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Commercially available cannulation phantoms are expensive and primarily intended for adults. We
designed and produced a neonatal cannulation phantom using three-dimensional printing. Different
operators of varying clinical expertise successfully cannulated the phantom and inserted central
catheter under ultrasound guidance. This is a reusable, realistic and valuable resource which can be
used for training clinicians to gain practice, thereby improving hand-eye coordination, dexterity,
confidence and safety during vascular access cannulation in newborn infants.

Ultrasound (US) is a highly valuable and portable tool with wide applications in intensive care. Gaining vascular
access using US improved first attempt insertions, overall procedural success and reduced complications"2. US
guided vascular access is increasingly used and recommended in the neonatal intensive care setting®~>. Umbilical
venous catheters are increasingly inserted under US guidance®. Traditional methods of obtaining vascular
access with percutaneously inserted central catheter (PICC) using anatomical landmarks has limitations. These
limitations can vary depending on body habitus, skin tone and gestational age. There is growing evidence on best
practice for US use in central line cannulation including guidance on safety and recommended techniques to
reduce potential complications”*. One of the recommendations is to use simulators for training®!°. Practicing
with the phantom helps in estimating the depth of insertion, visualising the vessel and needle using US.
Consequently, indirect benefits to the operator include improved dexterity, hand eye coordination, confidence
and procedural safety!!.

Commercially available vascular access simulators target the older children and adult patient and there is a
distinct lack of cannulation phantoms and simulators replicating the vascular anatomy of newborn infants. The
difference in the vessel dimensions, vessel depth and surrounding tissue in newborn infants is different from
adults and this unique newborn architecture cannot be replicated in adult cannulation phantoms. Commercial
neonatal phantoms may not perfectly replicate the complex anatomical properties such as vessel diameter
in neonates with limited customization and durability. In addition, the high cost of commercially available
cannulation phantoms limits the wider acceptance of this resource for training especially in resource limited
settings. These shortcomings of commercial phantoms can be overcome to an extent with phantoms that have
been customized specifically for neonatal use.

Three-dimensional printing is a commonly used resource that has applications in different industries
including healthcare!?~!4, It is routinely applied in education and training'®-'”. We produced a reusable neonatal
cannulation phantom for ultrasound-guided vascular access training using three-dimensional printed materials
for neonatal clinicians to build PICC insertion skills. Our aim was to evaluate clinician experience and the
performance of a prototype phantom to multiple US guided cannulation attempts by clinicians of varying
expertise.
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Materials and methods
The phantom was designed and produced in the Clinical Physics Department ofl Barts Health NHS Trust,
London.

Cannulation Phantom production
All 3D printed components were developed using SolidWorks 3D CAD drawing software (Standard, SP0.0,
2022: Waltham, MA, USA) and printed on an Objet 260 Connex 3D printer (Stratasys, Eden Prairie, MN, USA).
The phantom model encasement was 3D printed using VeroWhitePlus, which is a rigid general-purpose
material. The dimensions of the phantom (175 x 132 mm, 72 mm height) were compatible with typical
transducers used in neonatal intensive care. Vessel supports protruded from either side of the chambers, with
a central channel to hold the 3D printed neonatal vein. These supports maintained the vessels at the correct
position, relative to the phantom surface. The internal base of the phantom, consisted of an angled and soft
surface made from Agilus30Black (soft rubber like material), to minimise reflections of the ultrasound energy
back to the transducer. The phantom held 6 vessels (3 x 1.3 mm lumen and 3 x 1.4 mm lumen bore), with a wall
thickness of 0.4 mm. The vessels were positioned 12 mm below the phantom surface. Each vessel was 3D printed
using FLXA9895-DM, which is digital material mixture of VeroWhitePlus and Agilus30Black, with a Shore-A:
95 hardness value on the Durometer Shore hardness scale. The vessels were encased in an agar and glycerol-
based tissue mimicking material (TMM)'® and covered with seam seal tape of 0.1 mm thickness (T3040: Ardmel
Automation, Fife, UK), to protect the phantom surface and minimise desiccation (Fig. 1).

Fig. 1. Three-dimensional printed flow phantom with the 6 vessels (a) and the finished prototype (b).
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Testing the cannulation Phantom

The flow phantom was set up in the neonatal unit where the ultrasound scanner was housed. Uncoloured water
was run through the model. The flow was kept constant by maintaining the height of the reservoir containing
water. This produced continuous flow through the circuit (Fig. 2).

Ultrasound image acquisition and insertion technique

After placing water-based ultrasound jelly on the cannulation phantom, the operator placed a linear array probe
(8-18 MHz GE, Vivid S70N, Bedfordshire, UK) held in the non-dominant hand to obtain optimal short axis
(cross-sectional, out of plane view) and long axis (longitudinal, in plane) views of the vessel. Using the dominant
hand, a 22G needle with a length of 40 mm was inserted at an angle of about 30-45 degrees, at a point 5-10 mm
proximal to the middle marker of the probe on to the surface of the phantom, while keeping an optimal cross-
sectional view. The needle was inserted until it reached the anterior wall of the vessel. The needle was then
cautiously advanced at a shallower angle with ultrasound imaging of the indentation and penetration of the
anterior wall of the vessel. The puncture of the vessel was also felt by the operator mimicking what one may
expect in clinical practice. Extreme care was taken to ensure that the tip of the needle was maintained in the
middle of the vessel lumen giving the appearance of a bullseye while gradually advancing the needle and the
probe in short <1 mm increments. This was to ensure that the needle did not breach the posterior vessel wall and
the entire length of the needle tip was inserted. Once the needle was confirmed to be in the centre of the vessel
lumen using US, a metal guidewire was inserted through the needle for insertion of a PICC using a Seldinger
technique (Figs. 3 and 4). A metal guidewire was used as it could easily go through the caliber of the needle that
was used and could readily be visualized using US. Non-ultrasound confirmation of the correct placement was
also achieved by continued advancement of the guide wire which resulted in the guide wire being physically
visible at the exit end of the vessel outside the phantom.

Operators carrying out the cannulation
Clinicians of varying expertise carried out the cannulation using US imaging. Prior experience in US and US
guided PICC placement was noted.

Operator questionnaire
All operators were given a questionnaire (supplemental file 1) prior to cannulation which captured their
experience before and after using the phantom.

Fig. 2. Cannulation phantom set up for testing.
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Fig. 3. Ultrasound imaging demonstrating the longitudinal (in plane) view of the vessel with the guide wire
seen within the vessel lumen.

Fig. 4. Ultrasound illustrating the characteristic bullseye sign with the guide wire seen as an echogenic dot
within the vessel lumen.

Results

Two rounds of testing were performed. The first round was performed by clinicians (SP and AKS) to test the
proof of concept design. The overall performance of the phantom was deemed satisfactory. During the initial
measurement series, approximately 25 cannulation attempts were performed. The guidewire was seen to clearly
pass through the vessel lumen (Figs. 3 and 4) with US. Non-ultrasound confirmation included continued
advancement of the guide wire which resulted in it coming out through the exit end of the vessel. Perforation
of the plastic covering of the phantom resulted in exposure of the tissue-mimicking material to environmental
conditions, which could lead to desiccation and subsequent alteration of the phantom’s physical properties.
To mitigate these effects and preserve the integrity of the phantom, the plastic covering was replaced (Fig. 5),
thereby enhancing its durability and extending its functional lifespan.

During the second round of testing, approximately 50 phantom surface / skin perforations were recorded
on vessel one, and 20 on vessel two. Minimal leakage of phantom fluid was observed upon reapplication of the
skin after the initial cannulation series. Despite multiple use and some leakage around the cannulation sites,
the image quality was minimally affected and was comparable to our prior work using the same 3D printed
materials®.

A questionnaire (supplemental file 1) was administered to clinicians prior to cannulation. Ten neonatal
clinicians of varying expertise (junior clinical fellow, six neonatal registrars, three neonatal consultants and an
interventional radiology consultant) carried out cannulation of the phantom in a single session after receiving
a short period of training on acquiring images and inserting the line. The minimum neonatal experience for
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Fig. 5. Protective skin demonstrating the multiple perforations from cannulation attempts after several rounds
of cannulation attempts.

the clinicians ranged from just under a year to more than 2 years for the majority of clinicians. All the neonatal
clinicians have had experience with inserting PICC in patients without using ultrasound in clinical practice.

Half of operators had received some form of US guided PICC placement training, from other providers,
prior to the session, although only one third had used US on patients. Following our training, all operators were
successful in identifying the vessel, reporting the US image appeared true to life; 60% were able to successfully
cannulate and insert the guidewire through the needle by the end of the first session. The median score (on a
scale of 1-5) for usefulness of the session on improving cannulation skills was 4.5 among the clinicians.

We performed a post session feedback questionnaire to evaluate user feedback. 90% agreed that there would
be an improvement in accuracy of line placement, a reduction in the complications (failure, multiple attempts,
bleeding, damage to local structures), and consequently improved safety for the patient. 80% reported an
increase in their ability to use US guided PICC placement; all operators were keen to receive further training to
enhance their skills and increase confidence.

Discussion
We designed and produced a reusable neonatal cannulation phantom which can be used for newborn and infant
vascular access training for clinicians involved with newborn intensive care including but not limited to medical
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and nursing students, paediatricians, neonatologists, vascular access nurses and interventional radiologists. We
used three-dimensional printing, a technique enabling personalised and cost-effective innovation, to produce
this cannulation phantom.

The US imaging produced by the cannulation phantom mimicked what one would expect to see in-vivo.
The entire length of the needle was visible and there was a good tactile feel when the needle penetrated the
vessel providing the operator with another degree of confirmation in addition to ultrasound imaging. The
results from this work demonstrate that clinicians reported easy vessel identification using ultrasound which
resembled in-vivo appearance of vessel using ultrasound. They also reported improved confidence similar to
other studies®. Randomised trials comparing indigenously developed ultrasound phantoms with commercially
available models for ultrasound guided vascular access training have shown to be a comparable alternative in
resource-limited setting®!. Shrimal et al. compared commercial phantoms with low cost gelatinous phantoms
for ultrasound guided needle tracking in their randomised crossover trial and found that this was non-inferior
to commercial phantoms in terms of tissue resemblance and overall performance??. Additionally, Sajadi and
colleagues compared commercial phantoms with homemade models. They found that the overall score for the
homemade models with gelatin was significantly higher and comparable with human anatomy?.

Another advantage of this phantom is that it is reusable, realistic and devoid of infection/ hygiene related
concerns which can be an issue where biological materials have been used. During our practice session, two
approaches were used. One was visualisation of the long axis (longitudinal, in plane) view first followed by
the short axis (cross sectional, out of plane) view to confirm needle tip position and vice-versa. There was no
difference in successful cannulation as has been shown in randomised trials comparing these two methods?*. We
used a needle to insert the guide wire in this study and ensured that the bevel is within the vessel lumen before
careful insertion of the guidewire. If operators chose to use a cannula to insert the PICC, it is important that the
cannula is inserted all the way to the hub to ensure that the plastic component is well within the lumen and not
penetrating the posterior wall. This will provide stability for the cannula to remain in place once the needle is
removed.

This is the first iteration of the cannulation phantom and is not without limitations. Studied vessel lumen
diameters were either 1.3-1.4 mm with the intention of replicating the basilic, cephalic and long saphenous
veins in newborn infants. The vessels were at a depth of 12 mm which can mimic real life scenarios especially
with large babies who are more likely to have difficulties with obtaining vascular access due to body habitus.
This work represented the initial proof-of-concept phantom and a limited operational lifespan for the phantom
was anticipated. We did not explore any other factors such as technical challenges among clinicians with varied
experience as our goal was to evaluate clinician performance and phantom performance only. To minimise
experimental variability, the vessel depth was fixed at 12 mm. Our next iteration will consider vessels at a range
of depths to enhance anatomical realism. We used water to flow through the circuit, which was visible on colour
Doppler. We did not colour the water and therefore, this made visualisation of the fluid in the cannula hub/
needle difficult once the vessel was punctured. It is likely that higher viscosity fluid would flow through the
vessel. No significant leakage from the multiple perforations to the vessel was encountered, obviating the need
for a more viscous material which would remain within the vessel despite several cannulation attempts. This
cannulation phantom was designed to mimic venous flow and therefore we only tested it using continuous
flow and not pulsatile flow. As the vessels were at a depth of 12 mm, we were unable to use the commonly
used 24-gauge cannula (19 mm length, BD Neoflon™) through which a PICC is passed by some practitioners.
We therefore had to use a longer 40 mm 22G needle. The protective cover was replaced after the first set of
measurements to minimise desiccation. However, we did not have to repeat this and the phantom continued to
provide good images despite multiple cannulation attempts. The phantom wall bowed with age prompting us to
use thicker walls during our next iteration. We only used qualitative measures to quantify phantom wear from
multiple cannulations. Lastly, all the neonatal clinicians were experienced in inserting PICC in patients without
the use of ultrasound in clinical practice which made it difficult to compare their experience using ultrasound
on the phantom with cannulation in patients.

There are several benefits of using three-dimensional printing. Vessels can be tailored and manufactured
to our needs giving flexibility of producing veins of differing sizes that can be inserted at variable depths that
would not necessarily been seen with commercially available vessels. The three-dimensional printed vessels that
we produced were soft and realistic mimicking real life cases. The vessels have been validated for continuous
and pulsatile flow use with ultrasound?>?¢. The model that we created worked well with water alone and thus
obviating the need for expensive Doppler fluid. The cost of the materials used for producing this bespoke
cannulation phantom was approximately £300 which is a lot less than commercially available phantoms that
target older children and adults. Lastly, the flow phantom was constructed with 6 vessels to increase usage and
longevity.

Having established that the vessels within the phantom can withstand multiple cannulation attempts without
significant deterioration, the next phase of development will focus on enhancing the phantoms clinical relevance
by:

« Positioning the vessels at varying depths within the phantom to better simulate a range of anatomical and
clinical scenarios.

« Investigating the incorporation of ballistic gels to improve the phantom’s biomechanical properties, thereby
achieving elasticity and acoustic characteristics that more closely approximate those of human soft tissues.

« Use of objective markers to measure durability of the phantom following multiple use.
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Co
We

nclusion
successfully designed and produced a cannulation phantom for use in newborn infants. Cannulation was

successfully performed using US by clinicians with varying levels of experience thus demonstrating versatility,
realism and generalizability. This will assist clinicians in gaining practical skills for US guided insertion of PICC
in newborn infants.

Data availability

Study data can be made available upon request from Jonathan Reeves, Jas Bansal and Ajay K. Sinha.
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