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Abstract. Percutaneous renal access (PRA) is a crucial step in some minimally
invasive kidney interventions. During this step, the surgeon inserts a needle
through the skin until the kidney target site using fluoroscopy and ultrasound
imaging. Recently, new concepts of enhanced image-guided interventions have
been introduced in these interventions. However, their validation remains a
challenging task. Phantom models have been presented to solve such challenge,
using realistic anatomies in a controlled environment. In this work, we evaluate
the accuracy of a porcine kidney phantom for validation of novel dual-modal
computed tomography (CT)/ultrasound (US) image-guided strategies for PRA.
A porcine kidney was combined with a tissue mimicking material (TMM) and
implanted fiducial markers (FM). While the TMM mimics the surrounding
tissues, the FM are used to accurately assess the registration errors between the
US and CT images, providing a valid ground-truth. US and CT image acqui-
sitions of the phantom model were performed and the FM were manually
selected on both images. A rigid alignment was performed between the selected
FM, presenting a root-mean-square error of 1.1 mm. Moreover, the kidney was
manually segmented, presenting volumes of 203 ml and 238 ml for CT and US,
respectively. The initial results are promising on achieving a realistic kidney
phantom model to develop new strategies for PRA, but further work to improve
the manufacturing process and to introduce motion and anatomical artifacts in
the phantom is still required.
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1 Introduction

Percutaneous renal access (PRA) plays a key role in minimally invasive kidney
interventions (MIKI), such as percutaneous nephrolithotomy, radiofrequency ablation
of renal tumors, and kidney biopsies [1]. During the preoperative and intraoperative
phases of MIKI that use PRA, they include two important steps: the surgical planning,
which relies on the evaluation of richly-detailed pre-operative data, namely computed
tomography (CT) and during which the surgeon sets out the strategy of the intervention
(e.g., the preferred path to target the surgical site); and, the PRA, where the surgeon
inserts a surgical needle from the skin until the kidney target site, guiding the needle
position using intraoperative imaging. Fluoroscopy and two-dimensional (2D) ultra-
sound (US) are the most common imaging modalities for PRA, due to the real-time
depiction of the renal system [2]. However, since fluoroscopy exposes both patients
and surgeons to a significant amount of radiation, pure US image guidance appears as a
potential and attractive solution.

The surgeon’s ability to visualize and reach the anatomical target during PRA
restricts the MIKI success. The ideal PRA is one that allows an accurate access to the
kidney target site minimizing bleeding. Therefore, PRA remains a challenging task [3].
Inaccurate and multiple punctures often cause complications [4], where injuries to the
kidney or contiguous organs can eventually prejudice the surgical outcome.

Many paths and technological advances have been proposed to improve the PRA,
and, lately, the concepts of enhanced image-guided interventions (eIGI) have been
introduced for PRA [5]. eIGI are computer-based systems that overlap different
imaging data to improve the physicians’ perception of the target site. They intend to aid
physicians performing medical procedures with higher accuracy and minimizing the
risks. eIGI systems are built based on different concepts as imaging, tracking, seg-
mentation, registration, visualization, and software [6]. Thus, as part of incorporation of
enhanced image-guided concepts in PRA, motion tracking of surgical instruments has
been studied for PRA [7–10]. Combined with imaging modalities, optical or electro-
magnetic tracking proved its added-value for PRA. Regarding merely the medical
imaging, several authors have explored multimodal imaging for PRA [11, 12]. They
fused anatomical information of preoperative images - such as CT and Magnetic
Resonance Imaging - with the intraoperative images.

The development and incorporation in the clinical practice of new image-guided
systems in PRA are limited by the appropriate validation applied. Currently, phantoms
are accepted as gold-standard because they mimic the properties of the tissue in a
controlled environment. Moreover, this type of validation is crucial before animal
experiments and clinical trials, allowing software tuning and improving.

Studies have been made to build kidney phantom models for the validation of
image-guided frameworks. Xiang et al. developed a kidney phantom model based on a
kidney porcine and an agar solution [13]. Hunt et al. described the manufacturing of
low-cost renal phantoms models based on patient-specific kidney model from CT data
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and gelatin gel material [14]. Likewise, Ristolainen et al. developed a kidney phantom
using concepts of three-dimensional (3D) printing and molding to create a kidney
model with calyxes. Both gelatin and silicone are applied [15]. Following a similar
methodology, Adams et al. presented a soft 3D-printed phantom of the kidney with
collecting system [16]. They start by scanning human cadaveric kidneys and con-
structing phantoms using 3D wax printing and polymer molding.

Despite the current revolution of 3D-printed phantom models, they still have
limitations; mainly mimicking the whole characteristics of the different kidney tissues.
Thus, the images should be closer to the real ones, encouraging the development of
novel eIGI systems. Phantom models of ex-vivo porcine organs have shown successful
results in CT and US [13, 17, 18], where realistic images are acquired.

Therefore, the aim of this work is to present a methodology to create a CT/US
kidney phantom model. The accuracy of this phantom model will be preliminarily
evaluated and compared with the expected restrictions of the PRA interventions.

2 Materials and Methods

In this section, we describe the protocol used to manufacture the kidney phantom
model. This phantom is composed of three main components: a porcine kidney, a tissue
mimicking material (TMM), and implanted fiducial markers (FM).

2.1 Porcine Kidney

The porcine kidney was obtained from a local slaughterhouse. The renal hilum, ureter,
artery, and vein were undamaged. External cleaning was made, where fat tissue and
renal capsule were removed. A saline solution was flushed via artery to remove blood.
Then, a solution of a contrast agent (Telebrix® 35, France) was injected to enhance the
kidney on CT images. In detail, 40 ml solution of contrast agent diluted in saline
solution (1:20) was injected into the renal artery. Afterward, the renal artery and vein
were closed with suture thread.

2.2 Tissue Mimicking Material

An agar-based tissue mimicking material (TMM), similar to the one presented by
Terlinck et al. [19], was used to enclose the porcine kidney and allow acquisition
through US. The composition (weight %) was: 3% agar-agar; 11% glycerol; 83.25%
distilled water; 2.5% flour; and 0.25% bleach. This agar percentage made the TMM
robust to break or tear, the glycerol was required to adjust the speed of sound to
1540 m/s, and the flour was applied to enhance acoustic scattering [20]. Finally, bleach
prevented the microorganisms growth [13].

Specifically, agar, glycerol and distilled water were mixed in a recipient and heated
to 95 °C for 1 h. The reagents were stirred during the heating process. When the
solution was uniform, the flour was added and mixed to prevent large clumps.
The TMM was heated another 15 min and, then, it was allowed to cool at room
temperature to 50 °C with continuous stirring. At the end, the bleach was added.
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2.3 Fiducial Markers

Each fiducial marker was a polystyrene sphere with 6 mm of diameter and with a hole
to attach a holder. To locate the FM into specific positions, two supports were
designed. The supports intended to: (1) be positioned at the bottom and at the top of a
box; (2) give enough space to position the kidney on the box; (3) be easily removed
while maintaining the FM on the expected positions; (4) position the FM around the
kidney; (5) organize the FM nonlinearly; and (6) spread the FM’ distribution [21].

According to these restrictions, bottom and top supports integrated twelve holders
each, which were equally spaced (3 cm) in x and y. A different distribution in z was
used. Thus, we spread four FM in three different heights (3, 4 and 5 cm) varying their
distribution along the support (Fig. 1). In order to easily identify the kidney orientation
in US images, different shapes were applied to the bottom and top FM.

2.4 Phantom Construction

A box (Fig. 1A) with the following dimensions 16 � 24 � 15 cm was prepared. To
enclose the kidney into the TMM and to keep it centered on the box, we used a thin
wires support (Fig. 1B). The thin wires support was positioned at 6.5 cm of the box
bottom and the support held the kidney during pouring of the TMM.

The TMM was poured into the box until the thin wires support. Then, the kidney
was placed on this support (Fig. 1C) and the pouring process continued until filling the
box (Fig. 1D). After cooling for 1 h, the wires were removed. TMM was allowed to

Fig. 1. Steps of the phantom’s construction process. (A) Box with small holes for thin wires
support. (B) Fiducial markers (FM) support is positioned at the bottom and the thin wires in the
box holes. (C) First pouring of the tissue mimicking material (TMM). (D) After positioning the
kidney, TMM pouring should continue until reaching the box top. (E) During the TMM
hardening, the thin wires are removed (after 1 h) and, then, the FM supports are also carefully
detached (after 8–10 h), F) the FM are fixed at their positions.
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harden for 8–10 h at room temperature. When the hardening was complete, FM sup-
ports were removed (Fig. 1E), without modifying their spatial location (Fig. 1F).
Finally, empty spaces were filled with heated TMM.

3 Experiments

In this section, we describe how the dual-modal kidney phantom was evaluated.

3.1 CT and US Images Acquisition

The CT images were acquired using the Brilliance 64 Scanner (Philips Healthcare,
Netherlands). The X-ray tube current was 313 mA and peak voltage was 120 kV, using
the abdomen protocol. The image size was 512 � 512 � 302 with a pixel spacing of
0.701 mm, a slice thickness of 2 mm, and a space between slices of 1 mm.

The US images were acquired using the Voluson P6 US system (GE Healthcare,
USA). The real-time four-dimensional convex abdominal transducer (RAB2-6-RS,
2-5 MHz) was used. According to the machine settings, 3D images were acquired
using high quality, maximum field-of-view and a depth of 15.9 cm. An isotropic
volume resolution of 0.667 mm and an image size of 235 � 172 � 197 was used.

3.2 Fiducial Registration Error and Volume Differences

To estimate the fiducial registration error between CT and US volumes, the image-
guided therapy toolbox, implemented in 3D Slicer (version 4.6), was used. To
manipulate the US volume, the DICOMatic software (Tomovision, Canada) was used
to convert the files from the US machine. Initially, each marker was detected on both
images. Note that the FM is represented as brighter and darker structures in US and CT
images, respectively. The manually detected markers were then aligned based on [22].
The root-mean-square (RMS) was used to assess the alignment error.

To estimate volume differences, one observer performed the manual segmentation
of the kidney on both images. The segmentation was performed slice-by-slice along the
axis plane. The volume and surface area of each model were compared.

4 Results

4.1 CT and US Images Acquisition

It was manufactured one phantom using the described protocol. Figure 2 shows the
resulting CT and US images from the same phantom. The kidney boundaries and its
inner body are visible in both cases. Anatomical details as renal medulla, cortex, and
column are detected. Moreover, the results in Fig. 3 prove that the contrast agent is
essential to visualize the kidney on the CT images (Fig. 3A-B), while the flour con-
tributes to enhancing the acoustic scattering on US (Fig. 3C-D).
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Fig. 2. (A) CT and (B) US images from the same phantom. Kidney boundaries and anatomical
details are visible as renal cortex, renal medulla and renal column.

Fig. 3. CT images of phantoms (A) without and (B) with contrast agent. US images of the TMM
(C) without and (D) with flour. (E) Both TMM side-by-side. The same FM visualized in (F) CT
and (G) US images. The same FM are marked with a yellow circle. (H) Section of the phantom
with implanted FM.
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Additionally, Fig. 3 shows the aspect of FM on the CT and US images. As
expected, it is possible to observe that polystyrene material has a different contrast on
CT and US. Besides, it is possible to observe an equal distribution of the FM on both
image modalities (Fig. 3F-G).

4.2 Fiducial Registration Error and Volume Differences

Seventeen of the twenty-four correspondent FM were manually selected on both CT
and US volumes. One point on the surface of each fiducial marker was selected
manually. The RMS error was 1.1 mm. Visual inspection of the registration revealed a
coherent overlap between structures and FM (Fig. 4).

Regarding segmentation, CT and US manual contours presented small differences
(Fig. 4). The CT images presented a surface area of 213 cm2 and volume of 203 ml,
while the US images obtained a surface area of 229 cm2 and volume of 238 ml.

5 Discussion

We presented a protocol to construct a kidney phantom model made of the porcine
kidney, the TMM and implanted FM. The initial results are promising since the kidney
is completely visible on both CT and US images. Despite ex-vivo tissues have a
quicker degradation than artificial materials, their use shows promising results mainly

Fig. 4. Images and segmented surfaces aligned based on selected FM from both CT and US. CT
images, surfaces, and FM are represented by gray level images, green surfaces and points,
respectively, while US by yellow level images, red surfaces and points.
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due to the realistic images obtained. Relevant anatomical boundaries and some
anatomical details are detected. Nonetheless, the renal cortex is usually more hypoe-
choic in human US images [23]. Overall, the TMM meets the requirements, which is
essential, mainly, to obtain US images. Moreover, FM are visible and can be easily
targeted, which is extremely important for the registration validation stage. These
results strongly suggest that this phantom model can be used to image-guided PRA
since a valid ground-truth was achieved using realistic images. Thus, these models may
lead to stronger eIGI methods before going forward to in-vivo validation. In addition,
this phantom model has potential to be used for medical teaching and training.
Specifically, it is possible to previously evaluate the kidney on CT images and, then,
perform the PRA using intraoperative imaging.

Although the appearance of the CT images was slightly different, the contrast agent
enhanced the kidney tissues with respect to the background, which is a common
characteristic in the non-contrast images. Indeed, without contrast agent, TMM and the
kidney presented the same Hounsfield values, hampering their differentiation.

We believe that the manufacturing still presents some drawbacks, namely the
presence of small air bubbles within the TMM and near the FM. Indeed, this may disrupt
the perception of the FM on US images, with its correction potentially improving the
sphere visualization and reducing the current fiducial registration error of 1.1 mm.
However, the high number and non-linear (but known) distribution of the FM tends to
minimize the errors caused by the air bubbles and any intrinsic image alignment
errors [21]. Moreover, it must be taken into account that the image resolution and even
some image artifacts inherently influence the method’s accuracy.

Surface and volume differences were observed between both US- and CT-based
results. These are in part explained by the expected inter-modality variability throughout
the segmentation stage. This fact must be addressed in a future study.

This work was strongly influenced by the work developed by Xiang et al., where
the authors used a porcine phantom model to study the registration of 3D US to CT
angiography of the kidney [13]. We presented some modifications to their protocol,
namely a different mixture of TMM, number and position of FM, and construction
method. These modifications bring relevant advantages for image-guided PRA since:
(1) flour enhances speckle pattern around the kidney on the US images; (2) higher
number and distributed FM allow image acquisition with different transducer’s posi-
tions and orientations without losing performance; (3) pouring the TMM solution at
once reduces the number of undesirable interfaces on the US images. Nevertheless, we
would like to emphasize that some factors on both protocols can change the kidney
tissue properties, like the TMM temperature throughout the pouring and cooling stages
that may change the natural tissue contrast and echogenicity in both CT and US
images. These factors may be addressed in a future work.

Finally, as future work, we intend to introduce motion and common anatomical
artifacts, as recently presented by Lee et al. [24] for high-intensity focused US.

A Dual-Modal CT/US Kidney Phantom Model 385



6 Conclusion

We manufactured a kidney phantom model for image-guided PRA for dual modal CT
and US imaging. Herewith, we obtained similar preoperative and intraoperative data of
common MIKI and a valid ground-truth with enough accuracy to assess errors, which
can be used to develop new methods for image-guided PRA.

eIGI in the abdominal region is still a challenging task, due to the deformable nature
and motion of the tissues. Despite this phantom does not consider these parameters, this
work is a step forward on building a validation tool for image-guided PRA.
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