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ost studies include data from a sample of people because it is
not possible to include the entire population in the study. The
way the sample is recruited into the study® has implications
for the generalizability of the findings.* The sample size
(number of people from the population recruited into a study) also
has implications for how you interpret the results. Sample sizes that
are too small can obscure important associations or differences. When

sample sizes are too large, the risk is that
statistically significant findings are clini-
cally irrelevant. Perhaps most importantly,
small studies are at higher risk of bias.

Statistical Power

A priori power calculations help research-
ers balance the risks of sample sizes that
are too small or too large by identifying
a sample size that will give a high prob-
ability of identifying an important effect,
if one exists. In the musculoskeletal reha-
bilitation field, this probability is typically
set at 80% or 90%, while allowing for a
5% probability of a false positive result.
A priori power calculations reported
with the study can help readers assess
whether a study might be underpowered
or overpowered.

Why Does Sample Size Matter?
A small study carries more risk that the
researchers’ conclusions are inaccurate
(TABLE). Sample size directly impacts the
precision of effect estimates® and mea-
sures of statistical significance (P values).’
High-quality treatment studies pro-
duce a point estimate, usually a mean
difference or odds/risk ratio, with a con-
fidence interval. Although technically a

little more complex, you can interpret the
results such that the true effect of treat-
ment could plausibly lie anywhere within
the confidence interval®. The smaller the
sample, the wider the confidence inter-
val, and the less certain you are about the
true treatment effect. Confidence intervals
from a small sample often span large and
negligible effects, which means it is uncer-
tain whether a treatment is useful or not.
Researchers commonly conduct hy-
pothesis tests to determine treatment
effectiveness based on whether P values
are below 0.05. Limitations of this ap-
proach notwithstanding,? a small sample
will result in a larger P value regardless
of how effective the treatment is; a sta-
tistically significant finding (P<0.05)
does not mean it is 95% likely that an ef-
fect is real. When sample sizes are small,
P values can be especially unstable. This
means that the same study conducted on
a different sample will almost certainly
produce a different P value, which is one
reason why the confidence intervals are
more informative about potential treat-
ment effects than the P values.?
Sampling Variability and Effect Sizes
Sampling variability refers to the fact
that two samples drawn from the same

population will not look the same; there
will be differences in the characteris-
tics. Larger sample sizes help minimize
sampling variability. For example, if the
population mean weight is 72 kg with a
range of 45-185 kg, it is quite possible that
a small sample from the population could
have a mean of 65 kg and a different small
sample, a mean of 80 kg. If weight was a
relevant factor to the study question, then
the results that came from these two stud-
ies could be quite different. Put another
way, smaller samples are less likely to be
representative and generalizable to the
population as a whole, so study results
reflect a feature of the sample only, rather
than the population.

Study Inflation Effect Underpowered stud-
ies (ie, those with too small sample sizes)
that find a statistically significant effect
are more likely to report an inflated ef-
fect size.! This is called the study inflation
effect, and it is more serious the smaller
the study (ie, the smaller study, the more
exaggerated the effect). The implications
are critical: if you read a small study that
reports an effect, it is likely that the real
(population) effect is smaller than in the
study.

In studies that investigate predictive
questions, the small sample problem of-
ten leads to model “overfitting”: the pre-
diction model “fits” the sample but does
not necessarily represent the population.
This means that predictive models devel-
oped from small samples are not useful
in practice. Studies that report associa-
tions between predictive variables and
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TABLE

PrRoBLEMS WITH SMALL STUDIES

Problem

Implication

+ Sampling variability

« The results do not generalize well to the population.

« Study inflation effect « The study effects are likely to be exaggerated.

« Poor precision (wide confidence intervals) = Cannot conclude whether effects are clinically meaningful.

+ Low power = Conclusions based on hypothesis testing (P value) are unreliable.
« Publication bias = Skew the body of evidence toward showing an effect.

outcome are complex—sample size is but
one important consideration for readers.
Publication Bias Studies that show an ef-
fect or a significant association are more
likely to be published than studies that do
not. This is called publication bias, and
it is especially the case for small studies.
For every small study published with evi-
dence of an effect, there are likely other
studies addressing the same question
that show no effect but have not been
published. The small study you read may
only be part of the picture.

Pilot and Feasibility Studies

An underpowered study with a small
sample is not the same as a pilot or feasi-
bility study (for this article, consider pilot
and feasibility studies interchangeably).
Pilot studies are not designed to test or

estimate the effectiveness of a treatment,
nor should you interpret the results as
such. They are designed to prepare for
a future definitive study that addresses
the research question. Objectives consis-
tent with pilot studies include testing the
feasibility and acceptability of the data
collection processes, estimating recruit-
ment rates, and checking adherence to
the intervention(s). Pilot studies are not
suitable for answering questions about
treatment effectiveness.

Regardless whether a study shows
an effect or not, the results are less re-
liable if the sample is small. Readers
should have lower confidence in results
from small studies because of sampling
variability, study inflation effects, poor
precision, and low power. Small studies
are at risk of publication bias and often

incorrectly labelled as pilot or feasibility
studies. ®
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Accuracy of the Most Common
Provocation Tests for Diagnosing Carpal
Tunnel Syndrome: A Systematic Review

arpal tunnel syndrome (CTS) is the most common entrapment

mononeuropathy caused by compression of the median nerve

at the wrist as it passes through a space-limited osteofibrous

canal.* The prevalence of CTS ranges from 5% (in the general
population) to 21% (often in the working population) and costs in
excess of $2 billion annually for medical care. The nonmedical cost can
be substantially greater.'

© OBJECTIVE: To estimate the screening perfor- analyses were used to summarize the overall test
mances of the most important provocation tests performance.

for diagnosing carpal tunnel syndrome (CTS). © RESULTS: Thirty-seven studies were included
© DESIGN: Diagnostic test accuracy systematic in the meta-analysis, with a total sample of 2662
review with meta-analysis. wrists for DT, 864 wrists for HET, 6361 wrists for
© LITERATURE SEARCH: We systematically PT, 6094 wrists for TT, and 571 wrists for ULNTL.
searched the MEDLINE, Scopus, Web of Science, The pooled dORs for screening for CTS were 15.84
and Cochrane databases from inception to (95% CI: 378, 66.38) for DT, 128.63 (95% Cl:
November 2020. 40.64, 407.12) for HET, 7.23 (95% Cl: 4.06, 12.86)

. . for PT, 5.31 (95% Cl: 3.49, 8.09) for TT, and 1.78
@ STUDY SELECTION CRITERIA: Observational (95% CI: 0.61, 5.19) for ULNTL.

studies comparing the accuracies of the Durkantest o

(DT), the hand elevation test (HET), the Phalentest @ CONCLUSION: HET has the best clinical perfor-
(PT), the Tinel test (TT), and the upper-limb neuro- mance for dete.ctmg CTS and.should‘ be con3|dered
dynamic test specific to the median nerve (ULNT1) ~  the first screening test of choice during the physical
with electrodiagnosis for screening for CTS. examination. The most common tests (DT, PT, and
. i i i TT) have good accuracies for screening for CTS.
LSS et it S
computed by Moses’ constant for a linear model Epub: 19 June 2022. doi:10.251%/jospt.2022.10828

and 95% confidence intervals (Cls) were used to @©KEY WORDS: carpal tunnel syndrome,
calculate the accuracy of these tests. Hierarchical ~  diagnostic accuracy studies, meta-analysis, nerve
summary receiver operating characteristic curve compression syndromes

With Meta-analysis

CTS is characterized by positive and
negative symptoms and signs. Positive
signs (gain of function) include neuro-
pathic pain (pain caused by a disease
or an injury to the somatosensory ner-
vous system* %), nocturnal paresthe-
sia, and dysesthesia. Negative signs of
CTS included loss of sensation, weak-
ness, and thenar muscle atrophy.*®
Severe CTS cases could produce serious
physical, psychological, and economic
consequences.*!

The gold standard for confirming a di-
agnosis of CTS is electrodiagnosis.** How-
ever, clinical assessment has been used as
the initial diagnosis step in the Ameri-
can Academy of Orthopaedic Surgeons
recommendations.” Clinical assessment
includes personal characteristics, obser-
vation of deformities and range of mo-
tion, muscle strength evaluation, hand
diagram, sensory examination, and prov-
ocation tests. In patients in which clinical
or provocation tests are positive, the diag-
nosis should be confirmed by electrodiag-
nostic procedures.?

The Durkan test (DT), the hand el-
evation test (HET), the Phalen test (PT),
the Tinel test (TT), and the upper-limb
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neurodynamic test specific to the median
nerve (ULNT1) are examples of provoca-
tion tests used in the physical examina-
tion when diagnosing CTS. Provocation
tests detect nerve mechanosensitivity,
axonal hyperactivity, axonal regenera-
tion, or vascular compromise by increas-
ing internal pressure in the carpal tunnel
by manual mechanical compression, re-
duced blood supply nerve, or movement
or tension on neural structures.»>'>4 The
tests are easy to perform, quick, repro-
ducible, inexpensive, and noninvasive
and require less skilled examiners than
invasive options.

DT is a manual compression test
of the carpal tunnel held for up to 30
seconds and recorded as positive if as-
sociated with the reproduction of distal
paresthesias in the median nerve dis-
tribution.’”%* HET requires the patient
to raise both hands above the head for
1 to 2 minutes; if symptoms reproduce,
the test is considered positive.»? PT is a
maximum wrist flexion held for up to 60
seconds and recorded as positive if as-
sociated with the reproduction of distal
paresthesias in the median nerve distri-
bution.*>% TT is a percussion over the
median nerve just proximal to the wrist
crease and recorded as positive if asso-
ciated with distally radiated paresthe-
sias in the median nerve distribution.5
Finally, ULNT1 is a neurodynamic test
that begins with 90° abduction and
90° external rotation of the shoulder,
90° flexion of the elbow, supination of
the forearm, maximum extension of the
wrist and fingers, and abduction of the
thumb. Next, 1 of the physical therapist’s
hands prevents scapular elevation, and
the other hand maintains finger abduc-
tion while the elbow is slowly extended
to the point of tolerance. The test is
positive if the patient has at least 1 of
the following items: (1) feels reproduc-
tion of symptoms, (2) range of motion is
limited at least 10° in elbow extension,
or (3) contralateral neck side-bending
resulted in an increase of symptoms, or
ipsilateral side-bending resulted in a de-
crease of symptoms.5>%®

There is no consensus for the best
provocation test for diagnosing CTS. Al-
though electrodiagnosis has traditionally
been proposed as the gold standard, a clin-
ical provocation test is needed to improve
the diagnostic process and reduce medical
costs and waiting lists. Previous system-
atic reviews?6?%% have tried to clarify the
sensitivity and specificity of provocation
tests compared to the electrodiagnosis in
CTS screening. No previous meta-analy-
sis has estimated the diagnostic perfor-
mances (diagnostic odds ratio [dOR],
sensitivity, specificity, positive likelihood
ratio [PLR], and negative likelihood ratio
[NLR]) of the most important provoca-
tion tests using electrodiagnostic methods
by calculating hierarchical summary re-
ceiver operating characteristic (HSROC)

models. These models are currently con-
sidered the most rigorous multivariate
meta-analysis approach.?

The aim of this systematic review with
meta-analysis was to estimate the diag-
nostic performance of the most impor-
tant provocation tests for the diagnosis
of CTS using HSROC analysis.

METHODS

HIS SYSTEMATIC REVIEW WAS RE-
ported following the Preferred Re-
porting Items for Systematic Reviews
and Meta-Analyses (PRISMA) state-
ment,** the PRISMA diagnostic test accu-
racy (PRISMA-DTA) extension,’® and the
recommendations of the Cochrane Hand-
book for Systematic Reviews of Diagnostic

Records excluded on the
basis of title, n =297

Records identified through database
searching, n = 1164
= = MEDLINE, n =675
"3 = Cochrane, n =47
l.% = Scopus, n=270
= = Web of Science, n = 172 Additional records identified through
E other sources, n =0
=
L]
_J v v
) Records after duplicates removed, n = 420 >
o0
&
=
)
@ v
=
)
7]

Records screened, n = 123 >

Records excluded after
examining the abstract, n =59

- I

. Full-text articles assessed for Full-text articles exiluded, with
£ cligibility, n = 64 reasons, n =27
= =  Non-data available for meta-
= .
) analysis, n =13.
5 = Non-outcome of interest, n = 10
= Not compared to gold
standard, n=3
— Studies included in = Sample characteristics, n = 1
qualitative synthesis, n = 37 = Other language, n = 1
—
T l
)
=
= .. .
> Studies included in
= quantitative synthesis (meta-
analysis), n =37
N

FIGURE 1. Flow chart.
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Author Country Test Age n (% Female) n(Wrists)  Prevalence% Sens (%)  Spec (%) dOR

Amirfeyz et al, 2011 UK DT 58.5 (26-91)° 103 (63.2) 163 570 843 786 1907
Boland & Kiernan, 2009 Australia DT 495 (NR) 64 (74.4) 86 86.0 140 96.0 172
Durkan, 1991 USA DT 450 (NR) 23(74.2) 96 479 810 90.0 60.00
El Miedany et al, 2008 Egypt DT 20-91 284 (68.6) 414 56.0 46.0 250 0.29
Fertl et al, 1998 Austria DT 4875 (21-78)° 39(829) 103 612 830 920 184.36
Kuhlman & Hennessey, 1997 USA DT NR NR 228 62.3 280 740 114
Kiiciikakkas & Yurdakul, 2019 Turkey DT 467 (12.7) 367 (79.3) 512 441 96.0 670 4915

Ma & Kim, 2012 Korea DT 56.8 (48-64)° 76 (84.5) 90 50.0 84.4 822 2511

Mondelli et al, 2001 Italy DT 579 (15.3) 237 (72.7) 326 549 420 99.0 105.29
Richter & Briiser, 1999 Germany DT 52.0 77 (71.3) 108 54.0 870 96.0 174.57
Sadanandan & Rijesh, 2017 India DT 4499 (28-64)° 71(873) 73 973 420 99.0 146
Szabo et al, 1999 USA DT 1873 71(71) 187 46.5 890 910 77.86
Tetro et al, 1998 USA DT 481(21.5-839)° 36 (316) 191 497 750 3.0 3761
Zhang et al, 2020 USA DT 59 (13) 39 (709) 85 894 710 220 070
Ahn, 2001 Korea HET 55 (26-87)° 200 (100) 400 50.0 75.5 985 202.36
Amirfeyz et al, 2005 UK HET 56.5 (23-94)° 63 (66.3) 9 505 88.0 98.0 322.00
Amirfeyz et al, 2011 UK HET 58.5 (26-91)° 103(63.2) 163 570 986 914 981.33
Kasundra et al, 2015 India HET 439 (14) 50 (86.2) 116 80 849 826 2923
Ma & Kim, 2012 Korea HET 56.8 (48-64)° 76 (84.5) 90 50.0 86.7 889 52.00
Ahn, 2001 Korea PT 55 (26, 87)° 200 (100) 400 50 68.0 910 2100
Amirfeyz et al, 2005 UK PT 56.5 (23, 94)° 63(66.3 55 505 830 98.0 230.00
Amirfeyz et al, 2011 UK PT 58.5 (26-91)° 103 (63 2) 163 570 871 843 36.20
Boland & Kiernan, 2009 Australia PT 495 (NR) 64 (74.4) 86 86.0 64.0 750 522
Briiske et al, 2002 Poland PT 53 (21-82)° 89 (80) 247 595 85.0 890 4855
Buch-Jaeger & Foucher, 1994 France PT 52 (29-81)° 90 (80.3) 172 610 580 540 161

Campos-Serna et al, 2020 Mexico PT 5715 (45.2-65) 546 (84.0) 650 66.61 65.82 4977 191

Chiquete et al, 2011 Mexico PT 454 (NR) 63 (875) 72 55.5 66.7 733 5.31

Durkan, 1991 USA PT 450 (NR) 23(74.2) 96 479 700 84.0 12.00
El Miedany et al, 2008 Egypt PT 20-91 284 (68.6) 414 56.0 470 170 018

Fertl et al, 1998 Austria PT 4875 (21-78)° 39(829) 103 612 790 920 4744
Gonzalez-Roig et al, 2008 Cuba PT 43.38(13.2) 226 (93.0) 243 75.3 68.2 835 043
Hansen et al, 2004 USA PT 46.6 (17-75)° 82 (58) 142 670 340 740 148
Hegmann et al, 2018 USA PT 422 (11.4) 790 (66.2) 918 115 52.8 877 797
Heller et al, 2008 Israel PT 55 (29-78)° 49 (81.6) 80 725 670 590 296
Kuhlman & Hennessey, 1997 USA PT NR NR 228 62.3 510 76.0 318

Kiiclikakkas & Yurdakul, 2019 Turkey PT 467 (12.7) 367 (79.3) 512 441 86.0 570 816

Ma & Kim, 2012 Korea PT 56.8 (48-64)° 76 (84.5) 90 50.0 84.4 86.7 3529
MacDermid et al, 1997 Canada PT 42 (NR) NR 84 428 86.5 880 4340
Mondelli et al, 2001 Italy PT 579 (15.3) 237 (72.7) 326 549 590 3.0 1944
Naranjo et al, 2007 Spain PT 47 (11) 56 (82.3) 105 76.2 76.7 304 151

Richter & Briiser, 1999 Germany PT 520 77 (71.3) 108 54.0 85.0 98.0 304.75

Sadanandan & Rijesh, 2017 India PT 4499 (28-64) 71(87.3) 73 973 590 86.0 290
Sawaya & Sakr, 2009 USA PT 30-78 22(82) 54 50.0 52.0 52.0 116

Kasundra et al, 2015 India PT 439 (14) 50(86.2) 116 80 849 739 1599
Szabo et al, 1999 USA PT 1873 71(71) 187 46,5 750 95.0 56.14

Table continues on next page.
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CHARACTERISTICS OF THE STUDIES INCLUDED IN THE META-ANALYSIS? (CONTINUED)

Author Country Test Age n (% Female) n(Wrists)  Prevalence% Sens (%)  Spec (%) dOR
Tetro et al, 1998 USA PT 481(21.5-839)° 36 (31.6) 191 497 61 83 784
Wainner et al, 2005 USA PT 457 (10.6) 41(50.0) 118 322 770 40.0 215
Walters & Rice, 2002 USA PT 425 (24-61)° 54 (70.0) 77 61.03 85.0 50.0 571
Widodo et al, 2020 Indonesia PT 517 (45-59)° 19 (100) 19 7368 0.82 100 938
Wiesman et al, 2003 USA PT 46.5(10) 33(559) 107 4392 85.0 90.0 5143
Zhang et al, 2020 USA PT 59 (13) 39 (709) 85 894 50 53 0.50
Ahn, 2001 Korea 1T 55 (26-87)° 200 (100) 400 50 68.0 90.0 18.69
Amirfeyz et al, 2005 UK T 56.5 (23, 94)° 63 (66.3 9 50.5 480 94.0 13.49
Amirfeyz et al, 2011 UK T 58.5 (26-91)° 103 (63. 2) 163 570 929 64.3 14.48
Briiske et al, 2002 Poland 1T 53 (21-82)° 89 (80) 247 395 670 68.0 4.38
Buch-Jaeger & Foucher, 1994 France 1T 52 (29-81) 90 (80.3) 172 610 420 63.0 121
Campos-Serna et al, 2020 Mexico 1T 5715 (45.2-65)° 546 (84.0) 650 66.61 716 44.2 2.00
Chiquete et al, 2011 Mexico T 454 (NR) 63 (875) 72 556 72.2 66.7 503
Durkan, 1991 T 450 (NR) 23(74.2) 96 479 56.0 80.0 520
El Miedany et al, 2008 Egypt 1T 20-91 284 (68.6) 414 56.0 300 65.0 0.80
Gonzalez-Roig et al, 2008 Cuba T 43.38 (13.2) 226 (93.0) 243 53 52.3 88.6 8.20
Hansen et al, 2004 USA 1T 46.6 (17-75)° 82 (58) 142 67 270 910 4.05
Hegmann et al, 2018 USA T 422 (11.4) 790 (66.2) 918 115 380 90.0 547
Heller et al, 2008 Israel 1T 55 (29-78)° 49 (81.6) 80 725 60.0 770 517
Kuhlman & Hennessey, 1997 USA 1T NR NR 228 62.3 230 870 2.06
Kiictkakkas & Yurdakul, 2019 Turkey T 467 (12.7) 367 (79.3) 512 441 890 410 5.57
Ma & Kim, 2012 Korea 1T 56.8 (48-64)° 76 (84.5) 90 50.0 822 889 3700
MacDermid et al, 1997 Canada T 42 (NR) NR 84 428 50.0 93.0 15.00
Mondelli et al, 2001 Italy 1T 579 (15.3) 237 (72.7) 326 549 410 90.0 6.20
Naranjo et al, 2007 Spain T 47 (1) 56 (82.3) 105 76.2 73.6 400 1.87
Sadanandan & Rijesh, 2017 India T 4499 (28-64)° 71(873) 73 973 410 90.0 1.38
Kasundra et al, 2015 India 1T 439 (14) 50(86.2) 116 80 785 913 3833
Stewart & Eisen, 1978 Canada T 54 (30-84)° 82 (80) 103 4951 450 710 2.03
Szabo et al, 1999 USA 1T 1873 71(71) 187 46.5 64.0 990 178.84
Tetro et al, 1998 USA T 481(21.5-839)° 36 (3L6) 191 497 74.0 910 2707
Wainner et al, 2005 USA T 457 (10.6) 41(50) 118 322 480 670 1.87
Walters & Rice, 2002 USA 1T 425 (24-61) 54 (70) 77 61.03 63.8 400 118
Wiesman et al, 2003 USA T 46.5(10) 33(559) 107 439 880 76.0 22.56
Zhang et al, 2020 USA 1T 59 (13) 39 (709) 85 894 47 56 113
Bueno-Gracia et al, 2016 Spain ULNTIL 54.3 (14.5) 58 (72.4) 9 60.0 58.0 84.0 733
Trillos et al, 2018 Colombia ULNTIL 50.51 (11.1) 120 (83.1) 230 869 93.0 6.0 095
Vanti et al, 2011 Italy ULNTL 46.3(10.8) 44(75.0) 44 545 917 150 194
Vanti et al, 2012 Italy ULNTIL 4591 (10.66) 35(74.5) 84 41.66 400 790 2.60
Wainner et al, 2005 USA ULNTL 457 (10.6) 41 (50) 118 322 750 130 0.46
Abbreviations: dOR, diagnostic odds ratio; DT, Durkan test; HET, hand elevation test; NR, not reported; PT, Phalen test; Sens, sensitivity; Spec, specificity;
TT, Tinel test; ULNTI, upper-limb neurodynamic test specific to the median nerve.
Walues are presented as mean ffl SD unless otherwise indicated.
YValues are mean (range).

Test Accuracy.® It was prospectively regis-  Data Sources and Searches were systematically searched from in-
tered in the PROSPERO database (regis- PubMed (via MEDLINE), Scopus, Web  ception to March 2021, using the fol-
tration number CRD42021237602). of Science, and the Cochrane databases lowing search strategy: (“carpal tunnel
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syndrome” OR CTS) AND (“upper limb
neurodynamic test” OR “upper-limb neu-
rodynamic test” OR “median nerve test”
OR ULNT OR ULNT1 OR “Tinel test”
OR “Tinel sign” OR Tinel OR “Phalen
test” OR “Phalen sign” OR Phalen OR
“Hand elevation test” OR HET OR “Dur-
kan test” OR “Durkan sign” OR “Hand
compression test” OR Durkan) AND
(threshold OR cut-off OR “cut off” OR
“cut point” OR sensitivity OR specificity
OR diagnostic OR diagnosis OR “differ-
ential diagnosis” OR prognostic).

Study Selection

Eligible articles were original studies
measuring provocation test thresholds
and their association with the diagnosis
of CTS, ie, the performance of CTS di-
agnosis. The inclusion criteria were as
follows: (1) study participants: individ-
uals aged 18 years and older; (2) index
tests used: DT, HET, PT, TT, or ULNT];
(8) reference standard: electrodiagno-
sis; (4) outcome: CTS diagnosis; and
(5) study design: cross-sectional, case-
control, or cohort studies, with either
prospective or retrospective data col-
lection. Studies were excluded if they
reported insufficient data for a 2 x 2
table.

The literature search, screening, and
trial selection were conducted indepen-
dently by 2 reviewers (S.N.A.-A. and
I.C.-R.). When there were disagree-
ments, a third researcher made the final
decision (V.M.-V.).

| LITERATURE REVIEW ]

Data Extraction and
Risk-of-Bias Assessment
Data were extracted independently by 2
reviewers (S.N.A.-A. and S.R.-G.). When
there were disagreements, a third research-
er made the final decision (V.M.-V.). The
following data were extracted from each
included study: (1) author identification
and year of publication, (2) country of study,
(8) provocation test used, (4) age of partici-
pants, (5) number of participants, (6) num-
ber of wrists, (7) prevalence of CTS, and (8)
parameters summarizing the accuracy of
the test (sensitivity, specificity, and dOR)
per wrist. Trial authors were contacted up
to 3 times to retrieve missing information.
Two reviewers (S.N.A.-A. and A.T.-C.)
independently assessed the risk of bias
for each study included using the Qual-
ity Assessment of Diagnostic Accuracy
Studies-2 (QUADAS-2) tool.%° Any dis-
crepancies were resolved by consensus;
a third reviewer (V.M.-V.) resolved any
discrepancies if consensus could not be
reached. This tool assesses 4 domains: (1)
patient selection, (2) index test, (3) ref-
erence standard, and (4) flow of patients
and timing of the tests. Each domain was
evaluated as having an unclear, a low, or
a high risk of bias. The QUADAS-2 tool
also assesses the applicability of the re-
sults with respect to patient selection, the
index test, and the reference standard.

Statistical Analysis and Data Synthesis
We calculated sensitivity, specificity, PLR,
NLR, and dOR as well as their correspond-

ing 95% confidence intervals (CIs) for the
provocation tests. HSROC curves sum-
marized the overall test performance as
multivariate methods that jointly analyze
sensitivity and specificity. These curves
have been proposed to be able to estimate
the diagnostic performance of tests in me-
ta-analyses, where the prediction region
is useful for estimating the magnitude of
heterogeneity such that wider prediction
regions suggest greater heterogeneity.>

The dOR is a measure of the accuracy
of a diagnostic test that combines sensi-
tivity and specificity into a single value.
The value ranges from zero to infinity,
with a value of 1 corresponding to zero
diagnostic ability and a higher value cor-
responding to better discriminatory test
performance. The dOR was computed us-
ing Moses’ constant from a linear model.
This approach is based on the linear re-
gression of the logarithm of the dOR of
a study as a dependent variable and the
expression of the positivity threshold of a
study as an independent variable.**

The DerSimonian and Laird* meth-
od was used to compute the pooled es-
timates of dOR for each included study.
The heterogeneity of the results across
studies was assessed using the I? statis-
tical parameter and the corresponding
Pvalues. I? values were considered as fol-
lows: might not be important (0%-30%),
may represent moderate heterogeneity
(80%-50%), substantial heterogeneity
(50%-75%), and considerable heteroge-
neity (75%-100%).%

PooOLED AcCURACY PARAMETERS IN THE DIAGNOSIS OF CARPAL

TUNNEL SYNDROME BY TEST?

Test n Sensitivity (%) Specificity (%) PLR NLR dOR
Durkan test i 62,00 (49,00, 7700) 7700 (63.00, 93.00) 6.86 (345, 1362) 0.25(0.13, 0.49) 15,84 (378, 66.33)
Hand elevation test 5 8500 (7700,9400) 9500 (86,00, 105.00) 1593 (6.02, 42.18) 0.10(0.04,027) 128.63 (40,64, 40712)
Phalen test 2 68,00 (63.00, 74.00) 7100 (63.00, 80.00) 439(278,693) 0.32(0.21,051) 723 (4.06,12.86)
Tinel test 28 5500 (4800,6300) 7500 (6700, 83.00) 361 (213,611) 0.48 (030, 079) 5.31(3.49, 8.09)
ULNT1 5 7100 (5400,9400) 2800 (12,00, 65.00) 146 (0.41, 5.21) 068 (0.4,3.39) 178 (061, 5.19)

the median nerve.

“Values in parentheses are 95% confidence intervals.

Abbreviations: dOR, diagnostic odds ratio; NLR, negative likelthood ratio; PLR, positive likelihood ratio; ULNTI, upper-limb neurodynamic test specific to
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Sensitivity analyses were performed
using 2 approaches: (1) repeating all the
analyses using only studies that directly
compared 2 or more tests and (2) esti-
mating the individual influence of each
study on the pooled dOR by removing
studies one by one. Publication bias was
evaluated by a visual examination of the
funnel plots and through Deeks’ meth-

od, with P<.10 considered statistically
significant.”?

All statistical analyses were performed
using Stata SE software (Version 16;
StataCorp LLC, College Station, TX).

Protocol Deviations: Unplanned Analyses
In the initial PROSPERO registry, we
planned to assess risk of bias using

QUADAS-2. In studies where 2 or more
tests were directly compared, we decid-
ed to include the risk-of-bias assessment
using the QUADAS-C,5* an extension of
QUADAS-2, that was developed to as-
sess the risk of bias in comparative diag-
nostic accuracy studies. A sensitivity
analysis was performed, excluding the
studies with high risk of bias, due to
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Sensitivity
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FIGURE 2. HSROC curve for the Durkan test (A), hand elevation test (B), Phalen test (C), Tinel test (D), and ULNTI test (E). HSROC curves were used to summarize overall test
performance as multivariate methods that jointly analyze sensitivity and specificity. These curves have been proposed to be able to estimate the diagnostic performance of
tests in meta-analyses, where the prediction region is useful for estimating the magnitude of heterogeneity such that wider prediction regions suggest greater heterogeneity.
Abbreviations: HSROC, hierarchical summary receiver operating characteristic; ULNTL, upper-limb neurodynamic test specific to the median nerve.
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some concerns about bias in the included
studies, particularly with the index test
and with participant selection.

RESULTS

Baseline Characteristics

The literature search yielded 1164 articles.
After removing duplicates, the titles and
abstracts of 420 articles were screened.
Following the full-text reviews, 37 stud-
ies were inCluded1,3,4,6-11,15-19,21,22,24,27,28,3I,
33,37,38,45-47,51-53,55-59,61,62,65 (FIGURE 1) (the
reasons for excluding studies are shown
in SUPPLEMENTAL TABLE 1). Regarding the
different tests examined in the studies
included, 14 studies provided informa-
tion about DT’3,6,15-17,27,28,31,37,45,46,52,53,65
5 studies provided information about
HET,">#*2+31 31 studies provided in-
formation about PT’I,3,4,6-8,10,11,15-19,21,22,24,

27,28,31,33,37,38,45-47,52,53,58,59,61,62,65 28 Studies

provided information about TT,"3 #7810.1%
15,16,18,19,21,22,24,27,28,31,33,37,38,46,51-53,58,59,6 2,65 and
5 studies provided information about
ULNT1.95558

Most of the included studies were lon-
gitudinal designs, but 1 was a cross-sec-
tional analysis from a longitudinal study.”
Two studies had a descriptive design.'®¢
The studies were published between
1974 and 2020 and were performed in
18 countries: Austria, Australia, Canada,
Colombia, Cuba, Egypt, France, Germany,
India, Israel, Italy, Korea, Mexico, Poland,
Spain, Turkey, the United Kingdom, and
the United States.

| LITERATURE REVIEW ]

There was a total sample of 2662
wrists for DT, 864 wrists for HET, 6361
wrists for PT, 6094 wrists for TT, and
571 wrists for ULNT1; mean participant
age ranged from 42 to 59 years; CTS
prevalence ranged from 11.5% to 97.3%
(TABLE 1). The analysis and the 2 x 2 data
(TP, FP, FN, TN) of each study are shown
in SUPPLEMENTAL TABLES 2 TO 6.

Risk of Bias

Most studies had shortcomings in the
index test and patient selection domains
(43% and 41%, respectively). Over a
third of the studies had shortcomings
in the index test domain (SUPPLEMENTAL
FIGURES 1 AND 2). Most studies had short-
comings in the index test and flow and
timing domains (82.75% and 62.06%,
respectively).

Meta-analysis

The pooled dORs for CTS were 15.84
(95% CI: 3.78, 66.38) for DT, 128.63
(95% CI: 40.64, 407.12) for HET, 7.23
(95% CI: 4.06, 12.86) for PT, 5.31 (95%
CI: 3.49, 8.09) for TT, and 1.78 (95%
CI: 0.61, 5.19) for ULNTI. There was
substantial heterogeneity in the dOR of
CTS for HET (I?> = 65.9%; P = .019) and
ULNT1 (I? = 74.5%; P = .003). There
was considerable heterogeneity in the
dOR of CTS for DT (I = 64.4; P = .000),
PT (I*> = 88.1; P = .000), and TT (I*> =
88.1; P = .000). The pooled sensitivity,
specificity, PLR, NLR, and dOR are pre-
sented in TABLE 2. The HSROC curves are

displayed in FIGURE 2. The forest plots of
each test are presented in SUPPLEMENTAL
FIGURES 3TO 7.

Sensitivity Analyses for the Effect of In-
dividual Studies

The pooled dOR was not affected after
removing any individual study for DT,
HET, PT, TT, and ULNT1. The sensitiv-
ity analyses performed using only studies
that directly compared 2 or more tests are
presented in TABLE 3.

When the analyses were performed
excluding studies with a high risk of bias,
the pooled dORs for the diagnosis of CTS
were 18.98 (95% CI: 1.59, 225.85) for DT,
81.78 (95% CI: 7.98, 838.23) for HET,
7.43 (95% CI: 3.36, 16.36) for PT, 6.59
(95% CI: 3.77, 11.50) for TT, and 2.82
(95% CI: 1.20, 6.64) for ULNT1I.

Publication Bias

The asymmetry test using Deek’s method
suggested an absence of publication bias
for DT (P = .830), HET (P = .570), PT
(P =.370), TT (P = .,500), and ULNT1
(P =.660).

DISCUSSION

HYSICAL ASSESSMENT HAS BEEN ROU-
tinely used as the initial step in diag-
nosing CTS; electrodiagnosis is the
gold standard for confirming CTS diag-
nosis in clinical practice. Because of the
high prevalence of CTS, the high cost of
electrodiagnosis, and the inconvenience

SENSITIVITY ANALYSES USING STUDIES THAT COMPARED 2 OR MORE TESTS?

Test n Sensitivity (%) Specificity (%) PLR NLR dOR
Durkan test i 62,00 (49,00, 7700) 7700 (63.00, 93.00) 6.86 (345, 1362) 0.25(0.13, 0.49) 15.84 (378, 66.33)
Hand elevation test 5 85,00 (7700, 94.00) 95,00 (86,00, 105.00) 1593 (6.02, 42.18) 010 (0.04,027) 128.63 (40,64, 40712)
Phalen test 30 69.00 (63.00, 74.00) 7100 (64.00, 80.00) 453 (2.86,719) 0.32(020,052) 765 (4.22,13.86)
Tinel test 27 5500 (4900,6300) 7500 (6700, 83.00) 370(217,6.31) 0.48 (029, 078) 553 (358, 8.53)
ULNT1 1 7500 (52.00, 108) 013 (700, 24.00) 0.86 (0,05, 15.81) 192 (001 48179) 046 (0.17,1.25)

the median nerve.

“Values in parentheses are 95% confidence intervals.

Abbreviations: dOR, diagnostic odds ratio; NLR, negative likelthood ratio; PLR, positive likelihood ratio; ULNTI, upper-limb neurodynamic test specific to
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of this technique, it is important to know
which is the most useful provocation test
for patients with CTS. We synthesize the
evidence regarding the utility of the main
provocation tests as diagnostic methods of
CTS in clinical settings and provide pooled
dOR and HSROC to assess the accuracy
of DT, HET, PT, TT, and ULNT!1 for di-
agnosing CTS. HET has the best accuracy
for CTS diagnosis: dOR: 128.63 (95% CI:
40.64, 407.12), sensitivity: 85.00% (95%
CI: 77.00, 94.00), and specificity: 95.00%
(95% CI: 86.00, 105.00); DT, PT, and TT
are also accurate.

Previous systematic reviews>¢>439 pro-
vided inconclusive results due to variabil-
ity in included studies. Our meta-analysis
quantifies the accuracy of these tests and
confirms that DT, HET, PT, and TT are
useful tests. Clinical practice guidelines®
strongly recommend against using DT,
PT, TT, or ULNT1 as stand-alone provo-
cation tests to diagnose CTS. Our findings
support using DT, PT, and TT for CTS
screening and provide a quantitative syn-
thesis of the accuracy of HET.

Although DT, PT, and TT were ac-
curate for CTS diagnosis, the large dOR
of HET could be due to the reduction of
blood supply to the nerve by reducing lo-
cal blood pressure after the elevation of
the hand above the heart and the recur-
rence of symptoms on the radial side of
the hand.* Although our results showed
moderate ULNTT1 sensitivity (71.00; 95%
CIL: 54.00, 94.00), the sensitivity might
decrease in severe CTS.>* Due to the low
dOR, the ULNT1 is unsuitable for diagnos-
ing CTS when used in isolation. This could
be because the reference standard assumes
that conduction loss is always present in
peripheral neuropathic pain in patients
with CTS. ULNT1 detects the increased
median nerve mechanosensitivity, which is
associated with the increased excitability of
small-diameter afferents,* nervous system
pathways,® and central nervous system
pathways,* but does not always present
with conduction loss.%? This could explain
the low specificity and dOR value of this
test. In addition, the unclear definition of a
positive ULNT1 may also play a role.

Clinical Implications

The positive dORs for DT, HET, PT, and
TT and the fact that provocative tests are
low-cost, time-efficient, and noninvasive
alternatives allow us to recommend these
tests for diagnosing CTS in clinical prac-
tice. A correct performance of these tests
by clinicians could have great advantages
for the health care system, decreasing
health expenditure by reducing the exces-
sive number of nerve conduction studies
in people with suspected CTS and reduc-
ing the waiting list for specific CTS reha-
bilitation programs.

Limitations

The wide CIs of HET and DT could
be due to the large number of case-
control studies used in the analyses®’;
thus, the results of these tests should
be considered with caution. Not all the
included studies performed the provo-
cation tests using the same protocol in
HET and ULNT]I, which may bias the
estimates.

Several studies were excluded because
their measurements were not well defined.
The number of studies reporting ULNT1
measurements is still scarce. Future stud-
ies must determine the usefulness of the
test in CTS diagnosis. Electrodiagnosis
has a substantial number of false-negative
and false-positive results. Ultrasonogra-
phy may offer a superior approach to di-
agnosing CTS.** Thus, the findings of this
meta-analysis should be considered with
caution.

CONCLUSION

LINICIANS SHOULD CONSIDER USING
Cthe HET for diagnosing CTS. The

most common diagnostic tests for
CTS (DT, PT, and TT) have good accu-
racy. Our findings update the results of
previous systematic reviews and should
be considered when developing future
clinical practice guidelines. ®

KEY POINTS
FINDINGS: The hand elevation test (HET)
has good accuracy for diagnosing carpal

tunnel syndrome (CTS) and should be
considered for use in the physical exam-
ination for CTS diagnosis by clinicians
as HET is highly accurate for diagnosing
CTS. The most popular tests—Durkan
test (DT), Phalen test, and Tinel test—
have good accuracy in screening for
CTS.

IMPLICATIONS: We encourage clinicians
to consider using the HET in practice
for diagnosing CTS given its accuracy,
and we encourage guideline develop-
ers to consider including HET when
developing future clinical practice
guidelines.

CAUTION: The confidence intervals of
HET and DT could be overestimated
because a large number of case-control
studies were included in the analyses.
More research is needed to assess the
impact of the limitations of the current
systematic review and to investigate the
diagnostic abilities of different provoca-
tion tests (eg, upper-limb neurodynamic
test specific to the median nerve) for
CTS.
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