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ABSTRACT Objective: We developed and validated a realistic simulation model for ultrasound-guided
central venous catheter insertion in children that is easy to build and inexpensive and can automatically
reproduce arterial and venous blood flow. Methods: The simulation model was constructed with a chicken
breast, two DWP-385 water pumps, two types of tubes and a controller. An elastic rubber tourniquet and a
silicone tube were connected to each water pump, which generated different continuous flows mimicking
those of the pediatric internal carotid artery and internal jugular vein, respectively. Both tubes were inserted
into a piece of chicken breast and connected to the controller. Then, we provided a simulation program of
ultrasound-guided central venous catheter insertion using our novel model to resident emergency medicine
physicians. We also collected data on their knowledge and confidence levels regarding the procedure before
and after the simulation via questionnaires utilizing a 5-point Likert scale. Results: The flow patterns of the
artery and vein were well demonstrated with our model. A total of 11 resident physicians were enrolled. The
knowledge and confidence regarding the discrimination of arteries and veins were significantly improved
after training with our simulation model (p-value < 0.01). The subjective similarity and usefulness of
our model also scored high on the questionnaire (median: 4; interquartile range in both categories: 4-5).
Conclusion: Our novel simulation model is useful and realistic for ultrasound-guided central venous catheter
insertion training. Clinical impact: This controlled motor system can be applied to many simulation models
of artery and vein circulation.

INDEX TERMS Central venous catheter, child, Doppler, ultrasonography, simulation training, education.

I. INTRODUCTION
Central venous catheters (CVCs) play an important role in the
initial treatment of critically ill patients. Several guidelines
and review articles have proposed the use of ultrasound (US)
in the placement of CVCs to increase the success rate and
reduce the complication rate [1]–[3]. Additionally, real-time
US guidance for CVC placement has been effective in pedi-
atric patients. The success rate with the US guidance method

has been shown to be higher than that with the anatomical
landmark-guided method, and US-guided CVC placement
has also been reported to be helpful to nonexpert or resident
physicians [4], [5].

Simulation-based training for US-guided CVC access has
been shown to improve CVC insertion skills for nonskilled
physicians [6]–[8]. Several phantom models using whole
chicken, ballistic gelatin, pork belly and chicken breast for
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the simulation of CVC insertion have been proposed that
are inexpensive and easy to make [9]–[14]. To differentiate
arteries from veins in the simulation, some models adopt
different sizes and materials between the two vessels, and
some models enable manually squeezing vessels to mimic
arterial pulsation. A few commercial models are currently
available; however, they are expensive and do not provide
realistic arterial and venous blood flow. Therefore, we aimed
to create a novel phantom model that is easy to build and
inexpensive and can generate realistic arterial and venous
blood flow for US-guided CVC insertion.

II. METHODS
A. STUDY DESIGN AND POPULATION
This was a prospective simulation study to develop and vali-
date the effectiveness of a novel phantommodel of US-guided
CVC insertion. This study was performed in a pediatric
emergency department (PED) of an urban tertiary teaching
hospital with an annual census of approximately 20,000.

Residents in the emergency department of the hospital
who volunteered to participate after informed consent were
enrolled. The residents in our hospital rarely obtain expe-
rience with CVC insertions in pediatric patients because
these are usually performed by specialists in pediatric emer-
gency medicine. This study was approved by the institu-
tional review board of our hospital (on April 24, 2018;
IRB No. 1802-068-922).

B. CHARACTERISTICS AND PHYSIOLOGICAL FLOW
CURVES OF THE INTERNAL CAROTID ARTERY (ICA) AND
INTERNAL JUGULAR VEIN (IJV) IN CHILDREN
The internal diameter of the IJV is relatively larger than that
of the ICA in children as measured on US. For example,
in patients aged 1 month to 2 years, the median internal
diameters of the IJV and ICA are reportedly 8.9 mm and
4.3 mm, respectively [15]. In addition, the reported mean
intima-media thickness of the ICA in children measured by
B-mode US is 0.56 mm [16].

The flow of the ICA consists of a low-resistance systolic
wave with continuous diastolic flow. The flow of the IJV
consists of a, S, v and D waves, which result from right atrial
pressure changes (Fig. 1A, 1B) [17]. In the systolic stage
(S), intraatrial pressure decreases and the flow rate increases.
When the right atrium is overfilled (o), intraatrial pressure
increases and the flow rate decreases. In the diastolic stage
(D), the tricuspid valve opens and the intraatrial pressure
decreases, increasing the flow rate. During atrial systole (a),
intraatrial pressure increases, and the flow rate decreases.

C. FABRICATION OF THE PHANTOM MODEL
The phantom model consisted of a piece of chicken breast,
a rubber tourniquet mimicking the ICA (inner diameter:
4 mm; outer diameter: 6 mm; thickness: 1 mm), a silicone
tube simulating the IJV (inner diameter: 6 mm; outer diam-
eter: 7.5 mm; thickness: 0.75 mm), two silicone tubes for

FIGURE 1. Spectral wave form from pediatric internal carotid artery (A)
and internal jugular vein (B) in the reference article∗ and flow velocity of
the arterial circuit (C) and venous circuit (D) generated by our simulation
model. ∗‘‘
 2008 Radiographics. Reprinted, with permission, from G. B.
Chavhan, D. A. Parra, A. Mann, and O. M. Navarro, Radiographics, vol. 28,
no. 3, pp. 691-706 (2008) [17]’’.

FIGURE 2. The components of the flow tissue phantom model for
vascular access: (1) controller; (2) water pump for generating arterial
flow; (3) water pump for generating venous flow; (4) rubber tube for the
arterial vessel; (5) silicone tube for the venous vessel; (6) bottle of
mineral water for the reservoir; and (7) two circulating tubes for returning
water to the reservoir.

circulating water, two water pumps, a 1.5 L water bottle as
a water reservoir, and a controller (Fig. 2).

A water pump (DWP-385 12 V, Robotmart, Seoul, Repub-
lic of Korea) was used to generate the ICA and IJV flow. The
maximum flow rate of the pump was 1.35 L/min, and the
average speed in the rubber tube was 1.79 m/s. These param-
eters were sufficient for simulating ICA and IJV flow [17].
The pump worked by displacing the fluid with helical gears,
which allowed the instantaneous speed to be easily adjusted,
making it suitable for imitating pulsatile flow. The circuits
for the ICA and IJV were separate, and the pumps were
independently controlled to demonstrate apparently different
flows of the ICA and IJV. The flow of the ICA was demon-
strated as high velocity systolic flow followed by continuous
diastolic flow, while that of the IJV was demonstrated as
relatively continuous flow with low velocity waves. Water
passed through the simulated ICA or IJV inside the chicken
breast and returned to the reservoir through the individual
circulating tubes.

The controller consisted of an Arduino UNOmicroproces-
sor (Adafruit, New York, USA) and a TB6612 motor driver

1800305 VOLUME 9, 2021



S. U. Lee et al.: Novel Simulation Model That Realizes Arterial and Venous Blood Flow

(Adafruit, New York, USA). The Arduino UNO transmits
signals to the TB6612 as programmed, and the TB6612 sup-
plies the voltage to the pump according to the signal. The
flow rates of the two pumps and the frequency of the ICA
pump were controlled by pulse width modulation (PWM)
by adjusting three dials on the controller. The ICA and IJV
flowwere implemented similarly to the shape in the reference
figure from the study by Chavhan et al. [17].

D. PERFORMANCE EVALUATION
The ability of the ICA and IJV pumps to control the flow
rate and pulse rate were evaluated. To verify the ability of
the pump to implement flow, the flow rates were measured
using a rotor flowmeter (YM-401A, HanjinData, Gyeonggi-
do, Republic of Korea). The maximum rate of the ICA pump
was changed to 1.05, 1.15 and 1.30 L/min, which becomes
1.4, 1.55 and 1.7 m/s, respectively, when converted to veloc-
ity. The maximum rate of the IJV pump was changed to 1.1,
1.2 and 1.35 L/min, which becomes 0.65, 0.73 and 0.80 m/s,
respectively, when converted to velocity. To confirm the abil-
ity to implement pulses, the flow rates were measured while
changing the pulse frequency to 0.9, 1.0 and 1.1 Hz. The
sampling rate was 1000 Hz, and the moving average was
performed on 19 samples.

E. SIMULATION PROTOCOL
A piece of chicken breast (300 g, 110 mm × 50 mm) was
used to simulate the tissue surrounding the ICA and IJV.
The phantom model was used in several simulation sessions;
each time, the chicken breast and rubber and silicone tubes
were changed. Prior to the simulation, brief lectures on vessel
identification and approach techniques were provided to all
participants. The following five steps of the procedure were
emphasized: 1) simultaneously visualize two vessels (ICA
and IJV) and discriminate between them with the probe com-
pression method; 2) use the Doppler image and confirm the
different flow patterns of the artery and vein; 3) attempt to
cannulate the IJV on a dynamic short axis approach using
the following-the-tip method; 4) attempt to cannulate the IJV
on a dynamic long axis approach; and 5) confirm venous
cannulation with US.

The simulation of CVC insertion with our model was
performed using a US machine (Z. one SmartCart; ZONARE
Medical Systems, Inc, Mountain View, Calif). The simu-
lation was performed in a private room until enough skill
was acquired, and the authors provided real-time feedback
if needed. Pre- and post-simulation questionnaires were col-
lected regarding knowledge of and confidence in US-guided
CVC insertion.

F. DATA COLLECTION AND OUTCOMES
The training level of the participants was recorded. In addi-
tion, data regarding experience with US-guided CVC inser-
tion in adult and pediatric patients prior to this study were
also collected.

The primary outcomes were improvements in knowledge
and the confidence level regarding US-guided CVC insertion.
Secondary outcomes included the subjective similarity of the
phantom model with real patients and the usefulness of the
phantom model. All outcomes were analyzed from pre- and
post-simulation questionnaires utlizing a 5-point Likert scale.

G. SAMPLE SIZE ESTIMATION
We assumed that the knowledge and confidence level would
increase by 1 point on a 5-point Likert scale after simulation
training. At a power of 0.9 and a significance level of 0.05,
the required sample size was 9 participants, and a sample size
of 11 participants was determined to account for a dropout
rate of 20% [18].

H. STATISTICAL ANALYSIS
The data were analyzed using Stata Ver. 14 for Windows
(StataCorp. 2015. Stata Statistical Software: Release 14.
College Station, TX: StataCorp LP). Descriptive data are
presented as medians with interquartile ranges (IQRs).
Categorical data are presented as numbers (%). TheWilcoxon
signed-rank test was used to compare outcomes on pre- and
post-simulation questionnaires. A p-value of 0.05 was con-
sidered statistically significant.

III. RESULTS
A. PERFORMANCE OF THE NOVEL MODEL
For the ICA, the pulsatile flow caused by cardiac move-
ments was well implemented (Fig. 1C). In the systolic
stage, the flow increased sharply and then dropped rapidly.
In the diastolic stage, the forward flow continued at approx-
imately half the peak systolic velocity (PSV). The model
yielded a PSV of 50-170 cm/s, an end-diastolic velocity of
30-130 cm/s, and a resistive index of 0.26-0.50, similar to the
values reported in a study by Chavhan et al. [17].

For the IJV, a tangled flow pattern caused by cardiac
movements was well implemented (Fig. 1D). The model
yielded the S, v, D and waves reported in the study by
Chavhan et al. [17]. The results of the flow rate control and
frequency control performance evaluation are shown in Sup-
plementary Figure 1. Similar curve shapes were apparent, but
with different flow rates and frequencies.

B. EFFECTIVENESS OF SIMULATION WITH THE NOVEL
MODEL
From June 2018 to October 2018, eleven residents of the
emergency department were enrolled in this study. The train-
ing level of the participants was relatively well distributed
from 1 to 4 years. Eight (72.7%) residents had experience
with more than 10 US-guided CVC insertions in adults, but
only one (9.1%) had experience with US-guided CVC inser-
tions in children (Table 1).

This model operated perfectly in every simulation ses-
sion, which made it possible to distinguish arteries and
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TABLE 1. Demographics of study participants.

veins through simple ultrasonography and Doppler scans
(Videos 1 and 2).

The participants’ knowledge about the probe compression
method, Doppler image discrimination, following-the-tip
method and long axis approach significantly improved after
the simulation training (5-point Likert scale overall score:
from 3 [IQR 2-4] to 4 [IQR 3-5]; p < 0.001). The confidence
of participants in the probe compression method, Doppler
image discrimination, following-the-tip method and long axis
approach also significantly improved after the simulation
training (5-point Likert scale overall score: from 3 [IQR 1-3]
to 4 [IQR 3-4.5]; p < 0.001) (Table 2). The scores for the
subjective reality and usefulness of vessel discrimination of
our phantom model were also very good (4 [IQR 4-5] and
4 [IQR 4-5], respectively).

IV. DISCUSSION
We developed a novel phantom model for US-guided CVC
insertions into the IJV of children. This model could generate
water flow similar to the blood flow of the ICA and IJV, which
is useful for discriminating arteries and veins with Doppler
images.

The use of real-time two-dimensional US when accessing
CVCs is widely accepted as an important method for reducing
complication rates [1]–[5]. In addition, one systematic review
demonstrated that the use of Doppler US increased the suc-
cess rate at the first attempt [19]. Doppler US is also helpful in
identifying the anatomy, thrombosis and stenosis of the vein,
especially in patients with previous CVC insertions [20], [21].
Therefore, the adoption of Doppler image training in the CVC
phantommodel is an important change. Previous studies have
demonstrated that simulation training for medical devices
is effective and useful for nonskilled personnel [22]–[26].
Similarly, the participants in this study expressed that the
training with our model was helpful and realistic.

Our model is cheaper than the commercialized models and
can be used semi-permanently with changes in the chicken
breast, rubber tube and silicone tube within several minutes.
Furthermore, the model can generate much more realistic

TABLE 2. Improvement in knowledge and confidence of the trainees on a
5-point likert scale after the simulation with our model.

arterial and venous flow and mimics the characteristics of
the ICA and IJV in terms of size, thickness and elasticity.
A few commercial products are already available for the
training of CVC insertion (Table 3). However, models that
can automatically generate arterial and venous flow are much
more expensive, thus limiting the simulation.Moreover, these
models are less realistic, as they are not based on clinical data
of arterial and venous blood flow in children.

In addition, the model is easy to build. Among the items
that were readily available, we chose a rubber tourniquet
to mimic the ICA. The characteristics of rubber tourniquets
are quite similar to those of ICAs, and although tourniquets
are thicker, this is not a problem because the ICA is not
supposed to be punctured. In contrast, we purchased silicone
tubes, which are larger than rubber tourniquets and easy to
puncture, to simulate IJVs relatively accurately. DWP-385R
was selected as the pump based on the consideration of price
and performance. The maximum flow rate and pressure head
value were sufficient for demonstrating arterial and venous
flow. The achievement of arterial and venous flow using the
same kind of pump with a control modification is another
strong point of this study. The controller, which consisted of
the Arduino UNO and TB6612 motor drivers, can be easily
set up with a shared program. The whole process and the
method for setting up the controller have been well described
and are accessible on the internet. The controller can be
implemented simply by downloading and installing it, and
the designs can be shared (S2∼4); they can be easily and
inexpensively manufactured when they are requested from
the nearest manufacturing plant. The manufacturing process
is simple enough for use in children’s education [27], and the
model can also be produced by commissioning a manufac-
turing plant. In addition, the price of each part is low, so the
model can be manufactured at low cost (Table 4). We believe
that the fabrication of our model can be widely used.

There are some limitations to this study. First, the outcomes
of this study were collected via a questionnaire with a sub-
jective Likert scale. The participants were not blinded to the
purpose of this study. There can be bias in positive or negative
directions when answering questionnaires. Second, this study
did not assess the usefulness when accessing CVCs in actual
pediatric patients after training. However, we believe our new
model is helpful for nonexpert physicians in real situations.
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TABLE 3. Market research for ultrasound-guided central venous catheter insertion simulator.

TABLE 4. Materials and costs for fabrication of a phantom model.

V. CONCLUSION
We developed a new phantom model for CVC insertion
in children that automatically generates arterial and venous
blood flow. This model is realistic, easy to build and inex-
pensive. Therefore, the model can help educate nonexpert
physicians regarding real-time CVC insertion in children and
the discrimination of arteries and veins.We believe our model
can be applied to many phantom models that implement
arterial and venous circulation.
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