengths had a significant correlation with the QuickDASH (r = −0.515 and
r = −0.403, respectively; p ≤ 0.001). Patients with NTOS presented an objective hand strength deficit
compared to healthy controls. This deficit was significantly correlated to the upper-limb disability.
These findings confirm the interest of hand strength evaluation in the diagnostic process of patients
with NTOS.

Keywords: thoracic outlet syndrome; neurogenic; strength; grip; key pinch

1. Introduction

Thoracic outlet syndrome (TOS) includes all the manifestations resulting from the
compression of the upper-limb neurovascular bundle [1]. Its frequency is not clearly known
and seems to be rare [2,3]. Three distinct forms are usually described according to the type
of involved structures: neurogenic TOS (NTOS), venous TOS and arterial TOS [4,5]. NTOS
is the most frequent form and represents more than 90% of the cases [1,4,6]. It usually
associates anatomic predispositions and various local factors which may lead to intermittent
compression of the brachial plexus at the supraclavicular scalene triangle and/or at the
sub-coracoid space levels [6–8]. NTOS is a chronic painful condition responsible for
functional disability and social impairment [7,9]. It affects mainly women around 40 years
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old in about 70% of the cases [7,10]. Usually, patients complain about upper-limb pain,
paresthesia and weakness, especially during prolonged elevated arm position or during
repetitive upper-limb movements. NTOS remains a challenging diagnosis due to the lack of
specificity of the symptoms, the clinical examination and the radiologic exams [5,7,11–13].
Thereby, guidelines have recently been proposed for a more consensual diagnosis of
NTOS [5,7,14,15].

Weakness is one of the main symptoms frequently reported by patients [5,7,16,17],
and it has recently been proposed as one of the diagnostic criteria of NTOS [5,7,14], but
objective comparisons to healthy controls are lacking [5,7,9,14]. Indeed, objective grip and
pinch strength deficits remain debatable [18], and to our knowledge strength deficit of the
hand in patients with thoracic outlet syndromes has not been studied in patients compared
to healthy subjects. Furthermore, an increase of strength after NTOS management does
not mean an initial deficit [9], because management usually implies physiotherapy and
rehabilitation which include muscular strengthening [4,6]. Objective measurement of the
deficit would be interesting in clinical practice both in the initial assessment as an objective
diagnostic criterion of the disease, but also in the follow-up of the medical/surgical man-
agement. Indeed, there are several validated tools such as hydraulic hand dynamometers
and pinch gauges, that can reliably assess strength at hand level [19–21].

In this study, we aimed to compare the grip and the key pinch strengths between
NTOS patients and healthy control subjects. We hypothesized that patients with NTOS
would have objective hand strength deficit compared to a healthy matching-population.

2. Materials and Methods
2.1. Patients

Since 2015, we have been proposing a specific protocol of rehabilitation for TOS in case
of ineffective external physiotherapy and prior to a possible surgery. Patients are usually
addressed by upper-limb surgeons (vascular surgeons or orthopedists), rheumatologists or
vascular physicians. This protocol is usually proposed to the most disabled patients, in case
of prolonged work prevention or severe quality of life impairment despite well-performed
outpatient physiotherapy. In these cases, patients are potentially addressed to a surgeon in
case of failure of the protocol. The rehabilitation care consists of a full-time hospitalization
of 3 to 4 weeks. Before the beginning of the program, all the patients routinely perform a
medical evaluation, including an upper-limb strength assessment. To be included in the
study, patients had to fulfill diagnostic criteria for unilateral or bilateral NTOS according to
the Consortium for Research and Education on thoracic outlet syndrome [7,14] (Table 1);
they also had to accept the program of rehabilitation. Patients were excluded in case of
other potential diagnosis [5].

2.2. Healthy Control Subjects

Healthy volunteers were recruited in the staff of the University Hospital. The criteria
of exclusion were: history of neck or shoulder surgery, history of rotator cuff tendinopathy,
upper-limb neurologic disorder, and high-level or elite sportspeople.

2.3. Grip and Key Pinch Strength Testing

The subjects were installed in a standardized position [19,20]: they were seated with
their shoulder adducted and neutrally rotated, elbow flexed at 90◦, with the forearm and
the wrist in neutral position. Three successive trials were performed for each test. The
2 hands were evaluated in a random order in case of bilateral NTOS and for the healthy
subjects, too. In case of unilateral NTOS, the non-symptomatic upper limb was tested first.
Grip strength was evaluated with a hydraulic hand dynamometer (Baseline®, Irvington,
NY, USA) and the key pinch with a pinch gauge (Baseline®, Irvington, NY, USA).
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2.4. Grip and Key Pinch Strength Tests Interpretation

We took into consideration the best measure of the 3 trials for the grip strength (kg)
and the key pinch (kg). The reliability previously established by Pearson product-moment
correlation (PPMC) for the best grip strength trial (PPMC: 0.915 on the left side; 0.822 on
the right side) and for the best key pinch trial (PPMC: 0.829; 0.748) were strong when using
a Jamar Dynamometer (Asimow Engineering Co, Los Angeles, CA, USA) and a Pinch
Gauge (B&L Engineering, Santa Fe Springs, CA, USA), respectively [19,22]. An excellent
reliability was secondary shown on an evaluation between hydraulic hand dynamometer
(Baseline®, Irvington, NY, USA) and Jamar Dynamometer (Asimow Engineering Co, Los
Angeles, CA, USA) (ICC from 0.94 to 0.95), and between Pinch gauge (Baseline®, Irvington,
NY, USA) and Pinch Gauge (B&L Engineering, Santa Fe Springs, CA, USA) (ICC from 0.83
to 0.91) [21].

Table 1. Characteristics of the patients with neurogenic thoracic outlet syndrome (NTOS) criteria according to the Consor-
tium for Research and Education on thoracic outlet syndrome [7,14].

Diagnosis Criteria for NTOS n (%)

No other probable diagnosis
Symptoms duration ≥12 weeks

85 (100%)
85 (100%)

Principal symptoms
1a: Pain in the neck, upper back, shoulder, arm, and/or hand.

1b: Numbness, paresthesia, and/or weakness in the arm, hand, or digits.
85 (100%)
85 (100%)

Symptom characteristics
2a: Pain/paresthesia/weakness exacerbated by elevated arm positions.

2b: Pain/paresthesia/weakness exacerbated by prolonged or repetitive arm/hand use.
2c: Pain/paresthesia radiate down the arm from the supraclavicular or infra clavicular spaces.

80 (94.1%)
82 (96.5%)
71 (83.5%)

Clinical History
3a: Symptoms began after occupational, recreational, or accidental injury of the head, neck, or upper

extremity, including repetitive upper extremity strain or overuse.
3b: Previous ipsilateral clavicle or first rib fracture or known cervical rib.

3c: Previous cervical spine or ipsilateral peripheral nerve surgery without sustained
improvement in symptoms.

3d: Previous conservative or surgical treatment for ipsilateral TOS.

45 (52.9%)
5 (5.9%)

18 (21.1%)
80 (94.1%)

Physical examination
4a: Local tenderness on palpation over the scalene triangle and/or sub-coracoid space.

4b: Arm/hand/digit paresthesia on palpation over the scalene triangle and/or sub-coracoid space.
4c: Objectively weak handgrip, intrinsic muscles, or digit 5, or thenar/hypothenar atrophy.

81 (95.3%)
56 (65.9%)

N/A *

Provocative maneuvers
5a: Positive upper limb tension test (ULTT).

5b: Positive 3-minute elevated arm stress test (EAST).
81 (95.3%)
84 (98.8%)

* Strength is the evaluated criteria of the study, and no patient exhibited overt thenar or hypothenar hand muscle atrophy on physical
examination.

2.5. QuickDash Questionnaire

All the patients with NTOS completed a French version of the QuickDASH [23], which
is an 11-item-questionnaire derived from the Disability of the Arm Shoulder and Hand
(DASH) questionnaire [24]. This questionnaire measures physical function and symptoms
in patients with any or multiple musculo-skeletal disorders of the upper limb, and has
previously been used in TOS assessment [25–28]. Participants’ responses are usually
expressed in a disability score, ranging from 0 (no disability) to 100 (extreme disability).

2.6. Pain Assessment

Pain has been evaluated with a numeric rating scale for pain (NRS) [29]. The NRS
recorded pain reported by patients from 0 (no pain) to 10 (worst pain imaginable) before
strength assessment.
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2.7. Ethics

All the participants have been recruited as part of a primary clinical study declared
on clinical trials.gov with reference: NCT04145778. The protocol study was approved on
20 July 2020 by the Committee of Ethics “Comité de Protection des Personnes d’Ile-de-
France II” (registration: 2019-A02787-50), and all the participants gave their verbal consent
to take part into the study. According to the Committee of Ethics agreement, no written
consent was needed for the participants because the study did not modify patients’ usual
care; and the procedure presented minor risks for healthy volunteers from the hospital staff.

2.8. Statistical Analysis

The statistical analysis was performed with IBM SPSS Statistics for Windows, Version
24.0. Armonk, NY: IBM Corp. Quantitative parameters were presented as mean and stan-
dard deviation. Normality of data was tested by Kolmogorov–Smirnov test. Quantitative
variable comparisons between patients with NTOS and healthy subjects were performed
with independent t-tests for independent variables or with Mann–Whitney tests (if not
normally distributed) and qualitative comparisons were performed with χ2 tests. Taking
the hand as unit, we performed a Kruskal–Wallis test followed by a Dunn post hoc test to
compare asymptomatic hands to symptomatic hands in patients with NTOS and to both
hands of healthy controls, considering each hand independently. Spearman’s correlation
coefficients (r) were calculated to assess the association between the hand strength in pa-
tients with unilateral NTOS and the QuickDASH score, the duration of the symptoms and
the pain. This calculation was not possible in bilateral NTOS because only one question-
naire per patient was performed, the duration of symptoms was considered for the oldest
diagnosis, and only one NRS was performed. The correlation coefficient was interpreted as
followed [30]: strong correlation (r > 0.9); high (0.7 < r < 0.9); moderate (0.5 < r < 0.7), low
(0.3 < r < 0.5), negligible (r < 0.3). The significant difference was determined at p < 0.05.

3. Results
3.1. Participants’ Characteristics

We included prospectively 85 patients fulfilling NTOS criteria (Table 1)—73% female
and 27% male (Table 2). The mean age was 40.4 ± 9.6. Fifty-five patients had a unilateral
NTOS (64.7%) and 30 had a bilateral form (35.3%). This group was compared to 85 healthy
subjects, 77.6% female and 22.4% male. Both groups were comparable concerning age
(p = 0.10), height (p = 0.10), weight (p = 0.42) and body mass index (p = 0.09). Mean
duration of the NTOS symptoms was 33.5 ± 21.8 months, with no difference according to
the unilateral or bilateral form of the NTOS, 32.5 ± 19.8 vs. 35.3 ± 25.2 months, respectively
(p = 0.89). All the patients with NTOS underwent an electrodiagnostic testing which
was considered abnormal for 13 patients (15%), and compatible with NTOS: two brachial
plexopathies, and 11 abnormalities of the medial antebrachial cutaneous nerve conduction
(out of 19 evaluations of this nerve).

The mean QuickDASH of patients with NTOS was 58.8 ± 13.4 (ranging from 31.8
to 88.6). The mean QuickDASH was not significantly different between unilateral NTOS
and bilateral NTOS, 58.4 ± 14.3 vs. 59.5 ± 11.6 respectively (p = 0.88). At the time of the
evaluation, mean NRS of pain in patients with NTOS was 5.6 ± 1.6 (ranging from 2 to
8). Mean NRS was not different between unilateral NTOS and bilateral ones, 5.6 ± 1.4 vs.
5.7 ± 1.8 (p = 0.59).
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Table 2. Comparison between patients with neurogenic TOS and healthy controls.

Patients with NTOS
n = 85

Healthy Controls
n = 85 p

Sex:
Female, n (%)
Male, n (%)

62 (73%)
23 (27%)

66 (77.6%)
19 (22.4%) 0.48 a

Age, years ± SD
(min–max)

40.4 ± 9.6
(22–60)

38.2 ± 9.6
(24–67) 0.10 b

Height, cm ± SD
(min–max)

167.2 ± 8.9
(150–192)

169.4 ± 8.2
(155–190) 0.10 b

Weight, kg ± SD
(min–max)

69.0 ± 14.0
(43–105)

67.4 ± 11.9
(48–105) 0.42 b

Body Mass Index, kg/m2 ± SD
(min-max)

24.6 ± 3.9
(17.0–34.2)

23.6 ± 3.2
(17.1–31.8) 0.09 c

NTOS: neurogenic thoracic outlet syndrome; SD: standard deviation. a χ2 test; b independent t-test, c Mann–
Whitney test.

3.2. Hand Strength Assessment

The distribution of dominant and non-dominant hands was not statistically different
between symptomatic, asymptomatic, and controlled hands (p = 0.40) (Table 3).

Table 3. Comparison of hand strength between symptomatic hands, asymptomatic hands in patients with NTOS and hand
controls (Kruskal–Wallis test followed by Dunn post hoc test).

Symptomatic
Hands
n = 115

Asymptomatic
Hands
n = 55

Control Hands
n = 170 F p

Dom / nonDom, n 63/52 33/22 85/85 0.40 #

Grip strength, kg ± SD
(min-max)

25.4 ± 11.5 a***, c*

(5–54)
31.4 ± 10.5 b***, c*

(16–65)
36.3 ± 7.9 a***, b***

(18–62)
73.97 <0.0001

Key pinch strength, kg ± SD,
(min-max)

7.0 ± 2.2 a***
(2.0–13.5)

7.7 ± 1.9 b***
(2.5–12.5)

8.7 ± 1.7 a***, b***
(5.5–16.0)

56.12 <0.0001

Dom: dominant hand; nonDom: non dominant hand; SD: standard deviation; # χ2 test for the 3 populations; a significant difference
between symptomatic hands and controls; b significant difference between asymptomatic hands and controls; c significant difference
between symptomatic hands and asymptomatic hands. Dunn’s test: * p < 0.05; *** p ≤ 0.001.

Concerning the grip, symptomatic hands of patients with NTOS had significantly
30% less strength compared to control hands, 25.4 ± 11.5 vs. 36.3 ± 7.9 kg, respec-
tively (p ≤ 0.001), and significantly 19% less strength compared to asymptomatic hands,
25.4 ± 11.5 vs. 31.4 ± 10.5 kg, respectively (p = 0.03). Grip strength had 13.5% less strength
on the asymptomatic side compared to controls, 31.4 ± 10.5 vs. 36.3 ± 7.9, respectively
(p ≤ 0.001).

Concerning the key pinch, symptomatic hands of patients with NTOS had significantly
19.5% less strength compared to control hands, 7.0 ± 2.2 vs. 8.7 ± 1.7 kg, respectively
(p ≤ 0.001). No difference was found between symptomatic and asymptomatic hands. Key
pinch strength also had 11.5% less strength on the asymptomatic side compared to controls,
7.7 ± 1.9 vs. 8.7 ± 1.9, respectively (p ≤ 0.001).

3.3. Correlation between Hand Strength and Symptoms in Patients with Unilateral NTOS

Grip strength had a significant moderate inverse correlation with the QuickDASH
score (r = −0.515; p ≤ 0.001) (Table 4). Key pinch strength had a significant low inverse
correlation with the QuickDASH score (r = −0.403; p ≤ 0.001). Grip strength and key pinch
strength were moderately correlated (r = 0.626; p ≤ 0.001) (Table 4). There was an absence
of correlation between the NRS of pain and hand strength, both on grip and key pinch
strengths (p = 0.06 and p = 0.08, respectively). No correlation was also found between the
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duration of symptoms and hand strength, both on grip and key pinch strength (p = 0.65
and p = 0.18, respectively).

Table 4. Spearman’s correlation between hand strength and clinical factors of patients with unilateral NTOS (n = 55).

QuickDASH Pain (NRS) Symptoms Duration Grip Strength Key Pinch Strength

Grip strength −0.515 *** −0.261 (p = 0.06) −0.064 (p = 0.65) 1 0.626 ***
Key pinch strength −0.403 ** −0.237 (p = 0.08) −0.184 (p = 0.18) 0.626 *** 1

QuickDASH 1 0.422 *** 0.071 (p = 0.61) −0.515 *** −0.403 **

Spearman’s correlation: ** p ≤ 0.01; *** p ≤ 0.001.

4. Discussion

NTOS is a painful condition responsible for physical and mental disabilities inducing
a decrease of quality of life [7]. Patients with NTOS frequently complain of hand weakness
and loss of strength [5,7]. Yet, this strength deficit has never been clearly and objectively
established especially compared to controls. Indeed, in spite of being a usual diagnostic
criterion [5,14], it is not clear if this potential strength deficit is considered in the relation
to the contralateral side or to normative data. Thus, side to side evaluation would be
impossible in case of bilateral NTOS and the comparison to normative data remains
debatable due to a potential variability according to the studies [31–33].

In this study, we assessed a group of NTOS patients whose clinical characteristics were
typical of the disease. All the patients fulfilled the criteria established by the Consortium
for Research and Education on thoracic outlet syndrome [7,14]. Mean age, sex-ratio and
symptoms duration of our patients were also similar to those in previous studies [7,10,28]
and strength measurements on the symptomatic sides of our patients were comparable to
those of Ruopsa et al. recently published [34]. Electrodiagnostic testing was abnormal in
15% of our patients, certainly due to the lack of systematic evaluation of the conduction
velocity in the medial antebrachial cutaneous nerve, which is reported to correlate well with
a clinical diagnosis of NTOS [35].We showed that patients with NTOS had a significant
strength deficit of the grip and the key pinch of 30% and 19.5% on the symptomatic
sides, respectively, compared to healthy controls. We also showed less strength of 13.5%
and 11.5%, respectively, on the asymptomatic side. It implies that the comparison of the
symptomatic hand vs. the asymptomatic hand may undermine the importance of the
deficit. These findings objectively confirmed the deficit of hand strength frequently and
subjectively reported by patients with NTOS [17,36]. Interestingly, side to side comparisons
showed a 19%-strength deficit of the symptomatic side compared to the asymptomatic one,
but such difference was not found concerning the key pinch.

The reason for the strength deficit is certainly due to the NTOS itself, as previously
shown by Braun et al. [37], who reported an increase of upper-limb strength after scalene
muscle blocks. However, other explanations should be discussed. Indeed, pain condition
at the time of the tests might have influenced the results due to a possible inability to
correctly perform the test [38,39]. Yet, this explanation may have a low influence because
we noticed no significant correlation between strength and pain at the time of the test,
both on the grip and the key pinch (p = 0.06 and p = 0.08, respectively). Furthermore, pain
should have influenced only the symptomatic side, yet we also found strength deficits on
the asymptomatic side. However, we may evoke a link between strength reduction and the
chronic painful condition due to NTOS. Indeed, in chronic low back pain, it has been shown
that patients have cortical changes in the brain associated to impaired motor control of the
spine muscles and consequently difficulties to exert voluntary muscle control [40]. Thus,
we may hypothesize similar modifications in patients with NTOS, which could explain the
strength deficit on the symptomatic side but also on the asymptomatic one. It is particularly
interesting because it has been previously shown that motor training can reverse pathologic
reorganization of the motor cortex in people with chronic pain [41]. Further investigations
using transcranial magnetic stimulation should be performed to explore this hypothesis [42].
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Another reason for the strength deficit could be a decrease of upper-limb activities which
could be responsible for a strength reduction due to under solicitation. However, in such
a case, we could have expected a strength reduction in relation to the duration of the
pathology [43], which is not the case in this study. Taking into consideration the dominant
side in our strength analyses could be discussed, because it has previously been shown
that dominant hands had greater strength than non-dominant ones [32,33]. Yet, this point
may have no influence on our results due to a non-significant difference of repartition
dominant/non-dominant hands into the three groups (symptomatic, asymptomatic and
control hands (p = 0.40)).

In this study, we assessed upper limb disability with the QuickDash questionnaire
whose mean score was 58.8 ± 13.4 without difference between unilateral NTOS and
bilateral ones (p = 0.88). This finding is consistent with previous studies in patients with
NTOS, whose mean QuickDASH ranged from 52.9 to 62.6 [26–28]. We found a significant
inverse correlation between the QuickDASH questionnaire and hand strength (r = −0.515
(p ≤ 0.001) for the grip strength and r = −0.403 (p < 0.01) for key pinch strength). Such
correlation has previously been found in rheumatoid arthritis showing significant inverse
correlation between hand strength and QuickDash but with a weaker association than
in our study (r from −0.404 to −0.409 (p < 0.01) for the grip strength and r from −0.310
to −0.327 (p < 0.01) for key pinch strength) [44]. Our results confirmed a link between
hand strength and upper-limb disabilities. Further studies would be interesting to assess
if strength improvement is associated to a reduction of the disability. Particularly, it
would be interesting to assess the efficiency of our specific rehabilitation program or other
management modalities concerning strength improvement and symptoms relief. In fact,
strength assessment seems very helpful to point out upper-limb weakness during the
diagnostic process [14], and certainly during the follow-up to monitor the efficiency of
treatments as previously shown after surgical procedure [34].

This study has several limitations. Firstly, our results could not be generalized to all the
patients with NTOS because this study only concerned patients addressed to a rehabilitation
center because of an ineffective external physiotherapy, with potentially a more severe
form of NTOS. Secondly, despite comparable anthropometric characteristics, the patients
and the controls might have been different concerning their level of activity, which could
partly have explained the hand strength deficit, especially on the asymptomatic hands of
patients with NTOS. Yet, we have tried to limit this bias by excluding sportspeople. Thirdly,
the variability of measurements in the same individuals with NTOS has not been assessed;
test–retest experiments to determine the reliability of strength evaluation would have been
interesting to exactly know the error of measurement. Finally, we have only been able
to assess the correlation between hand strength and, QuickDASH, pain and symptoms
duration in the group of patients with unilateral NTOS, because in those with bilateral
NTOS these parameters were only assessed once per patient. Yet, these parameters were
comparable between these two sub-groups, which may make the results generalizable to
patients with bilateral NTOS.

5. Conclusions

Patients with NTOS present an objective hand strength deficit on the grip and the key
pinch compared to healthy controls. This strength deficit is significantly correlated to the
upper-limb disability but not to the intensity of pain or to the symptoms’ duration. These
findings confirm the interest of hand strength evaluation in the diagnostic process and the
follow-up of patients with NTOS, especially because it is a simple, fast, and non-invasive
assessment.

Author Contributions: Conceptualization, A.F.-C.; formal analysis, A.F.-C. and P.D.; investiga-
tion, P.M., P.D., G.G., Y.B., B.L. and A.F.-C.; methodology, A.F.-C., P.M., P.D. and M.D.; project
administration, A.F.-C.; resources, G.G. and Y.B.; software, M.D.; supervision, P.A.; validation, P.A.;
writing—original draft, A.F.-C.; writing—review and editing, A.F.-C., P.M., P.D., G.G., Y.B., B.L., P.A.
and M.D. All authors have read and agreed to the published version of the manuscript.



Diagnostics 2021, 11, 874 8 of 9

Funding: This research received no external funding.

Institutional Review Board Statement: The protocol study was approved on 20 July 20 2020 by the
Committee of Ethics “Comité de Protection des Personnes d’Ile-de-France II” (registration: 2019-
A02787-50) and declared on clinical trials.gov with reference: NCT04145778 as part of a primary
clinical study.

Informed Consent Statement: All the participants gave their verbal consent to take part into the
study. According to the Committee of Ethics agreement, no written consent was needed for the
participants because the study did not modify patients’ usual care; and the procedure presented
minor risks for healthy volunteers from the hospital staff.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to ethical reasons.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Sanders, R.J.; Hammond, S.L.; Rao, N.M. Diagnosis of thoracic outlet syndrome. J. Vasc. Surg. 2007, 46, 601–604. [CrossRef]

[PubMed]
2. Illig, K.A.; Rodriguez-Zoppi, E. How Common Is Thoracic Outlet Syndrome? Thorac. Surg. Clin. 2021, 31, 11–17. [CrossRef]

[PubMed]
3. Illig, K.A.; Rodriguez-Zoppi, E.; Bland, T.; Muftah, M.; Jospitre, E. The Incidence of Thoracic Outlet Syndrome. Ann. Vasc. Surg.

2021, 70, 263–272. [CrossRef] [PubMed]
4. Jones, M.R.; Prabhakar, A.; Viswanath, O.; Urits, I.; Green, J.B.; Kendrick, J.B.; Brunk, A.J.; Eng, M.R.; Orhurhu, V.; Cornett, E.M.;

et al. Thoracic Outlet Syndrome: A Comprehensive Review of Pathophysiology, Diagnosis, and Treatment. Pain Ther. 2019, 8,
5–18. [CrossRef] [PubMed]

5. Illig, K.A.; Donahue, D.; Duncan, A.; Freischlag, J.; Gelabert, H.; Johansen, K.; Jordan, S.; Sanders, R.; Thompson, R. Reporting
standards of the Society for Vascular Surgery for thoracic outlet syndrome. J. Vasc. Surg. 2016, 64, e23–e35. [CrossRef] [PubMed]

6. Vanti, C.; Natalini, L.; Romeo, A.; Tosarelli, D.; Pillastrini, P. Conservative treatment of thoracic outlet syndrome. A review of the
literature. Eur Med. 2007, 43, 55–70.

7. Balderman, J.; Holzem, K.; Field, B.J.; Bottros, M.M.; Abuirqeba, A.A.; Vemuri, C.; Thompson, R.W. Associations between clinical
diagnostic criteria and pretreatment patient-reported outcomes measures in a prospective observational cohort of patients with
neurogenic thoracic outlet syndrome. J. Vasc. Surg. 2017, 66, 533–544.e2. [CrossRef]

8. Sanders, R.J.; Annest, S.J. Anatomy of the Thoracic Outlet and Related Structures. In Thoracic Outlet Syndrome; Springer: London,
UK, 2013; pp. 37–44.

9. Lindgren, K.A. Conservative treatment of thoracic outlet syndrome: A 2-year follow-up. Arch. Phys. Med. Rehabil. 1997, 78,
373–378. [CrossRef]

10. Novak, C.B.; Mackinnon, S.E.; Patterson, G. Evaluation of patients with thoracic outlet syndrome. J. Hand Surg. 1993, 18, 292–299.
[CrossRef]

11. Pesser, N.; Teijink, J.A.; Vervaart, K.; Goeteyn, J.; Gons, R.A.; van Sambeek, M.R.; van Nuenen, B.F. Value of Ultrasound in the
Diagnosis of Neurogenic Thoracic Outlet Syndrome. Eur. J. Vasc. Endovasc. Surg. 2020, 59, 852–853. [CrossRef]

12. Dessureault-Dober, I.; Bronchti, G.; Bussières, A. Diagnostic Accuracy of Clinical Tests for Neurogenic and Vascular Thoracic
Outlet Syndrome: A Systematic Review. J. Manip. Physiol. Ther. 2018, 41, 789–799. [CrossRef]

13. Fouasson-Chailloux, A.; Menu, P.; Daley, P.; Gautier, G.; Gadbled, G.; Abraham, P.; Dauty, M. Subclavian Vessel Compression
Assessed by Duplex Scanning in Patients with Neurogenic Thoracic Outlet Syndrome and No Vascular Signs. Diagnostics 2021,
11, 126. [CrossRef]

14. Thompson, R.W. Diagnosis of Neurogenic Thoracic Outlet Syndrome: 2016 Consensus Guidelines and Other Strategies. In
Thoracic Outlet Syndrome; Springer: Cham, Switzerland, 2021; pp. 67–97.

15. Weaver, M.L.; Lum, Y.W. New Diagnostic and Treatment Modalities for Neurogenic Thoracic Outlet Syndrome. Diagnostics 2017,
7, 28. [CrossRef]

16. Ozcakar, L.; Inanici, F.; Kaymak, B.; Abali, G.; Çetin, A.; Hasçelik, Z. Quantification of the weakness and fatigue in thoracic outlet
syndrome with isokinetic measurements. Br. J. Sports Med. 2005, 39, 178–181. [CrossRef]

17. Sanders, R.J.; Monsour, J.W.; Gerber, W.F.; Adams, W.R.; Thompson, N. Scalenectomy versus first rib resection for treatment of the
thoracic outlet syndrome. Surgery 1979, 85, 109–121.

18. Edgelow, P.I. NTOS from the Physical Therapists’ Point of View. In Thoracic Outlet Syndrome; Springer: London, UK, 2013;
pp. 61–68.

19. Mathiowetz, V.; Weber, K.; Volland, G.; Kashman, N. Reliability and validity of grip and pinch strength evaluations. J. Hand Surg.
1984, 9, 222–226. [CrossRef]

20. Mathiowetz, V.; Kashman, N.; Volland, G.; Weber, K.; Dowe, M.; Rogers, S. Grip and pinch strength: Normative data for adults.
Arch. Phys. Med. Rehabil. 1985, 66, 69–74.

http://doi.org/10.1016/j.jvs.2007.04.050
http://www.ncbi.nlm.nih.gov/pubmed/17826254
http://doi.org/10.1016/j.thorsurg.2020.09.001
http://www.ncbi.nlm.nih.gov/pubmed/33220767
http://doi.org/10.1016/j.avsg.2020.07.029
http://www.ncbi.nlm.nih.gov/pubmed/32771464
http://doi.org/10.1007/s40122-019-0124-2
http://www.ncbi.nlm.nih.gov/pubmed/31037504
http://doi.org/10.1016/j.jvs.2016.04.039
http://www.ncbi.nlm.nih.gov/pubmed/27565607
http://doi.org/10.1016/j.jvs.2017.03.419
http://doi.org/10.1016/S0003-9993(97)90228-8
http://doi.org/10.1016/0363-5023(93)90364-9
http://doi.org/10.1016/j.ejvs.2020.02.016
http://doi.org/10.1016/j.jmpt.2018.02.007
http://doi.org/10.3390/diagnostics11010126
http://doi.org/10.3390/diagnostics7020028
http://doi.org/10.1136/bjsm.2004.013706
http://doi.org/10.1016/S0363-5023(84)80146-X


Diagnostics 2021, 11, 874 9 of 9

21. Mathiowetz, V.; Vizenor, L.; Melander, D. Comparison of Baseline Instruments to the Jamar Dynamometer and the B&L
Engineering Pinch Gauge. Occup. Ther. J. Res. 2000, 20, 147–162. [CrossRef]

22. Cohen, J. Differences between Correlation Coefficients. In Statistical Power Analysis for the Behavioral Sciences; Elsevier: Amsterdam,
The Netherlands, 1977; pp. 109–143.

23. Fayad, F.; Lefevre-Colau, M.-M.; Gautheron, V.; Mace, Y.; Fermanian, J.; Mayoux-Benhamou, A.; Roren, A.; Rannou, F.; Roby-
Brami, A.; Revel, M.; et al. Reliability, validity and responsiveness of the French version of the questionnaire Quick Disability of
the Arm, Shoulder and Hand in shoulder disorders. Man. Ther. 2009, 14, 206–212. [CrossRef]

24. Beaton, D.E.; Katz, J.N.; Fossel, A.H.; Wright, J.G.; Tarasuk, V.; Bombardier, C. Measuring the whole or the parts? Validity,
reliability, and responsiveness of the Disabilities of the Arm, Shoulder and Hand outcome measure in different regions of the
upper extremity. J. Hand Ther. 2001, 14, 128–142.

25. Chandra, V.; Little, C.; Lee, J.T. Thoracic outlet syndrome in high-performance athletes. J. Vasc. Surg. 2014, 60, 1012–1018.
[CrossRef]

26. Chandra, V.; Olcott, C.; Lee, J.T. Early results of a highly selective algorithm for surgery on patients with neurogenic thoracic
outlet syndrome. J. Vasc. Surg. 2011, 54, 1698–1705. [CrossRef]

27. Johansen, K. Rib-Sparing Scalenectomy for Neurogenic Thoracic Outlet Syndrome: Early Results. J. Vasc. Surg. 2020. [CrossRef]
28. Balderman, J.; Abuirqeba, A.A.; Eichaker, L.; Pate, C.; Earley, J.A.; Bottros, M.M.; Jayarajan, S.N.; Thompson, R.W. Physical

therapy management, surgical treatment, and patient-reported outcomes measures in a prospective observational cohort of
patients with neurogenic thoracic outlet syndrome. J. Vasc. Surg. 2019, 70, 832–841. [CrossRef]

29. Hjermstad, M.J.; Fayers, P.M.; Haugen, D.F.; Caraceni, A.; Hanks, G.W.; Loge, J.H.; Fainsinger, R.; Aass, N.; Kaasa, S. Studies
Comparing Numerical Rating Scales, Verbal Rating Scales, and Visual Analogue Scales for Assessment of Pain Intensity in Adults:
A Systematic Literature Review. J. Pain Symptom Manag. 2011, 41, 1073–1093. [CrossRef]

30. Mukaka, M.M. Statistics corner: A guide to appropriate use of correlation coefficient in medical research. Malawi Med. J. 2012, 24,
69–71.

31. Schlüssel, M.M.; dos Anjos, L.A.; de Vasconcellos, M.T.L.; Kac, G. Reference values of handgrip dynamometry of healthy adults:
A population-based study. Clin. Nutr. 2008, 27, 601–607. [CrossRef]

32. Luna-Heredia, E.; Martín-Peña, G.; Ruiz-Galiana, J. Handgrip dynamometry in healthy adults. Clin. Nutr. 2005, 24, 250–258.
[CrossRef]

33. Hornby, S.; Nunes, Q.; Hillman, T.; Stanga, Z.; Neal, K.; Rowlands, B.; Allison, S.; Lobo, D. Relationships between structural and
functional measures of nutritional status in a normally nourished population. Clin. Nutr. 2005, 24, 421–426. [CrossRef]

34. Ruopsa, N.; Ristolainen, L.; Vastamäki, M.; Vastamäki, H. Neurogenic Thoracic Outlet Syndrome with Supraclavicular Release:
Long-Term Outcome without Rib Resection. Diagnostics 2021, 11, 450. [CrossRef]

35. Machanic, B.I.; Sanders, R.J. Medial Antebrachial Cutaneous Nerve Measurements to Diagnose Neurogenic Thoracic Outlet
Syndrome. Ann. Vasc. Surg. 2008, 22, 248–254. [CrossRef] [PubMed]

36. Kenny, R.A.; Traynor, G.B.; Withington, D.; Keegan, D.J. Thoracic outlet syndrome: A useful exercise treatment option. Am. J.
Surg. 1993, 165, 282–284. [CrossRef]

37. Braun, R.M.; Shah, K.N.; Rechnic, M.; Doehr, S.; Woods, N. Quantitative Assessment of Scalene Muscle Block for the Diagnosis of
Suspected Thoracic Outlet Syndrome. J. Hand Surg. 2015, 40, 2255–2261. [CrossRef] [PubMed]

38. Wollesen, B.; Gräf, J.; Schumacher, N.; Meyer, G.; Wanstrath, M.; Feldhaus, C.; Luedtke, K.; Mattes, K. Influences of Neck
and/or Wrist Pain on Hand Grip Strength of Industrial Quality Proofing Workers. Saf. Health Work 2020, 11, 458–465. [CrossRef]
[PubMed]

39. Tossini, N.B.; Zacharias, A.L.S.; Abrantes, L.S.S.; Serrão, P.R.M.D.S. Initial stages of hand osteoarthritis do not affect the extrinsic
muscles of the hand: A cross-sectional study. Sci. Rep. 2021, 11, 1–6. [CrossRef]

40. Russo, M.; Deckers, K.; Eldabe, S.; Kiesel, K.; Gilligan, C.; Vieceli, J.; Crosby, P. Muscle Control and Non-specific Chronic Low
Back Pain. Neuromodulation: Technol. Neural Interface 2017, 21, 1–9. [CrossRef]

41. Tsao, H.; Galea, M.P.; Hodges, P.W. Driving plasticity in the motor cortex in recurrent low back pain. Eur. J. Pain 2010, 14, 832–839.
[CrossRef]

42. Schabrun, S.M.; Elgueta-Cancino, E.L.; Hodges, P.W. Smudging of the Motor Cortex Is Related to the Severity of Low Back Pain.
Spine 2017, 42, 1172–1178. [CrossRef]

43. Espinoza, F.; Le Blay, P.; Coulon, D.; Lieu, S.; Munro, J.; Jorgensen, C.; Pers, Y.-M. Handgrip strength measured by a dynamometer
connected to a smartphone: A new applied health technology solution for the self-assessment of rheumatoid arthritis disease
activity. Rheumatol. 2016, 55, 897–901. [CrossRef]

44. Palamar, D.; Er, G.; Terlemez, R.; Ustun, I.; Can, G.; Saridogan, M. Disease activity, handgrip strengths, and hand dexterity in
patients with rheumatoid arthritis. Clin. Rheumatol. 2017, 36, 2201–2208. [CrossRef]

http://doi.org/10.1177/153944920002000301
http://doi.org/10.1016/j.math.2008.01.013
http://doi.org/10.1016/j.jvs.2014.04.013
http://doi.org/10.1016/j.jvs.2011.05.105
http://doi.org/10.1016/j.jvs.2020.12.052
http://doi.org/10.1016/j.jvs.2018.12.027
http://doi.org/10.1016/j.jpainsymman.2010.08.016
http://doi.org/10.1016/j.clnu.2008.04.004
http://doi.org/10.1016/j.clnu.2004.10.007
http://doi.org/10.1016/j.clnu.2005.01.002
http://doi.org/10.3390/diagnostics11030450
http://doi.org/10.1016/j.avsg.2007.09.009
http://www.ncbi.nlm.nih.gov/pubmed/18346579
http://doi.org/10.1016/S0002-9610(05)80527-6
http://doi.org/10.1016/j.jhsa.2015.08.015
http://www.ncbi.nlm.nih.gov/pubmed/26429586
http://doi.org/10.1016/j.shaw.2020.06.008
http://www.ncbi.nlm.nih.gov/pubmed/33329912
http://doi.org/10.1038/s41598-021-85054-3
http://doi.org/10.1111/ner.12738
http://doi.org/10.1016/j.ejpain.2010.01.001
http://doi.org/10.1097/BRS.0000000000000938
http://doi.org/10.1093/rheumatology/kew006
http://doi.org/10.1007/s10067-017-3756-9

	Introduction 
	Materials and Methods 
	Patients 
	Healthy Control Subjects 
	Grip and Key Pinch Strength Testing 
	Grip and Key Pinch Strength Tests Interpretation 
	QuickDash Questionnaire 
	Pain Assessment 
	Ethics 
	Statistical Analysis 

	Results 
	Participants’ Characteristics 
	Hand Strength Assessment 
	Correlation between Hand Strength and Symptoms in Patients with Unilateral NTOS 

	Discussion 
	Conclusions 
	References

