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� Nerve ultrasound (US) is emerging for the study of peripheral neuropathy.
� Standard ultrasound may not be able to detect fascicles of the nerve.
� Very-high-resolution US quantifies fascicles and assesses the digital nerve branches.
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Objective: A very high-resolution (70 MHz) ultrasound device (VHRUS) has recently been approved for
use in humans. The aim of this study was to use VHRUS to collect data on healthy subjects to propose
some reference values for the digital branches of the median nerves of the hand.
Methods: A VHRUS with 70 MHz linear array transducer was used to measure the cross sectional area of
the median nerve at the wrist (CSAw) and digital branches (CSAf), largest and smallest fascicles, the fas-
cicles number (Nfasc), the fascicle density (FD), the flattening ratio (FR) and CSAw/CSAf.
Results: Data from 20 healthy subjects were obtained for both hands. The median nerve at the wrist and
digital branches were properly identified without anatomical alterations. No differences were found
between the right and the left hand. In the dominant hand, CSAw was 9.35 mm2 (4.57–12.35) and Nfasc

was 24 (18–38). FD and FR were respectively 2.94 (2.47–4.91) and 2.74 (1.70–4.90).
Conclusion: VHRUS technology can visualize the median nerves at the wrist, their internal structure and
their small branches at the fingers, providing both a qualitative and quantitative assessment. Results
from this study provide preliminary reference values in a young healthy sample.
Significance: Most conventional ultrasound devices are not able to properly visualize the distal branches
of the median nerve. In contrast, VHRUS allows to detect and measure smaller structures of the nerve,
assisting in clinical practice.
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patient. Additionally, it provides high-resolution morphological
information of the nerve and surrounding structures which might
improve the diagnosis and the decision-making phase of a thera-
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and it does not provide a direct assessment of the anatomy of
the affected nerve. Nerve US is a non-invasive repeatable tech-
nique, cost-effective, and it causes minimal discomfort for the
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Technological improvements have been made to improve the
overall diagnostic capability of US. Conventional nerve US is typi-
cally performed using probes with a frequency varying between
7 and 20 MHz (Goedee et al., 2013), which allows imaging at
depths of 2–6 cm but with a resolution of ~500 mm, and may not
be sufficiently accurate to visualize the small anatomical structures
within a nerve, such as its fascicles (Viviano et al., 2018; Puma
et al., 2019). Indeed, standard ultrasound devices might be applied
restrictedly to fascicles >1 mm2 (Grimm et al., 2017). The study of
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Fig. 1. Representation of selected nerves and branches for the axial scan of the
median nerve at the wrist and at the fingers.
nerve fascicles may be of great clinical relevance to identify differ-
ent subtypes of polyneuropathy in which fascicles may be charac-
terized by peculiar alterations (Grimm et al., 2017; Zanette et al.,
2018). Additionally, with standard US it may be complicated to
identify small nerve branches, such as the sensory terminal digital
branches deriving from the palmar division of the median nerve,
associated with many nerve disorders (traumatic and iatrogenic
nerve injury in the palm of the hand and fingers) (Tagliafico
et al., 2008; Zanette et al., 2016). Recently, a very-high-resolution
ultrasonography (VHRUS) device has been approved for use in
humans. VHRUS include transducers with ultrahigh-frequencies
of 48 MHz and 70 MHz, therefore allowing a good quality of more
superficial imaging (focal depth 5 mm and image depth (max)
10.0 mm) with a higher resolution power (axial and lateral resolu-
tion of 30 mm and 65 mm respectively) compared to standard US
(Cartwright et al., 2017). Since the novelty of the device, at the best
of the authors’ knowledge only one study used VHRUS to deter-
mine the quality of imaging of the internal structure of the median
nerve at the wrist. Nevertheless, in this study the digital branches
of the nerve were not analyzed (Cartwright et al., 2017). Therefore,
the aim of the present study was to document whether VHRUS
could reliably evaluate the tiny anatomy of the median nerve at
the wrist and at the meta-carpal level for each finger in healthy
subjects, focusing on nerve fascicles, and providing reference val-
ues for the digital branches of the median nerves in the hand.
2. Methods

2.1. Participants

Twenty healthy subjects were invited to participate in the
study. Demographic information obtained from each participant
included age, sex, body mass, height, and race. Body mass index
(BMI) was calculated for each participant (kg/m2). Participants
were excluded if they reported recent traumas or surgical inter-
ventions, presence of pain or alterations of sensitivity, or if they
were diagnosed with neurological or musculoskeletal diseases.
All the participants gave written informed consent before inclusion
in the study. All the procedures were performed according to the
guidelines of the Declaration of Helsinki and with Institutional
Review Board and regional Ethics Board (CEUR) approval.
Table 1
Participants’ demographics. Data are presented as medians (range).

Personal Characteristics n = 20

Females [n (%)] 9 (45)
Age [y] 27.2 (20.0–41.0)
Body Mass [kg] 66.1 (52.0–115.0)
Height [cm] 175.2 (157–197)
BMI [kg/m2] 21.7 (17.5–29.6)
2.2. Protocol and measurements

All the participants underwent selective median and proper
digital nerve ultrasounds at the wrist during a single VHRUS
assessment session. US was performed using a ultrahigh-
frequency ultrasound device (Vevo MD, Fujifilm VisualSonics,
Canada) with a 70 MHz linear array transducer, with an axial res-
olution of 30 mm, image width (Max) of 9.7 mm and image depth
(Max) of 10.0 mm (focal depth 5 mm, median depth 7 mm). Wrist
and fingers VHRUS assessment was performed with the participant
in a supine neutral position resting on a table. The nerve assess-
ment was performed in the transverse and in the longitudinal
plane. The median nerve was assessed at the location immediately
proximal to the tunnel just before the nerve dips deeply to enter
the carpal tunnel, and then at the fingers in correspondence of
the distal part of metacarpals/proximal phalanx (Fig. 1). Four of
the seven digital nerve branches were analyzed for better quality
and reliability according to the ultrasonographer experience. Sono-
graphic criteria for nerve identification were based on the detec-
tion of the fascicular echotexture, according to criteria described
in literature (Cartwright et al., 2017). All images acquisition and
measurements were performed by the same single ultrasonogra-
pher for all participants, and two raters independently counted
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the number of fascicles within each nerve. Quantitative analysis
was provided by measuring the structures cross sectional area
(CSA) with the appropriate device tool. CSA (mm2) of the whole
nerve was determined using the trace function to outline the nerve
along the inner border of the epineurium. Additionally, the CSA of
the largest and smallest fascicles (CSAfasc large, CSAfasc small) was
measured with the same protocol. Fascicle density (FD), i.e. the fas-
cicles number per mm2, was calculated by dividing the number of
fascicles by the median nerve area (Cartwright et al., 2017). The
flattening ratio (FR) was defined as the ratio of the major-to-
minor axes of the median nerve. The ratio between the median
nerve CSA from proximal to the tunnel at the wrist (CSAw) to the
fingers (CSAf) was expressed as CSAw divided by CSAf for each fin-
ger (CSAw/CSAf). Finally, the presence of intraneural vascularity at
any part of the nerve was assessed with the same 70 MHz probe,
muscle setting, at a depth 0f 2–7 mm, a pulse repetition frequency
of 10 cm/s and power color Doppler mode.

2.3. Statistical analysis

All analyses were conducted using IBM SPSS Statistics (v.22.0,
Chicago, IL, USA). Continuous variables were presented as medians
(ranges) and means. Inclusion of both medians and means was pro-
vided according to previous literature (Cartwright et al., 2017). Cat-
egorical variables as counts and percentages (%). The Wilcoxon
signed-rank test was performed to compare nerves from the right
and the left side of the same participant. A bivariate correlation
analysis was used to determine the degree of correlation between
age, sex, body mass, height, BMI and parameters measured, using
Person correlation coefficient. A value of p < 0.05 was considered
significant.

3. Results

Twenty healthy volunteers (males 55%; females 45%) were
included in the study. Demographic characteristics (age, body
mass, height and BMI) are summarized in Table 1. Among them,



Table 2
Participants’ VHRUS outcomes the right (dominant) and left (non-dominant) hand.
Data are presented as medians (range) and means.

Outcomes Right
n = 20

Left
n = 20

CSAw (mm2) 9.35 (4.57–12.35)
8.70

7.84 (5.71–11.49)
8.25

CSAfasc large (mm2) 0.48 (0.22–0.70)
0.47

0.46 (0.22–0.76)
0.50

CSAfasc small (mm2) 0.04 (0.02–0.09)
0.05

0.04 (0.03–0.09)
0.05

Nfasc (count) 24 (18–38)
26

25 (18–34)
25

FD 2.94 (2.47–4.91)
3.09

3.03 (2.28–4.05)
3.12

FR 2.74 (1.70–4.90)
3.00

3.33 (1.51–5.63)
3.47

CSAf 1 (mm2) 0.66 (0.35–1.13)
0.69

0.72 (0.44–1.30)
0.75

CSAf 2 (mm2) 0.64 (0.32–1.38)
0.70

0.62 (0.34–0.93)
0.63

CSAf 3 (mm2) 0.58 (0.27–1.42)
0.67

0.56 (0.38–1.13)
0.63

CSAf 4 (mm2) 0.59 (0.32–0.91)
0.67

0.56 (0.26–0.89)
0.56

CSAw/CSAf 1 12.79 (6.11–26.91)
13.47

11.62 (5.39–21.99)
11.81

CSAw/CSAf 2 12.80 (8.92–23.73)
13.36

13.77 (6.48–24.27)
13.86

CSAw/CSAf 3 13.06 (6.86–29.59)
14.46

13.75 (8.13–17.90)
13.66

CSAw/CSAf 4 14.42 (5.98–29.81)
15.08

14.75 (8.30–23.98)
15.55

Notes: cross sectional area proximal to the tunnel inlet at the wrist (CSAw, mm2),
cross sectional area of the largest (CSAfasc large) and smallest (CSAfasc small) fascicle
in the median nerve at the wrist (mm2), number of fascicles in the median nerve at
the wrist (Nfasc, count), fascicle density (FD), flattening ratio (FR), cross sectional
area of the digital branches of the median nerve (CSAf 1, 2, 3, 4, mm2), ratio between
the CSAw and CSAf of the digital branches of the median nerve.
seventeen (85%) were right-handed. Anatomic anomalies were no
detected in all included participants. All median nerves at the wrist
and at the meta-carpal level for each finger (and corresponding fas-
cicles) were completely visualized in their distinct architecture and
well defined from the surrounding tissue. Median CSAw was
9.35 mm2 (4.57–12.35) in the right hand and 7.84 mm2 (5.71–
11.49) in the left hand. Median CSAfasc large and CSAfasc small were
Fig. 2. Left median nerve. (a) Nerve at the wrist; (b) nerve fascicles count; (c) (
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0.48 mm2 (0.22–0.70) and 0.04 mm2 (0.02–0.09) respectively for
the right hand, and 0.46 mm2 (0.22–0.76) and 0.04 mm2 (0.03–
0.09) for the left hand. The median fascicle count for all median
nerves was 24 and 25 at the right and left side of the body, respec-
tively. The median CSA of the four branches (1, 2, 3, 4) at the fingers
were 0.66, 0.64, 0.58, 0.59 mm2 and 0.72, 0.62, 0.56, 0.56 mm2 at
right and left side, respectively. No significant differences were
found between the same branch in the left or right side of the body.
VHRUS outcomes for the right (dominant) and left (non-dominant)
hand are shown in Table 2. Color Doppler signals were not
observed in any of the measured nerves. Correlation analysis sug-
gested no significant associations between age, sex, body mass,
height, BMI and VHRUS measures. Fig. 2 shows an example of
acquired images of the median nerve at the wrist and its digital
branches. A comparison between the VHRUS and the conventional
US is provided in Fig. 3 showing the same digital branch of one
subject.
4. Discussion

Findings from this study suggest that the use of VHRUS for the
assessment of peripheral nerve is able to detect and visualize ner-
vous structures with a greater quality compared to the standard
US, helping to the define the number and the size of its internal fas-
cicles, and providing a trustworthy quantitative assessment of CSA.
Additionally, VHRUS is found to be able to visualize also the small
digital branches of the median nerve, commonly not observed or
observed with poor quality, with the use of standard US. It was
possible to properly evaluate fascicles numbers and fascicle
echogenicity, to identify eventual nerve innervation, and to mea-
sure nerve diameters and the ratio between major and minor
diameters. Finally, it was possible to observe the nerve’s terminal
digital branches, distal to the carpal tunnel, suggesting additional
information about some anatomical structure often involved in
trauma or during surgery (Tagliafico et al., 2008; Zanette et al.,
2018).

The results presented in this study are in line with previously
reported values (both with standard US and in some cases with
VHRUS). Indeed, mean CSA at the wrist was 8.70 mm2 (4.57–
12.35) in the right hand and 8.25 mm2 (5.81–11.49) in the left
median nerve. These data are in line with previous results using
d) (e) (f) digital nerve branches at the first, second, third and fourth finger.



Fig. 3. Digital median branch: (a) VHRUS (70 MHz); (b) Conventional (18 MHz) nerve ultrasound. VHRUS: very high-resolution ultrasound.
an 18 MHz linear array transducer suggesting a mean CSA of
8.43 mm2 (4.29–12.57) (Kerasnoudis et al., 2013). Slightly higher
values were found in a study that used a 70 MHz linear transducer
on 20 healthy volunteers, suggesting mean CSA of 10.79 mm2

(7.00–17.84) and 10.88 mm2 (7.42–16.38) at the right and left side
respectively (Cartwright et al., 2017). Nevertheless, it should be
considered that in the above mentioned study were included par-
ticipants with bifid median nerves, which have been shown to have
a relatively higher CSA compared to non-bifid median nerves
(Bayrak et al., 2008). Such anatomical anomalies were not present
in our sample. The high resolution of VHRUS allows visualizing the
sensory terminal digital branches deriving from the palmar divi-
sion of the median nerve, permitting to distinguish the hypere-
choic rim of the single branches and the surrounding structures.
Results from this study on healthy subjects reported normal values
of CSA and a normal ratio between the CSA of the median nerve at
wrist and CSA of the single digital branches.

Besides CSA, previous studies have assessed nerve fascicles. Fas-
cicles and changes in fascicle size have been reported in trauma
and different neuropathies; however, identification and quantita-
tive assessment of fascicles characteristics may be complex with
the standard US. Indeed, standard probes may overestimate the
mean fascicle size since it may be represented by the sum of sev-
eral indistinguishable smaller fascicles (Viviano et al., 2018).
VHRUS has been recently used to measure fascicles CSA of median
and ulnar nerves of patients with chronic inflammatory demyeli-
nating polyneuropathy (CIDP) (Puma et al., 2019). In this study,
the authors indicated that VHRUS may better characterize fascicles
size and morphology, and to assess nerve vascularization, com-
pared to an 18–20 MHz high frequency ultrasound. Therefore,
VHRUS may assist clinicians and researchers to better identify
the hypoechoic margin of the fascicles, distinguishing in more
detail the borders and providing a better definition of these
structures.

In this study we reported characteristics of the largest and
smallest fascicles within each median nerve at the wrist. The mean
fascicle number and the mean fascicle density found in this study
were slightly higher than the values reported in previous research
with VHRUS (Cartwright et al., 2017). However, the authors
reported subgroup differences between subjects with or without
bifid median nerves and persistent median arteries that may have
affected the overall median. Other factors that may have clinical
relevance and that may be examined with US are the nerve diam-
eters and the ratio between major and minor diameters (i.e, FR). FR
was previously measured in patients with carpal tunnel syndrome
(CTS) with 12–17 MHz transducers, finding CTS patients were
4

characterized by significantly flatter nerves at the tunnel inlet
compared to control healthy subjects (Ng et al., 2018). Neverthe-
less, to the authors’ knowledge no data are present for FR mea-
sured with VHRUS besides those suggested in the present study
on healthy subjects. Additionally, VHRUS may be a valuable tool
for identifying peri- and endoneural vascularization. Being nerve
vascularization a possible marker for inflammation (Puma et al.,
2019) may explain the absence of color Doppler signals in our sam-
ple of young healthy adults.
4.1. Limitation and future perspectives

The median age of the included sample was 27 y, therefore rep-
resenting a potential limitation to the generalizability of the study,
since the present results should be considered only for healthy
young adults, whereas caution should be taken when translated
to very young or very old persons. Moreover, the relatively small
size of the sample and the assessment of only 4 of the 7 digital
nerve branches represent further limitations of the study. Never-
theless, these preliminary results provide the basis for future stud-
ies, suggesting reference values that should be confirmed in future
studies on larger samples and in well-defined age categories.
5. Conclusions

Results from this study provide preliminary reference values for
young healthy subjects, encouraging the diffusion of VHRUS in the
field of traumatology and neuropathies, both in the acute phase
and during the post-treatment. Additionally, since nerve CSA
may be normal in some neuropathies, the study of small branches
and single fascicles may help clinicians to find early signs of the
disease. Since the recent development of the high-resolution
devices, more research is needed to explore alterations due to indi-
vidual characteristics, ageing, or different diseases progression.
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