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Background and Purpose To determine the correlation between the cross-sectional area
(CSA) of the median nerve measured at the wrist using three-dimensional (3D) ultrasonogra-
phy (US) and the electrophysiological severity of carpal tunnel syndrome (CTS).

Methods We prospectively examined 102 wrists of 51 patients with clinical CTS, which
were classified into 3 groups according to the electrodiagnostic (EDX) findings. Median nerve
CSAs were measured using 3D US at the carpal tunnel inlet and at the level of maximal swelling.

Results Ten wrists were negative for CTS. Of the 92 CTS-positive wrists, 23, 30, and 39
were classified as having mild, moderate, and severe CTS, respectively. The median nerve CSA
differed significantly between the severe- and moderate-CTS groups (p=0.0007 at the carpal
tunnel inlet and p<0.0001 at the maximal swelling site). There was a correlation between medi-
an nerve CSA and EDX parameters among those wrists with severe and mild CTS (p<0.0001
at both sites).

Conclusions The median nerve CSA as measured by 3D US could provide additional infor-
mation about the severity of CTS, as indicated by the strong correlation with standard EDX
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findings.

Introduction

Carpal tunnel syndrome (CTS) is the most common entrap-
ment neuropathy of the peripheral nerves,' and is routinely di-
agnosed based on the clinical history, a physical examination,
and electromyography.>* Ultrasonography (US) is currently
emerging as a tool for diagnosing entrapment neuropathy of
the upper extremities*” it is noninvasive, painless, readily avail-
able, and poses no radiation hazard. Several studies have inves-
tigated the usefulness of US in the diagnosis of CTS,**!' most
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of which have produced a key finding of focal swelling of the
median nerve at the carpal tunnel.'® Given the recent advances
in the field of US, this tool has the potential to provide useful
information regarding the detection and grading of CTS.
Advances in US imaging have resulted in the development
of three-dimensional (3D) US, which has been particularly use-
ful in the field of obstetrics.'? A probe has been developed for
use with 3D US for the evaluation of peripheral nerves.”* One
study that explored the assessment of CTS using 3D US and
compared the cross-sectional area (CSA) of the median nerve
between controls and patients with CTS" found the mean me-
dian nerve CSA was significantly greater in the patient group
than in the control group. However, few studies have evaluat-
ed whether the median nerve CSA measured using 3D US is
significantly correlated with the severity of CTS. If nerve swell-
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ing measured by US can be correlated with the electrophysi-
ological severity of this disorder, this could be used in the de-
velopment of a useful tool for screening CTS and for assessing
the prognosis.

The aim of this study was to determine whether there is a
correlation between the maximal CSA of the median nerve at
the wrist measured using 3D US and the electrophysiological
severity of CTS.

Methods

Study population

Fifty-one consecutive patients (102 wrists) who were referred
to our department from orthopedic and plastic surgery clinics
between May 2008 and February 2009 with a clinical diagno-
sis of bilateral CTS were enrolled as subjects in this study. The
clinical inclusion criteria were presence of 1) paresthesia or
numbness in the area innervated by the median nerve, and 2) a
sensory deficit in the same area, or 3) muscle weakness or at-
rophy of the abductor pollicis brevis (Quality Standards Sub-
committee of the American Academy of Neurology, 1993).
The exclusion criteria were 1) a history of underlying diseases
such as generalized inflammatory polyneuropathy, gout, rheu-
matoid arthritis, and metabolic disorders, 2) pregnancy, 3) pre-
vious surgery for a fracture or laceration at the wrist, or 4) oth-
er lesions within the carpal tunnel. Review board approval was
obtained for this study, and informed consent to participate was
provided by all of the subjects.

Nerve conduction study
A nerve conduction study (NCS) was conducted using a Dan-
tec Counterpoint MK2 device (Medtronic, Minneapolis, MN,
USA). All studies were conducted at standard room tempera-
ture (25°C). The skin temperature of the hand was maintained
at 32°C or above. The median compound muscle action poten-
tials (CMAPs) were recorded over the abductor pollicis brevis
muscle via median nerve stimulation applied 8 cm proximal to
the active recording electrode. The onset latency and baseline-
to-peak amplitude of the CMAPs were measured. The median
sensory nerve action potentials (SNAPs) were recorded anti-
dromically with a bar electrode over the third digit, and stimu-
lated at two points located 7 and 14 cm proximal to the active
recording electrode. To test the transcarpal segment, the nerve
was also stimulated at two points: at the distal wrist crease
(DWC) and 5 cm distal to the DWC at the palm. The latencies
and baseline-to-peak amplitudes of the median SNAPs were
measured and the onset latency difference between the two
points was calculated. Needle electromyography was per-
formed to exclude cervical radiculopathy.

Carpal tunnel syndrome was diagnosed based on the follow-
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ing criteria: 1) median SNAP peak latency of >3.7 ms, 2)
SNAP peak latency longer in the proximal 7-cm segment than
in the distal 7-cm segment, 3) SNAP amplitude <20 uV and
conduction block with a SNAP amplitude decrease of >50%
with wrist stimulation compared to palm stimulation, 4) 5-cm
transcarpal conduction time of >1.3 ms, 5) median CMAP dis-
tal latency of >4.2 ms, and 6) CMAP amplitude of <4.5 mV.
CTS in those wrists that tested positive for the disorder (#=92)
was graded as mild, moderate, or severe based on a modifica-
tion of the criteria given by Stevens (1997) as follows:

1) Mild CTS-prolonged (relative or absolute) sensory or
mixed nerve action potential (NAP) distal latency (orthodrom-
ic, antidromic, or palmar) with or without SNAP amplitude be-
low the lower normal limit.

2) Moderate CTS—-abnormal median sensory latencies as
above, and (relative or absolute) prolongation of the median
motor CMAP distal latency.

3) Severe CTS—prolonged median CMAP and SNAP distal
latencies, with either an absent SNAP or mixed NAP, or a low-
amplitude or absent thenar CMAP. Needle examination often
reveals fibrillations, reduced recruitment, and changes in the
motor unit potential.

3D US

Examinations were conducted using 3D US with a dedicated
8- to 15-MHz mechanical 3D-volume transducer (Logiq 9, GE
Medical Systems, Milwaukee, WI, USA). US examinations
were conducted on the same day as the electromyography. All
patients were evaluated in a supine position with the palm up
and the fingers semiextended. A 3D volume transducer was
placed at the DWC, which enabled sufficient demonstration of
long-axis images of the median nerve in the proximal carpal
tunnel (Fig. 1).

A musculoskeletal radiologist (C.H.K.) with 10 years of US
experience on a 3D workstation (Centricity Radiology RA 600
version 7.0, GE Medical Systems, Milwaukee, WI, USA) and
who was blinded to the NCS findings reviewed the 3D scans
using the same analysis methods as employed in our previous
study.”® The morphology of the median nerve from the distal
radius to the proximal carpal tunnel was assessed in three or-
thogonal planes that could be displayed along with graphic
lines and dots to clearly demonstrate how each section pro-
jection cuts the volume (Fig. 2). The changes in the shape of
the median nerve were evaluated qualitatively, and whether
or not the points of maximum nerve swelling could be visual-
ized using this process was established. The median nerve
CSA was then measured, and morphological evaluation was
performed using the 3D volume data. Using an indirect tech-
nique, the median nerve CSA was measured at the carpal tun-
nel inlet (scaphoid-pisiform level) and at the point of maxi-
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mum swelling in cases for which it could be demonstrated
(Fig. 2). The formula of an ellipsoid area (D1xD2x3.14/4)
was used in this measurement. The measurements were re-
peated three times, and the average was used for statistical
analysis.

Statistical analysis
The maximal CSA of the median nerve around the wrist was
selected, and the Pearson coefficient for the correlation be-

tween the maximal median nerve CSA and the electrophysio-
logical severity of the CTS was measured. All continuous

Fig. 1. 3D ultrasonography of the median nerve in the carpal tunnel.
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variables were normally distributed, as established by the Kol-
mogorov-Smirnov test, and were adjusted for age and sex.
They were also adjusted for using both hands of one patient in
testing. Statistical analysis was conducted using repetitive
ANOVA to test the differences between the means of the
groups. The cutoff for statistical significance was set at p<0.05,
and the rho score was also recorded. Statistical analyses were
conducted using SPSS (version 15.0, SPSS Inc., Chicago, IL,
USA).

Results

In total, 102 wrists of 51 patients were assessed, of which 92
wrists were confirmed electrophysiologically as being affected
by CTS; the remaining 10 wrists were negative for CTS. Both
wrists of each patients were examined. Ultimately, 92 affected
wrists in 50 patients (5 males and 45 females) were included in
the study. The age of the patients was 55.6+8.1 years (meant
SD; range, 31-73 years). Bilateral CTS was present in 42 of
the patients (Table 1).

Of the 92 affected wrists, 23, 30, and 39 were classified
electrophysiologically with mild, moderate, and severe CTS.
The overall median nerve CSA at the tunnel inlet was 13.2+6.2
mm? in the 92 wrists: the values were 10.5+4.6, 11.6+2.6, and
17.1£7.5 mm? in mild, moderate, and severe CTS, respective-
ly; these values differed significantly between severe and
moderate CTS (p=0.0007) and between severe and mild CTS
(p<0.0001) (Fig. 3). The overall median nerve CSA at the lev-
el of maximal swelling was 14.916.6 mm? in all 92 wrists; the
values were 11.7+4.7, 13.0£3.4, and 19.7+7.2 mm? in mild,

Fig. 2. Multiplanar display of a 3D ultraso-
nography volume showing the median
nerve (dots) in three orthogonal orienta-
tions. The planes are interactive and
permit a complete tracing of the median
nerve from the distal radius to the proxi-
mal carpal tunnel.



moderate, and severe CTS, respectively; these values also dif-
fered significantly between severe and moderate CTS (p<
0.0001) and between severe and mild CTS (p<0.0001) (Fig. 3).

The following variables were correlated with the median
nerve CSA at the carpal tunnel inlet: distal CMAP latency
(r=0.411, p<0.01), CMAP amplitude (+=-0.323, p<0.01), dis-
tal SNAP latency (+=0.343, p<0.01), and SNAP amplitude (=

Table 1. Baseline characteristics of the patients

Variable Value

Age (years) 55.6+8.1
Sex (males:females) 5:45 (10:90)
No. of patients/wrists examined 50/92
Duration of symptoms (months) 32.2+49.2
Side affected

Right 6(6.5)

Left 2(2.2)

Bilateral 84 (91.3)
NCS-defined severity

Mild 23 (25.0)

Moderate 30 (32.4)

Severe 39 (42.4)

Except where indicated otherwise, the data are presented as
meanzSD or n (%) values.

Kwon HK et al.

-0.335, p<0.01). The following variables were correlated with
the median nerve CSA at the level of maximal swelling: distal
CMAP latency (7=0.469, p<0.01), CMAP amplitude (=-0.359,
p<0.01), distal SNAP latency (+=0.272, p<0.05), and SNAP
amplitude (=-0.265, p<0.05) (Table 2).

Discussion

In our previous study we applied the 3D US approach to me-
dian nerve CSA measurements and demonstrated a significant
difference between controls and patients with CTS." In the
present study we compared the median nerve CSA as mea-
sured by 3D US in patients who had been classified as having
mild, moderate, or severe CTS based on electrophysiological
measurements. A significant difference in the CSA was found
at both measured sites of the median nerve between the se-
vere-CTS group and other two groups, but not between the
mild- and moderate-CTS groups (Fig. 3).

Several previous studies used two-dimensional (2D) US to
examine the relationship between the median nerve CSA and
CTS severity. Bayrak et al."* showed that the median nerve
CSA at the wrist increased as the number of motor units of
the abductor pollicis brevis muscles decreased. Padua et al."
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Fig. 3. Box plot showing the median nerve CSAs measured using 3D ultrasonography at the carpal tunnel inlet (left) and the maximal swell-
ing point (right) in patients with CTS who were stratified according to the severity of their condition based on EDX (NCS). A gradual increase
in CSA was observed with worsening CTS severity, with significant differences being apparent at both nerve sites between the severe- and
mild-CTS groups (*p<0.0001 at the carpal tunnel inlet; 7p<0.0001 at the maximum swelling point) and between the severe- and moderate-CTS
groups (*p=0.0007 at the carpal tunnel inlet; $p<0.0001 at the maximum swelling point). Bold black lines indicate medians and whiskers indi-
cate error bars; o, outliers; m, mean values (10.5+4.6, 11.6+2.6, and 17.1£7.5 mm? in the mild-, moderate-, and severe-CTS groups, respec-
tively, at the carpal tunnel inlet; and 11.7+4.7, 13.0+3.4, and 19.7£7.2 mm?, respectively, at the maximum swelling point). CSAs: cross-sec-
tional areas, CTS: carpal tunnel syndrome, EDX: electrodiagnostic, NCS: nerve conduction study.

Table 2. Coefficients for the correlations between the median nerve CSA and EDX parameters

CMAP latency

CMAP amplitude

SNAP latency SNAP amplitude

04111
0.4691

CSA at the carpal tunnel inlet
CSA at the maximum swelling point

-0.335"
-0.265*

-0.323f
-0.3591

0.3431
0.272*

*p<0.05, 1p<0.01.

CMAP: compound muscle action potential, CSA: cross-sectional area, EDX: electrodiagnostic, SNAP: sensory nerve action potential.
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and Karadag et al."” also found that in CTS patients, median
nerve CSA was positively correlated with the electrophysio-
logical severity of their condition.

Recent technical developments have resulted in 3D US
emerging as a new imaging tool. Conventional 2D US requires
the operator to reconstruct a series of axial images, which is
time-consuming; in contrast, since 3D US requires the acquisi-
tion of only a single volume, the examination is both less oper-
ator-dependent and less time-consuming (potentially less than
1 min).” Given these advantages, the use of 3D US has be-
come more widespread in the fields of obstetrics, cardiology,
and vascular medicine. It provides a highly detailed and re-
peatable method for evaluating anatomical structures and dis-
ease entities.

Recently there has been a rapid increase in interest in the use
of 3D US to examine nerves. With 2D US, only longitudinal
and axial views can be obtained by rotating the transducer
through 90°. In contrast, 3D US makes it possible to also ac-
quire a coronal view.'® Choquet and Capdevila'’ reported a case
in which the catheter tip used for perineural block was incor-
rectly placed in the extraneural space when using 2D US; after
withdrawing the catheter tip and confirming the target position
using 3D US, it was successfully placed in the perineural space.
It is thus clear that 3D US can provide improved imaging of
structures and their surrounding tissues.

Furthermore, Girtler et al." showed that 3D US of the up-
per-extremity nerves was feasible for both qualitative evalu-
ations (in terms of image quality, atypical nerve location, and
findings potentially associated with compression neuropathy)
and quantitative (CSA measurements) evaluations of the me-
dian, ulnar, and radial nerves in healthy volunteers. There
were no differences in the median nerve CSA measurements
made by two different operators, and there was a difference of
only 2 mm? in those made at each level along the nerve.'®
Karmakar et al.'® also reported that the sciatic nerve could be
imaged using 3D US. These results suggest that 3D US pro-
vides more detailed anatomical information about the sur-
rounding structures than 2D US. In addition, the perineural
space of the sciatic nerve can be identified distinctly, which
may be helpful for targeting nerve blocks.'® There have been
additional reports describing the use of 3D US for imaging
the upper-extremity nerves. Clendenen et al." reported that
3D US could be used to image the infraclavicular brachial
plexus, thus enabling targeting of the placement of an infra-
clavicular blockade. However, despite these reports of the use
of 3D US to image nerves, this approach has not been widely
adopted for assessing the median nerve in CTS. Given that
CTS is the most common compressive neuropathy of the up-
per limb, 3D US is a potentially valuable approach.

Our findings using 3D US regarding the relationship be-
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tween median nerve CSA and the neurophysiological severity
of CTS were highly consistent with the previously reported
findings obtained using 2D US. There was a gradual increase
in CSA with increasing CTS severity on NCSs (Fig. 3). In gen-
eral, CTS is correlated with axonal loss and increased water
content following nerve swelling. Therefore, there may be a
positive correlation between median nerve CSA and electro-
physiological severity."” Table 2 lists the correlations between
electrodiagnostic (EDX) parameters and the median nerve
CSAs at the inlet of the carpal tunnel and at the level of maxi-
mal swelling. Moran et al.*® found significant correlations
between the median nerve CSA and the proportion of nonre-
sponses in the NCS (7=0.61). Moreover, Lee et al.?' showed
that US findings regarding the median nerve CSA at the carpal
tunnel inlet were strongly correlated with the NCS findings in
various forms of CTS. Specifically, they showed that proximal
swelling of the median nerve was primarily correlated with the
NCS data, positively correlated with sensory latency (+=0.47),
and negatively correlated with SNAP amplitude (=-0.50),
CMAP amplitude (»=-0.46), motor nerve conduction velocity
(r=-0.44), and sensory nerve conduction velocity (+=-0.60).
Similar statistically significant correlations were observed in
the present 3D US study (Table 2).

The present findings also show that 3D US could be used to
accurately differentiate between the median nerve CSAs of pa-
tients with severe CTS and those with mild or moderate CTS,
but not between the mild- and moderate-CTS groups (Fig. 3).
Mondelli et al.** demonstrated that there were no anomalies
in 23.5% of mild cases using US. Furthermore, Moghtaderi
et al.”® suggested that 2D US can provide good sensitivity
and specificity in patients with at least a moderate degree of
CTS, and Ooi et al.** also reported that 2D US may have di-
agnostic potential for CTS cases with a median nerve CSA
of >12.8 mm?, corresponding to at least a moderate degree of
CTS. These previous reports could explain the present find-
ing of a significant difference only between the severe-CTS
group and the other two groups.

Certain limitations should be considered when interpreting
the results of this study. First, a control group was not includ-
ed; however, in a previous study we confirmed that there was
a significant difference between control and CTS groups. In
the present study we focused on the reliability of using 3D US
to differentiate between CTS of various severities based on
EDX. A second limitation is that there was no comparison of
the diagnostic accuracy between 2D US and 3D US examina-
tions. This issue should be addressed in future studies.

In conclusion, 3D US exhibited significant reliability for de-
tecting CTS severity and could provide additional diagnostic
value for this common peripheral nerve entrapment neuropathy.
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