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Abstract

Background The radial artery is commonly selected for arterial puncture and cannulation, but radial nerve palsy may occur.
To minimize possible damage to the nerve, needle puncture should be made within the margin of safety (between the wrist
to the distal end of the radial artery and the radial nerve running in parallel). In adults, the margin of safety for radial artery
puncture is approximately 6.8 cm from the wrist in men and approximately 5.4 cm in women, but the margin of safety is not
known in children of different age groups.

Methods Using an ultrasound device, we measured the margin of safety in 100 anesthetized patients aged O months to 15 yr.
Polynomial quadratic regression models were made, and the lower limit of the prediction interval was regarded as the margin
of safety. These results were then compared with the results obtained in adults.

Results The margin of safety became wider as a child grows older, and the height, weight, and age were all suitable explana-
tory variables to predict the margin of safety, providing fairly a constant predicted margin of safety from a few millimeters
in neonates to approximately 4 cm in adolescents (much narrower than in adults).

Conclusions In children and adolescents, the margin of safety for radial artery puncture is much narrower than in adults,
and these findings support the recommendation to use ultrasound guidance during radial artery puncture in children and
adolescents, to minimize the risk of associated complications.

Clinical trial registration jRCT1032230243.
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Introduction

The radial artery is regarded as a suitable site for needle
puncture or cannulation, to take arterial blood or to monitor
the direct blood pressure [1]. In addition, the radial artery is
now regarded as the main access for endovascular angiogra-
phy and interventional procedures in adults [2, 3] and it has
increasingly been selected in children [4-7].

Nerve injury is one of the rare complications associated
with needle puncture or cannulation of the radial artery [8,
9]. The incidence could be increased to 1.8% in adults when
cannulation of the radial artery is performed for endovas-
cular angiography and interventional procedures [10]. The
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exact mechanism for the injury is not clear [10], but one pos-
sible reason is damage to the radial nerve by needle puncture
[10, 11]. There have been no studies which indicated the
incidence of this complication in children, but because of
smaller sizes of the artery and the nerve, the incidence may
be similar to, or higher than, the incidence in adults.

The radial nerve bifurcates centrally in the forearm into
the deep and superficial radial branches. While the deep
radial branch separates from the radial artery, the superfi-
cial branch runs parallel with the radial artery (behind the
brachioradialis muscle) and then separates from the radial
artery in the distal part of the forearm. Therefore, to avoid
injury to the radial nerve, needle puncture should be made in
the area where the radial nerve is not running near the radial
artery, between the radial styloid process and the distal edge
of the parallel segment of the artery and the nerve.

In our previous study [12], we have reported that the
margin of safety for radial artery puncture is approximately
6.8 cm from the wrist in male adults and approximately
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5.4 cm in female adults. We predicted that the margin of
safety would be narrower in children, but no studies have
confirmed this. Therefore, the main aim of our study was
to decide the margin of safety for radial artery puncture in
children.

Methods

The research ethics committee of Dokkyo Medical Uni-
versity Saitama Medical Center approved the study (ID:
22,091). We registered the study in a publicly accessi-
ble database (the Japanese clinical trial register, on 19th
July 2023) before recruitment of the first subject (iRCT;
1,032,230,243). Written informed consent was obtained
from the patient or their guardians; for children who were
able to communicate, informed assent was also obtained
from the children after explaining the study protocol in sim-
ple language with pictures. The study was carried out from
July to December 2023.

We studied 100 Japanese patients aged 0 month to 15 yr,
who were scheduled for elective surgeries under general
anesthesia. Patients were excluded if they underwent emer-
gency surgery, their parents or guardians declined to, or were
unable to, provide written informed consent, or withdrew
consent.

In an operating room, an electrocardiogram, a non-inva-
sive blood pressure cuff, and a pulse oximeter were attached.
General anesthesia was induced either with intravenous
propofol or with inhalation of sevoflurane, and a clear airway
was secured either by tracheal intubation or by insertion of
a supraglottic airway.

One of us (KF) measured the following two distances,
with the method used in adults in our previous study [12].
Before starting a formal study, we assessed if it was feasible
to use the methods used in adults [12], in children (including
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infants), and confirmed that there was little difficulty in
using this method to identify the radial artery and radial
nerve. In addition, correct identification of the radial nerve
using the ultrasound echograph was confirmed by locating
the entire course of the nerve in the forearm, by confirm-
ing that the course of the nerve was in agreement with the
course illustrated in anatomical textbooks, and by asking
orthopedic surgeons to confirm that the nerve shown on the
ultrasonography was the radial nerve.

Briefly, each patient's upper extremity was abducted and
externally rotated, the wrist joint was mildly dorsiflexed, and
the position was fixed using adhesive tape. Using an ultra-
sound echograph (linear-type ultrasound probe, Sonosite
PX, FUJIFILM Medical Co., Ltd, Tokyo, Japan), point A
(the styloid process), point B (the distal edge of the parallel
segment of the radial artery and the radial nerve) and point C
(the proximal edge of the parallel segment of the artery and
the nerve) were located (Fig. 1), and the distances between A
and B, and A and C, were measured. The distance between A
and B was regarded as the margin of safety for needle punc-
ture of the radial artery. If there was difficulty in locating the
radial artery or the radial nerve, or if there was uncertainly
in identifying the radial artery or the radial nerve, the patient
was withdrawn from data analysis.

Statistical analysis

We predicted (and confirmed after obtaining the data) that
the multivariate regression model would not be suitable for
the outcome variable (the margin of safety) with explanatory
variables (patient’s age, height and weight), as there were
strong linear relations between the explanatory variables in
children and multicollinearity was present (detailed reason-
ings are provided in Supplementary Methods). Therefore, we
planned to use a single regression model. We considered that
the patient’s height would be the most practical and useful

Fig. 1 Measurement of the margin of safety for needle puncture of the radial artery. Point A (the styloid process), point B (the distal edge of the
parallel segment of the artery and the radial nerve), and point C (the proximal edge of the “run side-by-side” segment)
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predictor of the margin of safety (distance A-B), and thus
we regarded this analysis as the primary outcome analysis.

We also predicted that a possible difference in the margin
of safety between male and female children would be less
than a clinically meaningful difference. In fact, a confidence
interval for the difference between the slope of a regression
line for males and the slope for females [13] indicated that
these two groups are likely to be from the same population
(detailed reasonings are provided in Supplementary Meth-
ods). Therefore, we analyzed pooled data of all 100 children,
including males and females.

After obtaining the data, the suitability of linear regres-
sion analysis was assessed by plotting residuals against an
explanatory variable (height, weight or age), and it was
judged that linear regression would not be a suitable model,
even after log transformation of the data (Supplementary
Methods). Therefore, we decided to construct a polynomial
quadratic regression model.

The main aim of our study was to decide the margin of
safety for radial artery puncture in children of different age
groups, by first applying correlation analysis to confirm if
there was a relation between the height and the distance
A-B. F test was used to assess if the model explains a sig-
nificant amount of variance in the outcome variable. The
coefficient of determinations (R%) was calculated to indicate
the proportion of the variation in the outcome variable that
is predictable from the explanatory variable. The 95%predic-
tion intervals for distance A—B were calculated and the lower
limit of prediction intervals was regarded as the margin of
safety for radial artery puncture.

After obtaining the data, we have also found that there
were considerable differences in the margin of safety,
between older children and adults. We speculated that this
might be the reason for non-linear relation between the chil-
dren’s height and the margin of safety, and thus we added
the data of adults obtained previously [12] and constructed
a new polynomial regression model. Mann—Whitney U test
was used to compare the distance A—B (together with the
distance B—C and the distance A—C) between large children
(with a height taller than the minimum height of adults) and
adults. The 95%confidence interval for the median differ-
ences in the distance A—B was also calculated.

Continuous variables were expressed as the means and
the standard deviations when the data were normally dis-
tributed, whereas they were expressed as the medians, inter-
quartile ranges, and ranges when they were not normally
distributed. P < 0.05 were considered significant for the pri-
mary outcome measure, whereas P <0.0001 were consid-
ered significant for the secondary outcome measures.

Power analysis was performed before the start of the
study, for the primary outcome measure (relation between
the height and the distance A-B). We defined the null
hypothesis for a regression analysis that the slope of the

linear regression (b) is O (that means that there is no linear
relation (by)). As it was impractical to define the minimum
clinically meaningful value for the slope of the regression
line (b and b;), we used the medium effect size defined by
Cohen (R*>=0.13 or ££=0.15) [14]. Fifty-three participants
would be required to detect this effect size, with a power of
0.8, and P=0.05. In addition, to obtain a reasonably small
uncertainty for the estimate for the primary outcome meas-
ure (the margin of safety for each height range), a mini-
mum of several patients would be required in each height
range (from approximately 60 cm to approximately 170 cm
in 5-cm increments). Therefore, we decided to study 100
patients.

SPSS version 29.0.1.0 was used for the statistical analy-
sis, and manual calculation was carried out to confirm the
validity of the results. G¥Power version 3.1.9.6 was used to
carry out power analysis.

Results

We enrolled 100 children (patients’ characteristics in
Table 1) and because there was no difficulty in identifying
the radial artery and radial nerve in all the children (includ-
ing infants), we included all the children for data analysis.

Height vs the margin of safety

A polynomial regression model showed a significant positive
relation between the patient’s height and the distance A-B
(F=164.8, P< <0.0001) (Fig. 2a). The coefficient of deter-
minations (R?) was 0.773, indicating that 77.3% of the vari-
ability of the distance A—B can be explained by the height.

The lower 95%prediction intervals for the distance A—B
indicated that the taller the patient, the wider the margin
of safety for radial artery puncture, and the predicted mar-
gin of safety ranged from 0.2 cm (for the lowest height
of 57.4 cm) to 4.2 cm (for the highest height of 173 cm)
(Fig. 2a, Table 2). Nevertheless, there were a few children
(whose heights were between 110 to 150 cm) in whom the
margin of safety was markedly narrower than the predicted
values (Fig. 2a).

Table 1 Patients characteristics

(ranges))

(medians [interquartile ranges]

Males/ females 73127

Age (yr) 5.5[1.8-10.0] (0.16-15.9)
Height (cm) 109 [84—139] (57.4-173)
Weight (kg) 18 [12-36] (4.7- 74)
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8 Table 2 Predicted margin of safety (cm) for radial artery puncture for
7 1° different heights, weights, and age categories of children
y=1.7811 - 0.0189x + 0.0002x?
6 - R2=0.773 Explanatory variables Margin of safety
~ 1 o
55 42 Height 03-0.6 cm
g4 - 60-80 cm 0.3-0.6 cm
%3 ] 80-100 cm 0.6-1.0 cm
e, 100-120 cm 1.0-1.7 cm
. 120-140 cm 1.7-2.5 cm
140-160 cm 2.5-3.5cm
’ o " 6 8 100 120 140 160 1go  '60-170cm 3:5-41em
Height (cm) Weight
5-10kg 0.1-0.5 cm
8 - 10-20 kg 0.5-1.4 cm
71" B ) i 20-30 kg 1.4-2.1 cm
o ] )I;Z—=007:§8+ 0.1007x - 0.0005x 30-40 ke 21-2.8 cm
- 1 ) 40-50 kg 2.8-3.3 cm
5957 50-60 kg 3.3-3.7 cm
g 4 1 60-70 ke 3.7-4.0 cm
g 3 - Age category
2 4 Infants (0.2-1 year) 0.2-0.4 cm
1] Small children (1-6 years) 0.4-1.4 cm
0 1 School-aged children (6-12 years) 14-29cm
0 Adolescents (1215 years) 2.9-3.7 cm
Weight (kg)
8 - Weight or age vs the margin of safety
c
7 y =1.4842 +0.1762x + 0.004x* There was a significant positive relation between the patient’s
& R*=0.726 | weight and the distance A—B (F=160.8, P< <0.0001), with
§ 5 1 R? of 0.768 (Fig. 2b). The predicted margin of safety ranged
84 39 from O cm (for the lightest weight of 4.7 kg) to 4.0 cm for
23 | the heaviest weight of 74 kg) (Fig. 2b, Table 2).
e 2 There was a significant positive relation between the
patient’s age and the distance A-B (F=128.3, P < <0.0001),
92, with R? of 0.726 (Fig. 2c). The predicted margin of safety

0 2 4 6 8 10 12 14 16 18
Age (yr)

Fig.2 a Regression model for the distance A-B (the margin of safety
for needle puncture of the radial artery) with children’s height as an
explanatory variable; b Regression model for the distance A—B with
patient’s weight as an explanatory variable; and c) Regression model
for the distance A-B with patient’s age as an explanatory variable.
Individual values of children (males (O), females (@)), polynomial
quadratic regression lines (dotted curve lines) with their equations
and the coefficient of determination (R?), and 95%prediction intervals
(solid curve lines) are shown. The minimum and maximum values of
the lower boundaries of 95% prediction intervals, which indicate the
margin of safety for the needle puncture of the radial artery, are also
indicated

@ Springer

ranged from 0.2 cm (for the youngest of 0.16 yr) to 3.9 cm
for the oldest of 15.9 yr) (Fig. 2c, Table 2).

Large children vs adults

When the scatter plot of the data from both children and
adults [12] was made, it became clear that the relation
between the patient’ height and the distance A-B was
strongly curved at the patient’s height of approximately
150 cm (Fig. 3). This was confirmed by the fact that a
polynomial regression line for both children and adults
(F=373.0, P< <0.0001) was more strongly curved than
the regression line for children only (Fig. 3).

When the data of male and female adults [12] were
pooled, the median and range of the distance A-B in
adults were 8.8 (5.6 — 16.8) cm (Fig. 4). The minimum
height of adults was 148 cm, in whom the shortest A—B
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y = 8.0153 - 0.1558x + 0.0009x?

Fig.3 Regression model for the 18 -
distance A-B with both chil- J
dren’s and adults’ height as an 16 -
explanatory variable. Individual 4
values of children (males (O), 14 -
females (@)) with a polynomial J
quadratic regression line (green ~ 12 -
dotted curve line) for children, £ i
together with individual values A 10 -
of adults (males (O), females 8 J
(@)) with a polynomial quad- c 8 -
ratic regression line (red dotted 8 4
curve line) for both children and .2 6 -
adults a 4

4 -

2 -

0

0

Height (cm)
Fig-4 Individual values of ] A-B distance B-C distance A-C distance
children (males (O), females 20 -
(@)) and of adults (males (O), i (Safe zone)
females (@)), with the medians -
for the distance A-B, B—C and b
A—C in large children (with 16 A
their heights 148 cm or taller) ’-E\ i
o ] —
e
o 12 1
o -
C J —
(V]
0 8 | -
a ]
4 - - %
i o
0 1 — T

Large Adults
children

(5.6 cm) was observed. There were 17 children whose
heights were 148 cm or taller. In these large children, the
median and range of the distance A-B was 4.4 (2.4-6.0)
cm, and in only one of 17 children, the distance A-B was
longer (6.0 cm) than the shortest A-B in adults (5.6 cm)
(Fig. 4). The distance A-B was significantly shorter in the
large children than in adults (P < <0.0001). The median
difference between adults and large children was 4.3 cm,
with 95%confidence interval for the median differences
of 3.6-4.9 cm.

Large Adults
children

Large Adults
children

Distance A-B, B-C and A-C

To elucidate the reasons for the marked difference in the
margin of safety between adults and large children, we
compared the distance B—C (parallel segment of the artery
and the nerve) and the distance A—C (the margin of safety
plus the parallel segment) between these two groups of
patients (Fig. 4). The distance A-B or the distance A—C
was significantly shorter in the large children than adults
(P< <0.0001), whereas there was no significant difference
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in the distance B—C between the large children and adults
(P=0.12).

A scatter plot of the ratios of distance A-B to distance
B—C for all the children and adults (Fig. 5) indicated that the
A-B/B-C ratio was fairly constant between the children of
different heights (median: 0.8; interquartile range: 0.7-0.9).
In contrast, in adults, the A-B/B—C ratio (median: 2.0) was
much larger than in children, and there was a much larger
variability (interquartile range: 1.4-2.7). These indicate that
the relative length of distance A-B to distance B—C would
markedly increase during the transition from adolescence
to adulthood.

Discussion

We have shown that the margin of safety for radial artery
puncture would become wider as a child grows up, and
have found that the height, weight, and age of children are
all suitable explanatory variables to predict the margin of
safety. The regression models with the height, weight, and
age, provided fairly a constant predicted margin of safety
from a few millimeters to approximately 4 cm (Fig. 2). One
major unpredicted finding is that the margin of safety for
radial artery puncture was much narrower in large children
(or children of adult size) (approximately 4.0 cm) than in
adults (6.8 cm in men and 5.4 cm in women). In addition,
the margin can be less than 2.5 cm in a child with height of
approximately 150 cm.

The exact reasons are not clear for the apparent discrep-
ancy in the margin of safety between adults and large chil-
dren. One possibility is that the ratio of the arm length to the
height may be relatively smaller during adolescent growth,
as it is known that the legs are the first to grow, then the arms
[15, 16]. Nevertheless, the growth of the arms ends 0.25 yr
after the end of the growth of the legs [15]. Therefore, this
possibility would not be the main reason.

6 -
5 ©
[ ]
o 4 ‘e
B 0 eO
o 3 °q 5o
m o O
3 o ein,
< , @ 228
° o '.ﬁ O?b o
1 X} RO, A
SRR . 8 7ol
0 o0 O .
0 50 100 150 200
Height (cm)

Fig.5 Individual AB/BC ratios of children (males (O), females (@))
and of adults (males (O), females (@)) over the height

@ Springer

Another possible reason may be related to the difference
in the growth rate between the distal part and the middle
part of the forearm. Longitudinal growth of the radius and
ulna occurs at the cartilaginous growth plates (or epiphyseal
plates) located near both ends of the bones until the plates
are ossified (epiphyseal closure or growth plate fusion) in
late puberty. For the radius and ulna, approximately 80 to
90% of growth occurs at the distal growth plate [17], and
thus the degree of longitudinal growth is greater near the
distal growth plate than the middle or the proximal part of
the bones [18]. This possibility is supported by our results
that there was no significant difference in the distance B—C
(located in the middle part of the forearm) between adults
and large children, whereas the distance A-B was signifi-
cantly shorter (hence the A-B/B—C ratio smaller) in large
children than in adults (Fig. 4). Therefore, it would be rea-
sonable to assume that the margin of safety has become
wider by the growth of the distal part of the forearm during
the transition from adolescence to adulthood.

Limitations of this study include that all the patients we
studied were Japanese, whose size and the growth rate of the
forearm may be different from the other ethnic groups [19,
20]. In addition, there may be differences in the branching
and innervation pattern of the radial nerve in the forearm
between different ethnicity (such as Asians or Caucasians)
[21], or between different people [22]. Therefore, the margin
of safety may be wider in taller populations or in people in
whom skeletal maturity occurs earlier.

Another limitation of this study is that we analyzed the
data obtained from children up to 15 yr of age and the data
of adults reported previously, [12] and thus there were rel-
atively few or no data of children of middle or late ado-
lescence. Therefore, we could not obtain sufficient data to
confirm possible reasons for the discrepancy in the margin
of safety between adults and large children. In our previous
study of adults, there seemed to be a difference in the mar-
gin of safety for radial artery puncture between males and
females (6.8 cm from the wrist for men, and 5.4 cm from
the wrist for in women) [12]. In contrast, in this study of
children, there was no significant difference in the margin
of safety between male and female children. This appar-
ent dissociation between adults and children may also be
explained by the insufficient data from children of middle
or late adolescence.

Clinical implications of the study include that the margin
of safety for radial artery puncture is much narrower in chil-
dren than in adults, and it may be less than 2.5 cm in large
children. Therefore, we should regard that even children of
adult size are at an increased risk of radial nerve injury dur-
ing attempts at radial artery puncture.

Systematic reviews and meta-analyses have shown that,
compared with palpation or Doppler auditory assistance,
the use of ultrasonography reduces repeated attempts at



Journal of Anesthesia (2025) 39:41-48

47

insertion of a cannula to the radial artery, and also reduces
the incidence of hematoma in children [23, 24], so that it
may be recommended to use ultrasonography routinely dur-
ing cannulation to the radial artery in children. Nevertheless,
ultrasonography may not be routinely used during cannula-
tion of the radial artery either in adults or in children. In our
previous study, we concluded that, in adults, routine use of
ultrasound guidance would not be mandatory to minimize
possible damage to the radial nerve, as far as needle puncture
of aradial artery is attempted within 5 cm from the wrist in
adults [12]. In contrast, our current study in children sup-
ports the recommendation to use ultrasound guidance dur-
ing radial artery puncture in children and adolescents, to
minimize the risk of associated complications.

Conclusions

In conclusion, the margin of safety for radial artery puncture
ranges from a few millimeters in neonates to approximately
4 cm in adolescents, and this range is much narrower than
in adults, and these findings support the recommendation
to use ultrasound guidance during radial artery puncture in
children and adolescents, to minimize the risk of associated
complications.
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