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ABSTRACT

BACKGROUND: Nerve cross-sectional area (CSA) reference values in high-resolution ultrasound for children and adolescents are influenced by
demographic and anthropometric factors such as age, height and weight.

OBJECTIVES: The influence of hand volume as an additional morphometric factor was evaluated and nerve echogenicity was analyzed in a
prospective cross-sectional study.

METHODS: CSA were measured in 30 healthy children and adolescents from 2 to 17 years in the median, ulnar, radial, tibial, peroneal and sural
nerves. Height, weight, age, handedness and gender were recorded, the volume of the handswasmeasured using thewater displacement method.
The intra-nerve CSA variability (INV), left/right ratios and absolute differences were calculated. Age groups were compared by the Kruskal-Wallis
test. The influence of demographic factors was analyzed using Spearman correlation and multiple linear regression. Echogenicity and fraction of
black were determined for each nerve segment.

RESULTS: Nerve CSA values were consistently lower than those reported for adults and correlated in all measured nerve sites with age, height,
weight and hand volume. Weight showed the highest correlation coefficient (R = .95) with the best fitting model predicting CSA. Correlation
coefficients were higher in a linear than in a logarithmicmodel. Ratios were stable, the absolute differences increasedwith age andwere significantly
different between age groups. Most nerves showed a mixed or hypoechogenic pattern in echogenicity analysis, hyperechogenicity is less fre-
quently observed.

CONCLUSIONS: Nerve CSA in children and adolescents is lower than in adults and increases proportionally during growth with a
constant INV and left/right ratio in different age groups. Weight and age are predominant anthropometric factors predicting nerve size. Hand
volume is correlated with nerve size, but does not predict CSA independently. Echogenicity can provide additional information on nerve
structure.
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Highlights
· Weight and age are predominant factors predicting nerve

size in children and adolescents.

· Hand volume is correlated with nerve size in children and

adolescents.

· Peripheral nerves in children and adolescents show amixed or

hypoechogenic pattern, hyperechogenicity is rarely observed.

Introduction
High-resolution ultrasound is of growing importance as a painless

method complementary to nerve conduction studies in the

workup of disorders of the peripheral nervous system, especially in

children and adolescents. However, reference values for this group

are not available in most ultrasound laboratories. The correlation

of cross-sectional area (CSA) values with demographic and

anthropometric data has been analysed in adults, where an
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influence of gender, age, weight and height has been shown.1-3 As

a further morphometric factor, the volume of the ipsilateral hand

correlates with median and ulnar nerve CSA in adults.4

In children and adolescents, the influence of anthropometric

data and growth on nerve ultrasound reference values has been

assessed in few studies.5-9 A significant correlation of CSA with

age and body weight was described by Druzhinin et al,7 the

correlation with age was emphasized by Schubert et al,8 in a

previous study including adolescents and adults height was the

most important demographic factor.6 The correlation of nerve

CSA and hand volume as morphometric data has not been

studied in children and adolescents. Echogenicity of peripheral

nerves has recently been studied for the first time.8 The present

prospective cross-sectional study provides reference values for

CSA in upper and lower extremity nerves, reports an estimation

of nerve echogenicity and analyses the influence of height, weight,

age, gender, and hand volume on CSA values in nerve ultasound

in healthy children and adolescents from 2 to 17 years.

Methods
Participants

Participants were children or relatives of hospital employees of the

Johannes- Wesling University Hospital Minden, Germany and

children admitted to the pediatric department for diseases unre-

lated to the peripheral nervous system. Participants were recruited

and examined between October 2019 and November 2020.

Exclusion criteria

Pre-existing conditions with a potential impact on nerve CSA (eg

diabetes, history of entrapment syndromes, peripheral nerve lesions,

radiculopathies, peripheral neurosurgical procedures, major trauma

to the extremities) led to exclusion from the study. Strength, co-

ordination, sensory symptoms, and reflexes were examined before

inclusion. Sensory testing for touch and temperature at the soles of

both feet was performed using a 10 g filament (Twin-Tip®), and a

Rydel Seiffer 64 Hz tuning fork for testing vibratory sensation at

both ankles. Any finding suggestive of neuropathy led to exclusion.

Ultrasound examination

Ultrasound examinations were performed by IY and HM with

an Affiniti 50 (Philips, Amsterdam, The Netherlands) device

using a 5-18 MHz linear array transducer. Each ultrasound

picture and measurement was agreed upon by IY and HM.

Measurements were supervised and validated by JP (board

certified neurophysiologist with more than 10 years of expe-

rience in nerve ultrasound). For inter-rater reliability testing, JP

performed blinded CSA measurements of 34 nerve sites on 1

volunteer 2 hours after the first measurement by IY and HM.

The transducer was held at a perpendicular angle to the nerve

measured to avoid anisotropic effects caused by nerve structures

and to obtain the correct CSA. Zoom was not used to avoid

alterations in CSA measurement. For CSA measurements in 1/

10 mm2, the nerves were visualized in a transverse plane and

measured within the inner border of the hyperechoic epineu-

rium using the free-hand tracer-tool.

Selection of nerve sites

Each nerve was measured bilaterally at predefined sites. The ulnar

nerve was measured at Guyon’s canal, in the distal third of the

forearm, at the ulnar sulcus and in the upper arm at an equal distance

between the epicondylus medialis and the axilla. The median nerve

was measured at the carpal tunnel, in the distal third of the forearm

and in the upper arm at an equal distance between the epicondylus

medialis humeri and the axilla. The ulnar and median nerve were

traced from the distal anatomical landmark up to the proximal upper

arm to measure the maximum and the minimum CSA. The radial

nerve wasmeasured in the upper arm at the level of the spiral groove.

The sural nerve was measured between the gastrocnemius heads.

The peroneal nerve was localized in the popliteal fossa and at the

fibular head. The tibial nerve wasmeasured in the popliteal fossa and

at the medial malleolus at the ankle.

Measurement of hand volume

Hand volume was measured separately for each hand by sub-

merging the hand into an overflow vessel filled with water up to

the second skin fold at the wrist. The forearm was held to avoid

excessive movements of the young participants. The displaced

water corresponding to the hand volume was collected in a

measuring cylinder and measured in cubic centimeters (cm3).

Determination of echogenicity

The fraction of black10 of each nerve site was determined using

ImageJ (imagej.nih.gov) to assess nerve echogenicity: First, CSA

was circledmanually inside the alreadymarked nerve limits to avoid

additional white pixels of the epineurium. Second, images were

converted to 8-bit, assigning a grey value ranging from 0 (black) to

255 (white) to each pixel. In this image, the automated thresholding

function of ImageJ was used to segment greyscale image into black

and white. The hypoechoic fraction was measured as fraction of

black in percent of the nerve CSA at a specific nerve site. Nerves

were assigned a category of echogenicity: Hypoechogenic, mixed

hypo-/hyperechogenic, and hyperechogenic. Hypoechogenic is

defined as a fraction of black above 67%. Mixed hypo-/

hyperechogenic is defined as a proportion of black between 33

and 67% and hyperechogenic as a proportion of black below 33%.11

Calculations

The intra-nerve CSA variability, defined as the ratio of the

largest to the smallest CSA of 1 nerve, was calculated for the

median, ulnar and tibial nerves. The absolute difference (delta)

between right and left side CSA of each nerve and the ratio
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of the larger and the smaller CSA value of each nerve site

was calculated. As a further nerve-specific side-to-side compar-

ison value, we calculated the side-to-side difference ratio of the

intra-nerve CSA variability (SSDIVA) for the median, ulnar and

tibial nerves, defined as the ratio of the intra-nerve CSA variability

on the side with the larger intranerve CSA variability to that on

the side with the smaller intra-nerve CSA variability.12 The body

mass index (BMI) was calculated as weight (kg)/height (m)2.

Statistical analyses

Normal distribution of the data was tested using the Shapiro-

Wilk test. Means, SDs and 95% confidence intervals of nerve

CSA were calculated for the right and left side separately in

order to avoid artificial reduction of variance. Sample size

calculations were based on previously published data7 and

yielded a mininum of 5 individual sets of measurements per age

group to calculate single means (alpha error .01 and beta error

.1), thus 4 age groups (2-5; 6-9; 10-13; 14-17 years) with 5-9

individuals were generated to calculate means, SDs, and 95%

confidence intervals of nerve CSA. Additionally, different

weight groups7 were created to compare mean CSA values.

Intra-class correlation coefficients for repeated single mea-

surements with fixed observers and absolute agreement were

calculated to assess inter-rater reliability. The Mann-Whitney-

U test (non-normally distributed data) and paired t test (nor-
mally distributed data) were appplied to compare paired data.

The Kruskal-Wallis test was applied to compare mean CSA

values of corresponding nerve sites between age groups, and

absolute differences and ratios between right and left body side

in each age group, as some age groups’ CSA data was non-

normally distributed. Spearman’s rho and Pearson’s correlation

coefficient was calculated for CSA, intra-nerve CSA variability,

SSDIVA and age, weight, gender and hand volume. Multiple

linear regression analysis with backward exclusion was used to

calculate the best model predicting CSA with age, weight,

height, and volume of the hands as independent variables.

Model selection was based on the Akaike information criterion.

IBMSPSS forWindows version 27 (IBM, Armonk, NY, USA)

was used for statistical analysis.

Results
Study population

Thirty participants were included, data were obtained in 30

participants for the upper extremities and 29 participants in

ultrasound of the lower extremities, as 1 participant declined

further examinations after ultrasound of the upper extremities.

Missing data were not replaced. Examples of ultrasound images

are shown in Figure 1. The demographic characteristics of the

participants in 4 age groups are shown in Table 1. The Shapiro-

Wilk test showed a normal distribution of demographic data.

Six participants were left handed or preferred the left hand

according to their parents. A paired t test of hand volume

measurements revealed no significant differences between left

and right hands (P > .05).

Inter-rater reliability

The inter-rater reliability was .93 (.87-.96, P < .01).

CSA reference values

Mean CSA values of the 4 age groups for the median, ulnar,

radial, peroneal, tibial and sural nerves at different sites, the

intra-nerve CSA variability and SSDIVA are shown in Table 2.

Comparison of groups

The Kruskal-Wallis test showed significant differences (P < .05)

in all nerve sites between age group 1 and group 4 except for the

right peroneal nerve at the fibular head, comparison between

groups 2 and 4 and 1 and 3 yielded significant differences in the

median, ulnar and radial nerve and in the tibial, peroneal and

sural nerves. Mean CSA of the median nerves in age group 1-4

are shown in Figure 2. Mean total CSA (sum of CSA of all

nerve sites5) for different weight groups are displayed in

Figure 3. The Kruskal-Wallis test showed significant differ-

ences (P < .01) between the weight groups. Comparison of

nerve CSA according to gender using the Mann-Whitney-U

test showed no differences in almost all nerve sites except

for the peroneal nerve in group 1 and the sural nerve in group 2

(P < .05). A paired t test of all left and right side CSA mea-

surement revealed no significant differences in all nerve sites

except in the ulnar nerve in the forearm. The absolute difference

(delta) between right and left side CSA of each nerve increased

with age (mean 1.2 mm2, SD 1.44 mm2), with significant

differences between the age groups in the Kruskal-Wallis test

(P < .01). The ratio of the larger and the smaller CSA value of

each nerve site remained stable (Kruskal-Wallis test P = .18)

with a mean of 1.2 and SD of .26 (see Figure 4).

Regression analysis

Spearman correlation showed significant correlations between

CSA and age, weight, height and volume of the hands in all

measured nerve sites (P < .05), correlation coefficients ranging

from .38 to .85. Correlation coefficients of individual nerve sites

(some examplary nerve sites are shown in Table 3) and age or

weight were always higher in a linear correlation model than in a

logarithmic correlation model. The correlation coefficient for a

linear correlation between weight and total CSA was .95.

Linear regression curves with upper and lower 95% CI

of CSA and body weight and age for the left sural nerve and the

right median nerve in the upper arm are shown in Figure 5.

Regression models in multiple linear regression analysis with

automated backward exclusion were significant (P < .05) in all

26 nerve sites: Weight was a predictive factor for CSA in 17

nerve sites, height in 7, age (in months) in 11 and hand volume

3Yusuf et al
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in 6 nerve sites. Corrected R2 for significant regression models

ranged from .57 to .74 in the upper extremity and from .36 to

.72 in lower extremity nerve sites. If the BMI (replacing weight

and height) was used in multiple linear regression analysis, age

(in months) was the most important predictive factor. Sex and

handedness were not predictive for CSA. Regression model

analysis with automated backward exclusion for the sum of CSA

of all nerve sites (total CSA)5 yielded weight as the most im-

portant predictive factor in the model with the lowest Akaike

information criterion.

Echogenicity

The distribution of the assigned categories of echogenicity

according to their fraction of black (hypoechogenic, mixed

hyper-/hypoechogenic and hyperechogenic, see Figure 6) for all

nerve sites of the right side is shown in Table 4. Echogenicity

measured as proportion of area of black at different nerve sites of

the left side is displayed in Figure 7. Overall, nerves tended to

show a hypoechogenic or mixed internal pattern with the ex-

ception of a higher hyperechogenicity in the tibial and peroneal

nerve at the knee.

Discussion
The present study provides normative values of periph-

eral nerves in the upper and lower extremities for children

and adolescents from 2 to 18 years and their correlation

with demographic and anthropometric data including

volume of the hands. Nerve CSA significantly correlates

with weight, height, age (in months), and volume of the

hands, with weight being the most important predicting

factor.

Comparison with previous studies

Our study confirms that nerve CSA in children and ado-

lescents is lower than in adults5,6,8,9 and grows gradually up

to adult CSA values. Compared to infants younger than

2 years, where a logarithmic model describes correlation to

age better than a linear model,13 a linear correlation seems to

be the best model to describe the relation between demo-

graphic factors and nerve CSA in children and adolescents

older than 2 years. A direct statistical comparison of nerve

sizes and age groups between different studies is affected by

differences in age groups, exact ultrasound examination sites,

Figure 1. Examples of nerve ultrasound images with anatomical landmarks.

Table 1. Demographic and Anthropometric Characteristics in Different Age Groups.

SEX HEIGHT (CM)
MEAN (SD)

WEIGHT (KG)
MEAN (SD)

BMI (KG/M2)
MEAN (SD)

VOLUME RIGHT HAND
(CM3) MEAN (SD)

VOLUME LEFT HAND
(CM3) MEAN (SD)

Group 1 (2-5 years) 5 f, 4 m 105.5 (7.6) 16.2 (2.5) 14.5 (.9) 95.5 (11.3) 96.7 (9.9)

Group 2 (6-9 years) 6 f, 3 m 129.1 (8.6) 24.7 (3.6) 14.8 (1.9) 134.7 (18.6) 140.7 (19.1)

Group 3 (10-13 years) 1 f, 4 m 153.0 (15.6) 41.0 (11.1) 17.6 (2.0) 197.2 (46.2) 229.3 (91.2)

Group 4 (14-17 years) 4 f, 3 m 173.3 (8.8) 63.2 (15.3) 20.8 (3.3) 258.7 (43.3) 253.6 (58.6)
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resolution of ultrasound transducers, tracing methods and

precision of measurements. In the present study nerve CSA is

measured in 1/10 mm2 using the free-hand tracing tool.

Given the small nerve CSA observed especially in younger

children, using a higher precision of measurement14 is rec-

ommended both in establishing normative values and in daily

routine. Schubert et al8 and Druzhinin et al7 assumed that

nerve growth reaches a maximum during late adolescence or

early adulthood. This is in line with the findings of the present

study, nerve CSA values in the upper age and weight groups

are comparable to those observed for European ultrasound

laboratories in a meta-analysis,15,16 with an exception of

slightly lower CSA values for the tibial nerve in the popliteal

fossa. The INV and the SSDIVA12 (as a nerve-specific side-

to-side comparison value) of the median, ulnar and tibial

nerve remains constant in the different age groups. As re-

ported previously,8,9 the INV is comparable to values reported

by Padua et al,17 Zaidman et al6 and Kerasnoudis et al3 in

adults. An elevated INV is of diagnostic relevance inde-

pendently of an absolute increase in nerve CSA especially in

demyelinating polyneuropathies. An elevated SSDIVA in-

dicates a relevant CSA difference in nerve segments between

left and right side in a specific nerve that can be observed in

multifocal neuropathies. Recently, Voltan et al18 analyzed the

absolute difference (delta) and ratios between right and left

side nerve CSA values in 66 healthy volunteers including 17

children aged 7-14, finding stable absolute and relative dif-

ferences in all age groups. In the present study, the ratios were

stable with results comparable to Voltan et al, the delta in-

creased with age and was significantly different in the age

groups (Figure 4). The INV and the SSDIVA were stable as

well, so the present data suggests the use of comparison tools

based on ratios rather than on absolute differences for

children.

Table 2. Mean Cross-Sectional Area of the Left Side, Intranerve Cross-Sectional Area Variability and Side-to-Side Difference Ratio of the Intranerve
Cross-Sectional Area Variability in Different Age Groups.

GROUP 1 (2-5 YEARS) CSA
MEAN (SD; 95% CI) (MM2)

GROUP 2 (6-9 YEARS) CSA
MEAN (SD; 95% CI) (MM2)

GROUP 3 (10-13 YEARS) CSA
MEAN (SD; 95% CI) (MM2)

GROUP 4 (14-17 YEARS) CSA
MEAN (SD; 95% CI) (MM2)

Median nerve

CT 4.3 (.8; 3.7-4.9) 5.3 (.4; 5.0-5.7) 5.5 (1.2; 4.1-7.0) 7.6 (1.0; 6.7-8.5)

FA 4.0 (.6; 3.5-4.5) 4.7 (1.1; 3.9-5.5) 5.0 (1.2; 3.5-6.6) 6.8 (1.0; 5.9-7.7)

UA 5.3 (1.1; 4.5-6.1) 6.7 (.8; 6.0-7.3) 7.3 (2.0; 4.8-9.7) 8.9 (1.5; 7.5-10.2)

INV 1.5 (.3; 1.2-1.7) 1.5 (.4; 1.2-1.8) 1.7 (.5; 1.1-2.3) 1.5 (.2; 1.3-1.7)

SSDIVA 1.2 (.2; 1.0-1.3) 1.3 (.2; 1.1-1.5) 1.3 (.2; 1.1-1.5) 1.4 (.2; 1.2-1.6)

Ulnar nerve

LdG 2.8 (.6; 2.3-3.3) 3.0 (.4; 2.7-3.4) 3,6 (1.2; 2.1-5.0) 4.9 (1.1; 3.9-6.0)

FA 2.7 (.5; 2.4-3.1) 3.1 (.6; 2.6-3.6) 3.9 (1.2; 2.4-5.4) 5.3 (.9; 4.5-6.2)

EB 2.7 (.5; 2.3-3.1) 3.6 (1.2; 2.6-4.5) 5.6 (2.2; 2.9-8.3) 7.4 (1.9; 5.7-9.2)

UA 3.3 (.8; 2.7-3.9) 3.9 (1.1; 3.0-4.8) 5.0 (1.2; 3.5-6.5) 6.5 (1.5; 5.2-7.9)

INV 1.5 (.2; 1.3-1.7) 1.6 (.6; 1.2-2.0) 1.9 (.2; 1.7-2.2) 1.8 (.5; 1.4-2.3)

SSDIVA 12 (.1; 1.1-1.3) 1.4 (.3; 1.2-1.7) 1.3 (.1; 1.2-1.5) 1.3 (.3; 1.1-1.6)

Radial nerve 3.2 (.5; 2.7-3.6) 3.5 (1.0; 2.8-4.3) 4.0 (.7; 3.1-5.0) 6.1 (1.4; 4.7-7.4)

Peroneal nerve

FP 5.6 (1.3; 4.6-6.7) 5.8 (2.0; 4.3-7.3) 7.8 (2.0; 5.4-10.3) 10.7 (6.2; 5.0-16.4)

FH 4.8 (1.2; 3.8-5.8) 6.0 (2.4; 4.2-7.8) 7.0 (.6; 6.3-7.8) 11.2 (2.7; 7.8-14.7)

Tibial nerve

FP 10.4 (2.6; 8.2-12.6) 12.5 (2.7; 10.4-14.5) 15.3 (3.0; 11.6-19.0) 18.8 (6.6; 12.7-25.0)

T 5.8 (1.0; 5.0-6.6) 6.8 (1.3; 5.8-7.8) 9.1 (1.5; 7.3-10.9) 10.4 (4.4; 6.3-14.5)

INV 1.8 (.4; 15-2.1) 1.9 (.5; 1.5-2.3) 1.7 (.4; 1.2-2.2) 2.0 (.8; 1.2-2.7)

SSDIVA 1.2 (.3; 1.0-1.4) 1.4 (.2; 1.2-1.5) 1.6 (.6; .9-2.3) 15 (.6; 1.9-2.1)

Sural nerve 1.0 (.2; .8-1.2) .8 (.2; .7-.9) 2.1 (1.5; .2-4.0) 2.2 (1.0; 1.4-3.1)

CT, carpal tunnel; FA, forearm; LdG, loge de Guyon; EB, elbow; FH, fibular head; FP, popliteal fossa; T, tarsal. r, right; l, left; CSA, cross-sectional area; INV, Intranerve CSA
variability; SSDIVA, side-to-side difference ratio of the intra-nerve CSA variability. INV and SSDIVA are ratios without unit. n = 30 for upper extremity nerves, n = 29 for lower
extremity nerves.
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Influence of demographic and anthropometric factors

The evident growth of nerve CSA in childhood and adoles-

cence can be correlated with demographic and anthropometric

factors. In addition to the correlation to height and age,5,6,8

Druzhinin et al7 layed emphasis on the association with body

weight and age, rather than height. For adults, correlations

with age and weight have been described by different

authors,2,4,6,19,20 the influence of age being controversial.

Kerasnoudis et al3 and Tahmaz et al4 described a significant

decrease in CSA of the radial nerve in the spiral groove with

increasing age, whereas Cartwright et al5 reported a significant

increase in CSA with increasing age in all nerves.

In the present study, hand volume is measured for the first

time as an additional anthropometric marker in children and

adolescents. In adults, there is a significant correlation be-

tween median and ulnar nerve CSA and hand volume.4 In

children and adolescents, hand volume is correlated to nerve

CSA in all nerve sites including the lower extremities. Thus,

hand volume is rather an additional marker of growth in

children than a predictor of the size of nerves innervating the

hand. We found correlations of CSA with all anthropometric

factors, weight is significantly correlated to nerve CSA and

can thus represent growth in a similar manner as age, even if

the latter is measured in months to improve measurement

precision in younger age. Given that hand volume, weight,

Figure 2. Mean cross-sectional area of the median nerve in age group 1-4. r, right; l, left; CT, carpal tunnel; FA, forearm; UA, upper arm. n = 30.

Figure 3. Mean total cross-sectional area in different weight groups. Total cross-sectional area represents the sum of all measured nerve sites’ cross-sectional

area in an individual participant (n = 30). Means and 95% confidence intervals are displayed.

6 Journal of Central Nervous System Disease
n n



height and age interact statistically and as biological markers

of an indidvidual’s development, further analyses have been

performed to find out each factor’s individual contribution.

Multiple linear regression models with automated backward

exclusion are significant and show that weight is the pre-

dominant anthropometric factor predicting nerve CSA.

Schubert et al8 decided not to correlate nerve CSA with

weight and height as those parameters were considered to be

too heterogeneous in children of same age (measured in

years). As a demographic factor, BMI was used instead. In

the present study as well as in Schubert et al,8 the use of BMI

instead of weight and height in multiple linear regression

yields age as predominant predicting factor of nerve CSA.

This phenomenon can be explained as the BMI is not a

marker of growth, but rather of body proportion (malnu-

trition or obesity); height in the denominator can thus not be

detected as a predicting factor for nerve size and levels off the

effect of weight. Weight can serve as a marker of nutritional

and growth status in children and shows a considerable

world-wide variation.21 Weight represents muscle mass

unless there is severe obesity or malnutrition. Muscle mass is

a marker of motor unit size and number,4 nerve CSA usually

represents motor unit number in the absence of demyelini-

sation and is correlated to muscle mass.22,23 Height is

strongly influenced by genetic factors even in early childhood

and represents bone growth rather than muscular develop-

ment. Age does not reflect nutritional and growth status

unless the developmental quantile of an individual child is

known. Stratifying CSA values according to 5%-95%

quantiles9 necessitates a very high sample size24 and makes

the use of age groups to predict nerve CSA in an individual

child more complicated than using the child’s actual weight.

Predictive nomograms

As the existing normative values found in the literature cannot be

transferred to all ultrasound laboratories and patients from different

ethnic, general nutritional and socio-economic background, the

Figure 4. Absolute differences (delta) and ratio of right and left nerve cross-sectional area in different age groups. The means and 95% confidence intervals of the

cross-sectional area ratios (blue line) and the absolute differences (green line) between all corresponding right and left side nerve sites are displayed for different

age groups.

Table 3. Spearman Correlation Coefficients of Median Nerve (in the Forearm), Radial and Sural Nerve Cross-Sectional Area and Anthropometric
Factors.

RADIAL NERVE
RIGHT

RADIAL NERVE
LEFT

SURAL NERVE
RIGHT

SURAL NERVE
LEFT

MEDIAN NERVE
RIGHT

MEDIAN NERVE
LEFT

Age (mo) .62 (P < .01) .72 (P < .01) .63 (P < .01) .63 (P < .01) .73 (P < .01) .72 (P < .01)

Height (cm) .69 (P < .01) .68 (P < .01) .59 (P < .01) .60 (P < .01) .75 (P < .01) .73 (P < .01)

Weight (kg) .70 (P < .01) .72 (P < .01) .67 (P < .01) .69 (P < .01) .75 (P < .01) .75 (P < .01)

Hand volume
(cm3)

.72 (P < .01) .67 (P < .01) .61 (P < .01) .58 (P < .01) .74 (P < .01) .77 (P < .01)
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recommendation that every laboratory should establish its own

reference values for adult nerve CSA values3 should be kept in

mind even more for children and adolescents. A regression dia-

gram (with upper and lower 95%CI line) as shown in Figure 5 can

serve as a predictive nomogram using age or weight as independent

variables. Predictive nomograms based on limited local sample

sizes are frequently used for the evaluation of somatosensory

evoked potentials with respect to height in children25 and to adjust

F- wave latencies for limb length in adults.26 Although they do not

replace authoritative large scale studies or meta-analyses on nor-

mative values, they are useful in daily routine and have the ad-

vantage of identical operators and equipment in establishing and

using the predictive nomogram. Some studies have been

performed with limited numbers of participants in somato-

sensory evoked potentials (n children = 3225) as well as in nerve

ultrasound (n children = 406, n children = 325, n children =

507). The upper limits of nerve CSA found using such

nomogramms for individual nerve sites in the present study

correspond well with those published by Schubert8 for school

children and Grimm9 for preschool children. This is plausible

as the German population studied by both authors is likely to

be similar to the participants of the present study.

However, distributions and variance may vary in dif-

ferent age and weight clusters. This can be observed in the

Figure 5. Linear regression curves of cross-sectional area and body weight or age. Linear regression curves with upper and lower 95% confidence intervals of

cross-sectional area and age (A) or body weight (B) for the right median nerve in the upper arm (n = 29, one outlier excluded).

8 Journal of Central Nervous System Disease
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2 weight groups above 30 kg and age groups over 10 years,

probably because of more rapid and highly individual

changes of weight and growth velocity during puberty. As

both age and weight can be misleading as a marker of

individual growth even more in children affected by acute

or chronic diseases, nerve CSA could be evaluated using

both reference methods. A nerve enlargement found in

both nomograms (age- and weight-based) is likely to be

relevant.

Echogenicity

Echogenicity seems to be highly variable in healthy individ-

uals27 and overlap in most polyneuropathies with a tendency

towards hyperechogenicity in unstable CIDP28 as an indicator

of tissue repair. Hypoechogenic nerves are frequently seen in

acute demyelinating polyneuropathies.29 For children, Schubert

et al8 reported absolute grey scale values for the first time

without finding differences according to age groups and gender.

Figure 6. Examples of echogenicity measurements using ImageJ. Echogenicity analysis in ImageJ. (A-C): Original ultrasound images; (D-F): Images after

conversion to 8 bit in black and white, determination of the area of black in the manually selected area.

Table 4. Distribution of the Categories of Echogenicity According to Their Fraction of Black.

NERVE SITE HYPERECHOGENIC % MIXED HYPO-/HYPERECHOGENIC % HYPOECHOGENIC %

Median nerve CT 10.3 41.4 48.3

Median nerve FA 6.9 65.5 27.6

Median nerve UA 3.4 24.1 72.4

Ulnar nerve LdG 3.4 44.8 51.7

Ulnar nerve FA 0 44.8 55.2

Ulnar nerve EB 3 27.6 69.0

Ulnar nerve UA 0 33.3 66.7

Radial nerve UA 3.4 41.4 55.2

Peroneal nerve FP 7.1 50.0 42.9

Peroneal nerve FH 32.1 50.0 17.9

Tibial nerve FP 10.7 57.1 32.1

Tibial nerve T 11.1 7.4 81.5

Sural nerve 7.1 35.7 57.1

CT, carpal tunnel; FA, forearm; UA, upper arm; LdG, loge de Guyon; EB, elbow; FH, fibular head; FP, popliteal fossa; T, tarsal. Results are reported for the right side. n = 30 for
upper extremity nerves, n = 29 for lower extremity nerves.
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They report lower echogenicity in the distal tibial nerve than in

the upper limb nerves. In the present study, the relative fraction

of black method10 as an evaluated method to measure echo-

genicity in nerve ultrasound is applied to children. As shown in

Table 4, most nerve sites display mixed or hypoechogenic

echogenicity, whereas hyperechogenic nerves with an area of

black below 40% (Figure 7) are rarely observed. As an ex-

emption, the tibial nerve in the popliteal fossa and the peroneal

nerve at the fibular head show higher rates of hyperechogenicity.

The reason of an alteration in echogenicity might be a higher

probability of mechanical irritation29 in hypermobile nerve

segments. Given the generally lower frequency of hyper-

echogenicity, the finding of hyperechogenic nervs in an indi-

vidual patient should be noted and interpreted cautiously in the

context of the clinical and elektrophysiological findings. The

significance of echogenicity in peripheral nerves should be

discussed in further studies.

Limitations

A limitation is the low number of participants, non-parametric

tests were used to compare age- and weight groups. Another

limitation is the lack of nerve conduction studies; exclusion of

peripheral neurological disorders was based on history and

clinical examination. With regard to echogenicity, the selection

of the region of interest inside the already marked nerve limits

might have biased the calculations of the area of black in small

nerves.

Conclusions

Nerve CSA in children and adolescents is lower than in adults

and increases proportionally during growth with a constant INV

and left/right ratio in different age groups. Weight and age are

predominant anthropometric factors predicting nerve size.

Hand volume is correlated with nerve size, but does not predict

CSA independently. In order to establish local normal values of

nerve size in children and adolescents, predictive nomograms

can be derived from regression curves. Most nerves show a

mixed or hypoechogenic pattern, echogenicity can provide

additional information on nerve structure.
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