1) Check for updates

Literature Review

Journal of Diagnostic Medical Sonography
2023, Vol. 39(5) 492-506

© The Author(s) 2023

Article reuse guidelines:
sagepub.com/journals-permissions

DOI: 10.1177/87564793231176009
journals.sagepub.com/home/jdm

S Sage

Sonographic Reference Values for
Median Nerve Cross-sectional Area:
A Meta-analysis of Data From Healthy
Individuals @

Shawn C. Roll, PhD, OTR/L, RMSKS, FAOTA, FAIUM'" |
Sandy C. Takata, PhD, OTD, OTR/L'*), Buwen Yao, PhD, MBBS'"),
Lynn Kysh, MLIS, MPP2 and Wendy J. Mack, PhD?

Abstract

Objective: Establish median nerve cross-sectional area (CSA) reference values and identify patient-level factors
impacting diagnostic thresholds.

Materials and Methods: Studies were identified through a robust search of multiple databases, and quality
assessment was conducted using a modified version of the National Institute of Health Study Quality Assessment
Tool for Observational Cohort and Cross-Sectional Studies. A meta-analysis was performed to identify normative
values stratified by anatomic location. A meta-regression was conducted to examine heterogeneity effects of age, sex,
and laterality.

Results: The meta-analysis included 73 studies; 41 (56.2%) were high quality. The median nerve CSA [95% confidence
interval, Cl] was 6.46 mm? [6.09—6.84], 8.68 mm? [8.22-9.13], and 8.60 mm? [8.23—8.97] at the proximal forearm, the
carpal tunnel inlet, and the proximal carpal tunnel, respectively. Age was positively associated with CSA at the level of
proximal carpal tunnel (8 = 0.03 mm?, P = .047). Men (9.42 mm? [8.06—10.78]) had statistically larger proximal tunnel
CSA (P = .03) as compared with women (7.71 mm? [7.01-8.42]). No difference was noted in laterality.
Conclusion: A reference value for median nerve CSA in the carpal tunnel is 8.60 mm?. Adjustments may be required
in pediatrics or older adults. The diagnostic threshold of 10.0 mm? for male patients should be cautiously applied as
the upper limit of normative averages surpasses this threshold.

Keywords
ultrasonography, median nerve, reference values, meta-analysis

Sonographic imaging is becoming widely used for the
examination of peripheral nerves, particularly in the diag-
nosis of carpal tunnel syndrome (CTS), where a growing
body of literature is examining the diagnostic accuracy of
sonography for CTS.! Research and clinical approaches
primarily compare median nerve cross-sectional area
(CSA) to a diagnostic threshold (e.g., 10 mm?) or use a
within-arm comparison of the CSA in the carpal tunnel to
the CSA in the forearm.*® Sonography has been shown to
demonstrate a better false-positive rate at 23% compared
with the “gold standard” of nerve conduction at 43%.!
Recent expert consensus suggests that combining sonogra-
phy with other clinical measures’ can increase diagnostic
accuracy® and may be able to differentiate severity of CTS.”

Most researchers examining diagnostic accuracy or
developing diagnostic thresholds for sonographic mea-
surements enroll a unique sample of healthy individuals to

serve as reference values, in their individual studies. These
comparative samples are often substantially small and
purposefully recruited to match the patient population of
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the primary study. Although a few studies have been con-
ducted to report normative values within specific popula-
tions'® 2 and across different demographic factors, !>
these studies do not provide the substantially large, het-
erogeneous samples necessary to serve as stand-alone ref-
erence values, for all clinical patients or research
protocols.

With the proliferation of sonographic measurement of
the median nerve in diagnostic studies and clinical trials,
along with the increasing clinical use of sonography for
screening and prevention of CTS, there is a need to estab-
lish a robust set of normative reference values for these
measures across various populations, ages, and sexes.
Thus, the purpose of this meta-analysis was to locate all
published data on median nerve CSA measurements in
healthy participants, statistically combine the data to
establish references values, and identify patient-level fac-
tors that may impact how diagnostic thresholds are con-
sidered within clinical practice and research.

Materials and Methods

Search Strategy

This review was designed to meet the criteria of the
Preferred Reporting of Items for Systematic Reviews and
Meta-Analyses.'* The study protocol was registered with
the International Prospective Register of Systematic
Reviews (CRD42016037286) and the detailed search and
selection methodology has been previously published.!'
An initial bibliographic search was completed by a clinical
and research librarian on March 20, 2017, and an updated
search was conducted on May 31, 2019. Searches were
conducted in Ovid MEDLINE, Embase, Cochrane Library,
CINAHL, and SPORTDiscus using a combination of sub-
ject headings (when available) and keywords for concepts
of peripheral nerves, reference values, or carpal tunnel and
ultrasonography to capture articles published since the
year 2000. The detailed search strategies for each database
are included (See Supplemental Table 1). Additional
searches were conducted in ClinicalTrials.gov, the tables
of contents of journals within related medical (e.g., imag-
ing, neurology) and injury prevention fields (e.g., human
factors and industrial engineering), and the reference lists
of relevant review articles identified in the search process.

Study Selection

A review team with varied training in sonographic imag-
ing, rehabilitation, and medicine followed a standard-
ized protocol to complete the study selection process.'®
Following removal of duplicates, all abstracts were
imported into Covidence (Veritas Health Innovation
Ltd; Melbourne, Australia) and independently screened

by two reviewers. Full texts were obtained for any arti-
cle that at least one reviewer indicated used sonography
to examine the peripheral nerves of the upper extremity
in healthy individuals. All full texts were independently
reviewed for eligibility by two reviewers to identify
studies that measured median nerve CSA in healthy par-
ticipants using sonography. A registered musculoskele-
tal sonographer with more than 10 years of experience
examined articles with discrepancies between the pri-
mary reviewers, and final inclusion was determined by
consensus among the reviewers. Studies that used a
transducer <10 MHz, a measurement technique other
than direct trace around the internal hyperechoic border
of the nerve, or a primary measurement of CSA in cm?
rather than mm? were excluded. When units of measure-
ment were not reported in the methods, studies were
excluded if cm? appeared in figures or whole numbers
were used to report CSA. Studies that lacked a clear
anatomical description or combined measures from dif-
ferent locations across participants (e.g., largest CSA
measured across the carpal tunnel region) were also
excluded.

Data Extraction and Quality Assessment

For each study, the number, average age, and distribu-
tions of sex and handedness of participants were extracted.
Central tendency and variance for each sonographic CSA
measurement of the median nerve were entered into the
data set across nine anatomic locations from the axilla to
the distal carpal tunnel (See Table 1). To obtain missing
data, the corresponding authors were contacted when
articles did not report both centrality and variance of CSA
for healthy participants. Because the purpose of this
review was limited to measures of the median nerve in
healthy participants, additional information related to
overall study (e.g., design, diagnosis, intervention) were
not extracted or reported.

Quality assessment was conducted using a modified
version of the National Institute of Health Study Quality
Assessment Tool for Observational Cohort and Cross-
Sectional Studies.!” Studies were scored as having fully
met (1 point), partially met (0.5 points), or not met (0
points) eight quality criteria related to the imaging of
healthy participants in the study.!® Studies that did not
report enough detail to determine whether a criterion was
met received no points, and studies that included only
healthy participants received full points for criteria that
required differentiation between groups (e.g., blinding of
raters to participant status). Two reviewers individually
scored each article, and a third reviewer resolved any dif-
ferences. Average quality across the included studies was
calculated, and individual articles were categorized into
three quality levels: (1) high quality: > 6.0 points; (2)
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Table |. Parameters Used to Categorize Median Nerve Measures Reported Across the Included Studies Into Anatomical

Regions for Analysis.

Region Descriptions of Anatomical Regions Reported Across Studies

Axilla Axillary fossa

Humerus Midpoint of the upper arm, mid humerus, or midpoint between medial epicondyle and axillary
fossa

Elbow Antecubital fossa to the pronator teres

Proximal forearm
Distal forearm
Carpal tunnel inlet
quadratus, proximal scaphoid
Proximal carpal tunnel
Distal carpal tunnel
Carpal tunnel outlet

At the pronator teres to |0 cm proximal to the distal wrist crease
Between 4 and 10 cm proximal to distal wrist crease
Less than 4 cm proximal to or at the distal wrist crease, distal radioulnar joint, lunate, pronator

At the pisiform, distal scaphoid, or under the flexor retinaculum
At the hook of hamate or trapezium
Over the metacarpal bones or in the palm

fair quality: 4.5-6.0 points; and (3) poor quality: < 4.5
points.

Statistical Analysis

A meta-analysis was performed to identify normative val-
ues for sonographic measurement of median nerve CSA
stratified by anatomic location. Weighted averages were
calculated for each anatomic location using random-
effects models specifying the mean value of each study-
specific median nerve CSA as an effect size. Standard
errors for each study mean were obtained (in order of
preference): (1) using directly reported standard errors,
(2) calculated from standard deviation (SD) and sample
size, or (3) using the sample range to compute an SD.
Overall measures, study-specific effect sizes, and 95%
confidence intervals (Cls) were displayed in forest plots
by anatomic location, and the [ test statistic was used to
evaluate heterogeneity of CSA means across studies. A
meta-regression was conducted to examine heterogeneity
effects of age (i.e., mean study age) and sex (i.e., % male
in study) at the two most clinically used anatomical loca-
tions (i.e., proximal forearm, proximal carpal tunnel).
Finally, means were reported by subgroups of sex and
hand dominance using studies that reported CSA values
in these two locations by these subgroups or that had a
homogeneous sample (e.g., all females, all dominant
hands); differences in CSA means by sex and hand domi-
nance were tested. Meta-analyses were conducted using
Stata V17 (College Station, TX).

Results

Study Selection

The flow of records through the study selection process is
presented in Figure 1. Screening was conducted for
18592 unique records. A total of 418 full-text articles

were reviewed for eligibility due to abstracts indicating
that sonographic measurement of the median nerve was
conducted in the study. Articles were excluded that did
not evaluate median nerve CSA (n = 75), did not include
healthy participants (n = 34), or did not use an appropri-
ate measurement technique (n = 166). In addition, 69
articles were excluded due to missing data or re-reporting
of healthy participant data that had been used in previous
studies already included in the review. One study was
identified as an outlier and excluded; this study reported
an average CSA of approximately twice the size reported
by the 20 other studies within the same anatomical
region.!® Data from the remaining 73 articles were
included in the meta-analysis.

Study Characteristics and Quality

The proximal carpal tunnel (47/73, 64.4%), carpal tunnel
inlet (35/73, 47.9%), and proximal forearm (20/73,
27.4%) were the most common anatomical locations of
CSA measurement among the included studies. The
meta-analytic average age of healthy participants across
all articles in the sample was 43.6 years. The average
quality rating across the included studies was 6.1 of 8.0,
with 41 of 73 (56.2%) studies identified as high quality,
28 of 73 (38.4%) fair quality, and 5 of 73 (6.8%) poor
quality (See Table 2). Quality of the image acquisition
process was the criterion most often partially or not met
based on the description in the articles (i.e., only 37.8%
fully met this criterion). Only half of the studies indicated
the qualifications of the individuals obtaining or measur-
ing the sonographic data.

Meta-analysis of Healthy Median Nerve CSA

The weighted averages and Cls for median nerve CSA
across the nine anatomic regions are presented in Table 3.
The median nerve CSA was approximately 8-9 mm? in the
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Figure |. Flow chart of studies through the search, screening, eligibility, and inclusion process.

upper arm, elbow, and wrist, with a smaller CSA noted in
forearm. In the most frequently measured regions, CSA was
6.46 mm? (95% CI: 6.09-6.84) in the proximal forearm,
8.60 mm? (95% CI: 8.23-8.97) at the level of the pisiform
in the proximal carpal tunnel, and 8.68 mm? (95% CI: 8.22—
9.13) at inlet to the carpal tunnel (See Figures 2 and 3).
Most ClIs for the weighted means were approximately £0.5
mm?; however, these intervals were larger for measure-
ments in the upper arm, the distal carpal tunnel, and the
carpal tunnel outlet indicating either wider variability in
nerve size or increased measurement error in these loca-
tions. The 2 values indicated heterogeneity across the

included studies suggesting potential moderating effects
within the individual study designs or samples and confirm-
ing the need for further meta-regression and moderator
analyses. Forest plots for the additional anatomical regions
are provided and these give a quick graphic summary and
direction of the data (See Supplemental Figures 1-6).

Meta-regression and Moderator Analysis of
Study Factors Related to CSA

Five studies were excluded from the meta-regression due
to missing data for average age or sex distribution (i.e., %
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Table 2. A Quality Assessment of Included Published Studies, Sorted By Their Quality Score.

Study

Rating Score

Criterion

Ajeena et al."’
Ghasemi-Esfe et al.2’
Horng et al.?'

Kwon et al.22

Tajika et al.
Boehm et al.2*
Junck et al.Z®
Kerasnoudis et al.2¢
Mansiz Kaplan et al.”
Rahmani et al.2®
Woo et al.?’
Cartwright et al.3°
Cartwright et al.®'
Ghasemi-Esfe et al.32
Kang et al.®
Kantarci et al.3*
Kim et al.?*
Lai et al.3®

Loh and Muraki®’
Loh et al.’®
Mohammadi et al.**
Ooi et al.*
Roll et al.*

Sahin Senocak et al.*?
Toosi et al.®?

Werner et al.*#

Won et al.®

Good

Good

Good

Good

Good

Good

Good

Good

Good

Good

Good

Good

Good

Good

Good

Good

Good

Good

Good

Good

Good

Good

Good

Good

Good

Good

Good

8

8

7.5

7.5

7.5

7.5

7.5

7.5

000000000~

Q000000000 00000000000000000-

00000 -

Q0000000000000 0000000000000-

Q0000000000000 0000000000000 -

(continued)
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Table 2. (continued)

Criterion

Study Rating  Score I 2 3 4 5 6 ! 8

Chen et al.* Good 65 e e e e e o e
Choo et al.” Good 65 e e e e e e
Kasius et al.*® Good 65 e e e e e e a
Kaymak et al.*’ Good 6.5 0 e e 0 o e e
Lee et al.>° Good 6.5 o e e o o e e
Loh et al ' God 65 € @ ©O © © © ©
Loh and Muraki®? Good 65 o o e o 0 e e
Ng et al.3 Good 65 e e e e e e e
Noto et al.* Good 65 e e G e 0 e e
Pitarokoili et al.> Good 6.5 e e e e e e e
Toosi et al.5 Good 65 e e e 0 0 e e
Yang et al.>’ Good 6.5 e c a e e c c
Yurdakul et al.*® Good 6.5 e e e e e o e
Atan and Giinendi*’ Fair 6 e : e o e e
Kang et al.® Fair 6 e e e e e e
Nodera et al.®! Fair 6 0 e e 6 0 o e e
Su et al.&2 Fair 6 o e o o e e
Borire et al.¢3 Fair 5.5 e ) Q e e e e
De Kleermaeker et al.**  Fair 55 o e e o o 0 a
El Miedany et al.*® Fair 5.5 e e e ' e e e e
Jang et al.% Fair 55 e e : a e e e e
Kotb et al.®’ Fair 5.5 e e e e e o a
Lee et al.®8 Fair 5.5 e +, e Q e e e a
Mohamed et al.¢’ Fair 5.5 e c c e 0 o c
Mori et al.”® Fair 55 e e a e o e e
Mulroy et al.”' Fair 55 e e a e o e e

(continued)
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Table 2. (continued)

Criterion

Study Rating  Score | 2 3 4 > é ! 8

Wang et al.”? Fair 55 e e e e o o e
Watanabe et al.”® Fair 5.5 e e e a c e c
Agirman et al.”* Fair 5 e Q e e o e
Borire et al.” Fair 5 e a e e e e
Cartwright et al’® Fair 5 a 0 c 0 o e
Fujimoto et al.” Fair 5 e e e e e Q
Lopes et al.”® Fair 5 e e e e e °
Moon et al.”’ Fair 5 e e e o o Q
Park® Fair 5 e e e e e
Scheidl et al.?' Fair 5 c 0 e e Q
Schreiber et al.®2 Fair 5 e e e e o o a
Borire et al.® Fair 4.5 a e e e e
Koyuncuoglu et al 2 Fair 4.5 e e e e o o e
Miwa and Miwa® Fair 4.5 e Q e e e 0 e
Pelosi et al.® Fair 4.5 e o ° e o o o
Schreiber et al.¥’ Poor 4 a e o a e e e e
van Doesburg et al.% Poor 4 a e e o a e o o
Arumugam et al.®’ Poor 35 e e e e e o c
Hammer et al.®® Poor 35 e e e e °
Niu et al.”’ Poor 2 e e e o o Q

Green plus = satisfactorily met the criterion; yellow plus = partially met the criterion; red minus = did not meet criterion; gray question mark
= did not report on the criterion. Quality assessment was conducted using a modified version of the National Institute of Health Study Quality
Assessment Tool for Observational Cohort and Cross-Sectional Studies'” using the eight criteria as previously described.'®

male). Among the remaining studies, there was no sig-
nificant effect of sex distribution or age in proximal fore-
arm CSA (sex, P = .809; age, P = .418) and no effect of
sex distribution on proximal carpal tunnel CSA (sex, P =
.112). There was a statically significant effect of age on
proximal carpal tunnel CSA (P = .047), such that, assum-
ing a linear trend, each year of increase or decrease from
the average age of the sample (i.e., 43.6 years) would
result in a subsequent increase or decrease in CSA by

0.03 mm? [95% CI: 0.00-0.07]. Thus, assuming a linear
trend, the estimated range of normal CSA at the pisiform
for adults aged 18-65 years would be 7.83-9.24 mm?>.
Only three studies reported stratified data by either sex
or hand dominance at the proximal forearm, so that, fur-
ther evaluation of these factors at this location was not
completed. Ten studies provided proximal carpal tunnel
CSA values stratified by sex (See Figure 4). The weighted
average CSA of these 10 studies was equal to the overall
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Table 3. Meta-Analytic Averages for Cross-Sectional Area (CSA) of the Median Nerve Within Healthy Individuals Across
Anatomical Regions of the Upper Extremity.

Anatomical Region N Weighted Mean 95% Cl P
Axilla | 7.90 7.53-8.27 -
Humerus 12 9.27 8.50-10.05 97.1
Elbow 6 8.32 7.69-8.95 88.7
Proximal forearm 20 6.46 6.09-6.84 99.3
Distal forearm 9 6.20 5.87-6.53 92.9
Carpal tunnel inlet 35 8.68 8.22-9.13 98.6
Proximal carpal tunnel 47 8.60 8.23-8.97 99.1
Distal carpal tunnel 15 8.43 7.62-9.25 98.6
Carpal tunnel outlet 2 .12 9.77-12.47 86.7

Abbreviation: Cl, confidence interval.

Proximal forearm

MeanArea  Weight
Study with 95% CI (%)
Cartwright, M. S., 2009 i
Rahmani, M., 2011
Ghasemi-Esfe, A. R, 2011a
Ghasemi-Esfe, A. R., 2011b
Schreiber, ., 2013 —M-  751[7.18,7.84] 5.10
Won, S.J., 2013 6.45[6.31, 659] 527
Jang, J. H., 2014 M- 780[751,809] 5.15

760[7.27,7.93] 5.10
6.22[6.18, 6.26) 5.31
6.22[6.19, 6.25] 5.31
6.34[6.09, 6.59] 5.19

u wmm

Moon, H. 1., 2014 —— 6.80[6.41, 7.19] 5.02
Junck, A. D., 2015 - 510[4.82, 538] 516
Mori, A., 2015 —— 6.80[6.26, 7.34] 4.80
Schreiber, S., 2015 —l—7.90[7.39, 841 485
Agirman, M., 2016 —— 5.40[4.99, 5.81] 500
Arumugam, T., 2016 - 5.18[4.90, 5.46] 5.16
Lee, K. M., 2016 - 6.25[5.91, 659] 5.09
Pitarokaili, K., 2016 - 6.60[6.30, 6.90] 5.14
Kang, S., 20162 ——  7.43[699, 7.87] 4.96
Niy, J., 2017 —— 5.40([4.75, 6.05] 4.59
Noto, Y. 1., 2018 - 620591, 649] 5.15
Pelosi, L., 2018 o 5.73[5.15,6.31] 4.73
Mulroy, E., 2018 —— 6.30[5.33, 7.27] 3.93
Overall - 6.46[6.09, 6.84]
Heterogeneity: T = 0.70, I' = 99.34%, H’ = 15168
Test of 8, = 6 Q(19) = 472.28, p = 0.00
Testof ©=0:z=3360,p=0.00

5 6 7 8

Random-effects REML model
Sorted by: year

Figure 2. Forest plot of meta-analysis results showing the
direction and magnitude of the weighted averages of median
nerve cross-sectional area (CSA) in the proximal forearm 10
cm or greater from the wrist across individual studies. Cl,
confidence interval.

weighted average of the 47 studies measuring CSA at this
location (i.e., approximately 8.60 mm?); however, men
(9.42 mm? [8.06-10.78]) had statistically larger weighted
average CSA (P = .03) as compared with women (7.71
mm? [7.01-8.42]). Eighteen studies reported CSA values
at the proximal carpal tunnel stratified by hand dominance
and 16 studies reported values based on laterality of right
versus left wrist (See Figure 5). The weighted averages
were nearly identical with no significant differences
between nerves measured in a dominant wrist (8.51 mm?
[7.72-9.29]) and a non-dominant wrist (8.57 mm? [7.62—
9.52]), and in nerves measured in the right (7.71 mm?
[7.03-8.40]) versus left wrist (7.93 mm? [7.46-8.76]).

Similarly, there was no significant difference (P = .81)
among eleven studies that reported laterality for CSA of
the median nerve in the proximal formal between the right
(6.92 mm? [6.30-7.54]) and left (6.87 mm? [6.49-7.26]).

Discussion

Without accounting for age, sex, or laterality, healthy
median nerve CSA values measured at the inlet to or in
the proximal carpal tunnel all fall below the commonly
used diagnostic threshold of 10 mm? and are well below
meta-analytic values reported for patients with various
severities of CTS.%?? Reference values for median nerve
CSA in healthy individuals change slightly as the nerve
travels from proximal to distal, being of similar size in
the wrist and upper arm regions and slightly smaller in
the forearm. Specifically, healthy median nerve CSA
should be about 8.60 mm? in the proximal carpal tunnel,
approximately 2.0 mm? larger than in the forearm with a
wrist-to-forearm ratio of approximately 1.3. Although
using either a difference of 2.0 mm? or a wrist-to-forearm
ratio of greater than 1.4 as suggested by commonly cited
literature,”*** these measures may lead to false positives
and might be best considered as general “rules of thumb”
rather than singular diagnostic threshold. That is, when
considering CIs of healthy measures of the nerve between
the proximal forearm and carpal tunnel, the potential dif-
ference in a healthy individual could be as large as 2.88
mm? (i.e., 8.97-6.09 mm?) with a corresponding wrist-to-
forearm ratio of 1.5. Definitive diagnosis of CTS may
require adoption of these more conservative thresholds or
a combination of multiple clinical measures.’*®

When accounting for linear changes by age, the esti-
mated range of CSA within the carpal tunnel in healthy
adults (18-65) is 7.83-9.24 mm?, falling well below a
diagnostic threshold of 10 mm?. Given a small effect of
age on CSA measures, adjusting normative values is
only necessary when evaluating pediatric or older adults;
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Figure 3. Forest plot of meta-analysis results showing the direction and magnitude of the weighted averages of median nerve
cross-sectional area (CSA) at the inlet to the carpal tunnel (CT) up to 4cm proximal to the radial carpal joint (i.e., distal wrist
crease; (a)) and proximal CT at the level of the pisiform (b) across individual studies. Cl, confidence interval.

however, sex and laterality may require attention in clini-
cal practice and research. Although there were no differ-
ences in median nerve CSA when considering percent
male versus female across 47 studies, among 10 studies
that exclusively stratified data by sex, men had signifi-
cantly larger CSA than women. Given that these studies
had the same weighted average as the full sample when
compiling men and women together, research with
mixed-sex samples could confidently use 8.60 mm? as a
valid reference for median nerve CSA at the level of the
pisiform. Alternatively, for studies with higher represen-
tation of men or women and for individual patients,
researchers or clinicians should consider using the sex-
normed reference values of 7.71 mm? for women and
9.42 mm? for men. Importantly, caution should be used
when applying the diagnostic threshold of 10.0 mm? in

men as the upper limit of the 95% CI for male CSA sur-
passes this threshold in the aggregate data within this
meta-analysis.

In healthy individuals, median nerve CSA in the proxi-
mal carpal tunnel is likely highly similar between domi-
nant and non-dominant sides. Thus, studies that consider
bilateral CSA as independent data points could have
increased risk of erroneous statistical findings.
Alternatively, accounting for within-subject differences
between wrists as a diagnostic assessment may have sig-
nificant validity. Current primary sonographic diagnostic
criteria for CTS rely on an absolute threshold (i.e., 10.0
mm?) or a within-arm comparison (e.g., wrist-to-forearm
ratio). Adding a bilateral comparison criterion would mir-
ror electrodiagnostic approaches that consider bilateral
differences in conduction velocities along with an
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Figure 4. Forest plots showing group differences for
weighted averages of median nerve cross-sectional area
(CSA) in the proximal carpal tunnel (CT) among studies that
provided data stratified by sex demonstrating significantly
larger CSA (P = .03) in men (9.42 mm?) than in women (8.58
mm?). Cl, confidence interval.

absolute threshold and a within-arm comparison with the
ulnar nerve.

Methodological concerns require attention to improve
rigor in the clinical or research use of median nerve CSA
measurements. One previously identified issue that
remains pervasive is the wide variability how anatomical
locations of CSA measurements are identified and
described.® Two issues arose in attempting to categorize
study findings using the heterogeneous descriptions
across the studies. First, the same term was often used to
represent different anatomical regions, such as the word
“inlet” used to indicate a location immediately proximal
to the carpal ligament in some studies and a location
under the most proximal portion of the carpal ligament in
other studies. Second, there was variability in how much
detail was used to describe where a measure was taken
and disparate use of surface landmarks versus sonograph-
ically identified anatomical landmarks to identify the
measurement location. For example, the “carpal tunnel
inlet” was sometimes mentioned as generally being mea-
sured from an image taken at the wrist crease, while mea-
surements in the proximal forearm were sometimes
completed at a specific distance from the elbow or wrist
and other times completed at the location where the nerve
emerged between the heads of the pronator teres muscle.
The only consistent description noted across the studies
was using the pisiform as a landmark for measuring the
median nerve in the proximal carpal tunnel. Developing
additional standardized nomenclature that avoids gross,

external landmarks and uses clear sonographic anatomi-
cal landmarks for the acquisition and analysis of median
nerve CSA will improve clarity across research studies
and consistency in clinical diagnostics.

In addition to adopting standardized nomenclature,
there is a significant need for studies to clearly describe
how individual patients versus individual wrists are
included or excluded from final data samples. It was
often challenging to determine whether one or both wrists
were included among individual participants and even
more challenging to know when or why data from some
wrists were either not collected or were excluded when
the number of wrists was not equal between sides or did
not match the total number of participants in the sample.
Importantly, if both wrists of an individual participant are
included, data from this meta-analysis suggest a need to
account for the dependent nature of nerves when con-
ducting within-subject analyses. Finally, although most
studies now measure CSA using a direct trace within the
hyperechoic epineurium, multiple studies were elimi-
nated due to measurement using less sensitivity or accu-
rate techniques (e.g., ellipse).

Limitations

The reliance on reported summary data rather than using
primary data, combined with inconsistencies in reporting
of methodological details across studies introduces some
error in the meta-analytic means. First, individual studies
obtained and reported data either by individual or by wrist,
and it was often unclear when data were from left or right
wrists, from dominant or non-dominant sides, or averaged
across a mixture of both upper extremities. Furthermore,
some studies reported inconsistencies between the number
of included wrists or individuals and the final sample size
used in the analysis. Second, despite efforts to obtain miss-
ing data, many studies were excluded, and inconsistent
reporting of race and ethnicity resulted in the inability to
examine CSA based on these factors. Finally, definitions of
“healthy” varied greatly across studies or were generally
undefined, which potentially resulted in inclusion of some
data from individuals with pathologies. Despite these limi-
tations, consistency of CSA means within similar ranges
across the included studies increases confidence in report-
ing the meta-analytic averages as normative reference val-
ues within the general population.

Conclusion

Using data from 73 studies, normative reference values for
the CSA of the median nerve in healthy individuals were
identified. The reference value for the most common mea-
surement site within the carpal tunnel at the level of the pisi-
form is 8.60 mm?. Adjustment for age in a clinical setting or



502

Journal of Diagnostic Medical Sonography 39(5)

(a) (b)
Proximal CT Proximal CT
Mean Area Weight Mean Area Weight

Study viith 95% Cl (%) Study with 95% C1 (%)
Dominant Right

Sahin, 0., 2010 B 840(791, 889) 574 Sahin, 0., 2010 t- 840(791, 889 636
Toosi, K K., 2011 ———— 10.01[852 11.50] 431 Kim, H. S.. 2012 - 881[766, 996 482
Ghasemi-Esfe, A R, 2011a [ 830[825, 835] 597 Won.S. .. 2013 = 8330803 863 664
t:"-h"; :;']"24"” L 1=l :g; { ? :; :;g} ::: Lai, W.K. C., 2014 - 6.05[571, 639) 659
Toosi, K K. 2015 —l-  1029[9.71.1087) 565 SO Pvao0e 101740, S0 156
Loh, P.Y. 2015a = 802(773, 831) 588 Les, KM 2016 - (OO TN 0
Loh, P.Y., 2015b - 965(892,10.38) 5.47 Woo, £ H.C, 8 ) | 766[7.42, 788 672
Atan, T., 2018 - 933(876. 9.90] 565 Heterogeneity: 1° = 0.78, I' = 95.20%, H = 20.83 <> 771[7.03, 840]
Woo, E.H. C., 2018 o 765(742, 7.88) 592 Test of 8, = 8;: Q(6) = 121.16, p = 0.00

Heterogeneity: 1" = 1.52, I' = 98.56%, H’ = 69.67 < 851[7.72, 9.29)

Testof 8 = 8: Q(9) = 275.71, p = 0.00 Laft

Sahin, 0., 2010 R B 890(838, 942 630

Non-Dominant Kim, H. ., 2012 —@— 1048[933, 1163 482
Werner, R. A, 2004 S m 972[877.10.67) 517 Won, S. J., 2013 ] 829[805, 853 671
Sahin, 0., 2010 B B 8.90(838, 9.42] 570 Moon, H. 1., 2014 760(7.10, 8.10] 633
Toosi, K K., 2011 —l—— 992[826 11.58] 405 Boehm, J., 2014 E B 850(803, 897] 639
Loh, P.Y., 2014 = 6.98[669, 7.27] 588 Loh,P.Y.. 2014 0 6.98(669, 7.27] 666
Toosi, K K., 2015 —-  10.47[9.85 11.09) 560 Scheid, E., 2014 340(783, 897 619
Loh, P.Y., 2015a = 7.00(6.73, 7.28) 589 Lee, K M., 2016 - 650633, 747 620
LohyiP Y., 20160 & 8.70(8,07, 9.33], 558 Woo, E. H. C., 2018 ] 750(7.26, 7.74) 671
Woo EH C.2018 ) ] 750(726, 7.74] 591 Heterogeneity: 1° = 0.92, I = 95.87%. H’ = 2422 811746, 876]
Heterogeneity: 1= 1.74, I' = 97.46%, H' = 39.40 — 857(762 9.52) Tesla1 8 6:0(8) = 112855 =000

Testof 8, =8 Q(7) = 181.89, p = 0.00 S

Overall > 853(7.94, 9.12) Overall s ) 7.93( 747, 8.40)
Heterogeneity: 1 = 1.51, I' = 98.51%, H' = 66.90 Heterogeneity: 1° = 0.82, I' = 95.64%, H" = 22.95

Test of 8 = 8: Q(17) = 526.38, p = 0.00 est of 8:20;0(15) 230.92,p:=0.00

Test of group differences: Q:(1) = 0.01, p=0.92 Test of group differences: Q,(1) = 0.67, p = 0.41

6 8 10 12 6 8 10 12

Random-effects REML model Random-effects REML model
Sorted by: year Sorted by: year

Figure 5. Forest plots showing group differences for weighted averages of median nerve cross-sectional area (CSA) in the
proximal carpal tunnel (CT) among studies that provided data stratified by hand dominance (a) or side (b) demonstrating no
differences based on laterality (P = .92, P = .41). Cl, confidence interval.

age-matching in research samples may only be necessary
when examining pediatric or older adult patients. Men gen-
erally have larger CSA in the proximal carpal tunnel than
women, and caution is required when applying a diagnostic
threshold of 10.0 mm? for male patients as the upper limit
of normative averages surpasses this threshold. Finally, evi-
dence of no difference between dominant and non-domi-
nant wrists is important. Researchers should avoid
considering bilateral CSA measures from one individual as
independent data points, while within-patient differences
between wrists may be useful as a clinical diagnostic
assessment. In addition to normative values, this meta-anal-
ysis illuminated numerous issues in the quality of study
reporting, variations in the use of anatomical landmarks,
and a lack of standard nomenclature.

Key Takeaways

e Ahealthy median nerve cross-sectional area reference at
the pisiform is 8.60 mm?.

e Age adjustments for median nerve reference values are
not indicated in adults.

e Healthy men have larger nerves that may exceed com-
mon diagnostic thresholds.

e Healthy nerves do not differ in size between wrists.

e Differences in nerve area between wrists may be a via-
ble diagnostic indicator.
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