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Multimodal imaging fiducial markers for kinematic
measurement of joint models
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Background: Fiducial markers are objects placed in the field of view of an imaging system for use as a point of
reference or a measure. There is no information regarding suitable markers for joint models.
Objectives: We compared the fiducial markers commonly used in X-ray, CT, and MRI imaging modalities.
Methods: The markers tested were plastic balls, ceramic balls, passive reflective balls, liquid-filled balls, and
steel balls. The balls were scanned using X-ray, CT, and MRI systems. The scanned X-ray images were reviewed
if it the markers are able to be expressed. The tomographic images of CT and MRI were converted into 3D ball
models and then the reconstructed shapes and dimensions of the balls were examined. The dimensional
accuracy of expression and reconstruction was calculated in terms of the mean and the standard deviation.
Results: There was no marker that can be expressed in all the imaging modalities. Alternatively, we propose a
synthetic marker that is composed of a hard sphere and a fat tissue wrapping. The hard ball is for X-ray and CT
imaging, while the fat tissue is for MRI imaging.
Conclusion: A synthetic marker composed of a hard sphere and a fat tissue wrapping can a multimodal fiducial
marker.
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The spatial landmark, i.e. fiducial marker, is a
necessary tracking tool for clinical as well as research
applications. Various kinds of fiducial markers have
been used for clinical applications such as navigation
assisted surgeries in the orthopedic, prostate, brain,
and facial bone treatments, and marker-based
multimodal fusion in the PET-CT diagnosis. A set of
gold markers (Civico medical solutions, Orange city,
IA, USA) was used to indicate the prostate cancer
region for radiotherapy [4]. Titanium screws in
the mastoid region were used for accuracy evaluation
of skin-surface contour based navigation assisted
temporal bone surgery [8]. Glass beads with a diameter
of 4 mm were used for multimodal registration of
simulated phantoms having various degrees of renal
artery stenos as phantoms [11].

Research applications of fiducial markers include
accuracy evaluation in multimodal 3D/3D image fusion
or 2D/3D image fusion for measuring the internal body
joint kinematics of living humans, animals, or cadavers.

In the accuracy tests of in vivo joint kinematics
measurement utilizing 2D/3D image registration,
fiducial markers should be detectable on both X-ray
and CT images without artifact. The 3D/2D image
registration fits the posture of a 3D bone model to a
2D X-ray image by numerically minimizing the
discrepancy in gradient and/or silhouette between a
2D X-ray images and a virtual 2D X-ray images
digitally created from a 3D model [6, 13]. The 3D
bone models are reconstructed from CT or MRI
images, while the 2D target images are normal X-ray
images [13, 15, 16]. The accuracy validation of in vivo
joint kinematics using 3D/2D image registration can
be quantified by comparing controlled and measured
3D translations or rotations of fiducial markers [19].

For the consideration of soft tissue constraints such
as ligament or capsules in the joint kinematics, a 3D
joint model including soft tissues and hard bones is
strongly required. This kind of musculoskeletal joint
model can be built by combining CT- and MRI-derived
3D models, so called 3D/3D image registration [14].
As in the accuracy evaluation of the 3D/2D image
registration, the accuracy of 3D/3D image registration
is evaluated by using rigid fiducial markers [14].
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Even though there have been many demands for
multimodal fiducial markers as mentioned above, it is
not easy to find a commercially available multimodal
fiducial marker widely applicable to musculoskeletal
kinematics studies. Hence, most researchers have to
use custom-built fiducial markers. The current study
aims to report and suggest fiducial markers that can
be expressed commonly in X-ray, CT, and MRI
imaging modalities, especially for application in
orthopedic joint kinematic studies.

Materials and methods
Fiducial markers

Five types of ball markers were prepared as listed
in Table 1. Even though initially a stainless ball, i.e.,
the femoral head component, was included in the
X-ray and CT imaging tests, it was excluded at the
MRI imaging test because it has severe metal artifact
as a result of differences in magnetic susceptibility in
clinical MRI [12]. All of the markers were sphere
shaped and had diameters of 8–11.6 mm.

The plastic ball was a plastic bead for a necklace
and had a hole in it for passing of a necklace string to
connect the beads. The ceramic ball was made of
zirconia. The navigation ball was a reflective fiducial
marker used for tracking of joint alignment during
Ortho Pilot navigation assisted orthopedic surgery
(Aesculap, Center Valley, Pa, USA). The navigation
ball was a plastic sphere coated with a reflective
material, i.e., ScotchLite 8010 (3M, USA), and had a
hole to allow it to be mounted on a tracking frame.

The CT-marker and MRI-marker are skin
markers used as landmarks during gamma knife
neurosurgery for brain tumors, and register an
intraoperative skull to a preplanned surgical model.

The CT-marker for neurosurgery is for CT scanning
of the brain, while the MRI-marker was for MRI
scanning. The CT-marker is a sphere, which can be
settled in a concave plastic base, while the MRI-
marker is a spherical soft plastic shell whose inside
was filled with water. The water in the MRI-maker
creates a powerful magnet signal because unpaired
protons in each water molecule have been aligned in
a large magnetic field [9].

X-ray scanning
X-ray images were taken of all the markers. The

X-ray images were taken using a distortion free digital
X-ray scanner (GE, USA). The resolution of the
X-ray images was higher than 1900 × 2991 in a 24 bit
JPEG. A digital X-ray scanner was chosen because
digital X-ray devices have negligible pin-cushion
distortion compared with fluoroscope X-ray scanners.

To compare imaging detectability of fiducial
markers, with respect to soft and bone tissues, fiducial
markers were mounted onto a porcine femur. The
navigation ball markers were mounted using a 2-stage
bolt-nut system, composed of two plastic bolts of
3.5 mm in diameter and one nut (Figure 1) [14].
Plastic balls were fixed onto the porcine femur using
a wood stick (Figure 2). The ceramic ball, CT-maker,
and MRI-marker were fixed onto a concave home
that was machined for settlement of fiducial markers.
In our preliminary tests, a plastic panel of thickness 2
mm showed a radio transmittance similar to the
medium-thickness soft tissue of the human fingers
(Table 1). For this reason, the plastic panel was placed
under the markers when taking CT X-ray images to
simulate the occlusion effect of soft tissue.

Figure 1. Mounting and encapsulation of the navigation ball markers for MRI scanning. A: Navigation ball markers were
mounted at the screw end of the two-step plastic screw system that is fixed to a porcine bone. B: subsequently,
the navigation ball markers were encapsulated with subcutaneous fat for MRI scanning.
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CT and MRI scanning
The ball markers were scanned using a 16-channel

CT (GE, USA) and using an MRI Signa Excite 1.5 T
system (GE, USA). CT scanning was performed with
1.25 mm slice thickness and a 0.625 mm reconstruction
interval. MRI scanning was done with 1.20 mm slice

thickness using fat suppression FIESTA sequence.
FOVs of CT and MRI scanning were approximately
230 mm × 230 mm and 200 mm × 200 mm,
respectively. The transverse resolutions of CT images
and MRI images were approximately 0.3 mm × 0.3
mm and 0.4 mm × 0.4 mm, respectively.

Figure 2. Mounting and encapsulation of the plastic ball markers for MRI scanning. A: Each of three plastic balls is
mounted at the end of a wood stick that is fixed to a porcine bone. B: subsequently, the plastic ball marker
was encapsulated with subcutaneous fat for MRI scanning.

Table 1. Fiducial markers tested

Marker Diameter (mm)     Picture Manufacturer or provider

Plastic ball             8 Top Jewelry Factory, Hejiang, China

Ceramic (Alumina)          10.4 Shinil Ceramics, Gwangju, Korea

Navigation ball          11.6 Passive navigation marker used in the OrthoPilot
navigation surgery system Aesculap, Center Valley,
Pa, USA.

CT-marker (Brain Lab)             8 CT skin marker made of plastic, fixed in a concave
shape plastic housing (BrainLab, Germany)

MRI-marker (Brain Lab)             8 MRI skin marker whose inside is filled with a liquid,
fixed in a concave shape plastic housing(BrainLab,
Germany)
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For MRI scanning, 4 fiducial markers without
hydrogen, i.e., the plastic ball, ceramic ball, navigation
ball, and CT-marker, were encapsulated with
subcutaneous fat that was harvested from fresh
porcine thigh. Because those markers do not have
unpaired protons like hydrogen molecules, they do not
induce magnetism [9]. The porcine fat is composed
of carbon 76.54%, hydrogen 11.94%, and oxygen
11.52% and can be magnetized in the MRI scanning
[2]. Hence, the nonaqueous fiducial markers
encapsulated with porcine fat can be detected in MRI
imaging.

Reconstruction of CT-derived and MRI-derived
3D models

CT-derived and MRI-derived 3D models of the
ball markers and the porcine femur were
reconstructed using Mimics software, version 13.1
(Materialise, Leuven, Belgium). The CT-derived bone
model was constructed based on the image contour
with a threshold over 250 Houns�eld Units (HU).
Bone contour was manually extracted from the MRI
images and MRI-derived 3D bone and marker models
were reconstructed.

Detectability index
The detectability of each fiducial marker was

quantified using a custom scoring system. Detectability
of a fiducial marker was qualitatively scored by 5 credit
levels; 5 for very excellent, 4 for excellent, 3 for
moderate, 2 for marginal, and 1 for poor.

In the evaluation scoring system, judgement of
score can be subjective. Hence, the most important
score judgement is ‘moderate = 3’ representing the
marker’s feasibility for the imaging modality. The score
equal to or higher than ‘moderate’ score was given
only when the boundary of the image is clearly shown
and there is no interobserver disagreement.

Results
X-ray images (Table 2)

The plastic ball showed a comparable gray level
to soft tissue of the phalanges. Its signal became less
distinguishable when it is placed on the plastic panel,
because of similar X-ray transmittance (T2b). Despite
the occlusion effect of the plastic panel, the ceramic
ball is shown very clearly (T2b and d). The navigation
ball was fairly distinguishable despite the occlusion
effect of the plastic panel. The CT-marker and MRI-
marker showed weak intensity similar to the plastic
ball (T2d).

Table 2. X-ray images of the fiducial markers

Marker Diameter (mm)            Camera image   X-ray image

Plastic ball           8                     N/A

                                                                                                                                                                                                        (T2a)
Ceramic (Alumina)        10.4

Navigation ball        11.6
 (T2b )

CT-marker (Brain Lab)          8

MRI-marker (Brain Lab)          8                                              (T2c) (T2d)
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CT images and CT-derived 3D models (Table 3)
In CT images, the plastic ball showed a similar

gray level to soft tissue of the phalanges as in the
X-ray images (T3a). In contrast, the ceramic ball and
CT-marker were clearly distinguishable from one
another (T3c and e). The ceramic ball signal was
quite strong compared with soft tissue or cortical bone
(T3-c). The outer shell of the navigation ball was
expressed slightly stronger than plastic box (T3-f).
The CT-marker showed a fairly distinguishable

intensity, while the MRI-marker’s intensity was similar
or poorer than the plastic ball or soft tissue (T3f, g,
and a). With the CT images where the markers were
overlapping or contacted plastic material or living
tissue, the 3D models of the ceramic ball, navigation
ball, and CT-marker were able to be reconstructed
automatically or semi-automatically without manual
segmentation, while the plastic and MRI-maker could
not be reconstructed without manual segmentation.

Table 3. The CT images and CT-derived models of the fiducial markers

Marker Diameter (mm)              CT image 3D model reconstructed

Plastic ball             8

                                                                                                                                (T3a)                                                           (T3b)

Ceramic (Alumina)          10.4

                                        (T3c)                                                           (T3d)

Navigation ball          11.6

(T3e)

(T3f)

CT-marker (Brain Lab)       8

MRI-marker (Brain Lab)       8

                                                     (T3g)                         (T3h)
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MRI images and MRI-derived 3D models
(Table 4)

In MRI imaging, the plastic ball, ceramic ball, and
navigation ball were distinguishable because they are
enclosed by porcine fat possessing hydrogen atoms
(T4a, c, and e). Even though the MRI image of
the CT-marker is not demonstrated, it was able to be
shown when enclosed by the porcine fat, in our
preliminary tests. By contrast, the MRI-marker
expressed itself clearly because it includes water
(T4g). In reconstructing 3D models from MRI
images, all the markers required manual segmentation
in assigning their boundaries to neighboring
living tissues, while the MRI-marker was able to be
converted to a 3D model using semiautomatic and
manual segmentation.

Detectability score
The detectability of fiducial makers in X-ray

imaging was 5 for the ceramic ball, 4 for the navigation
ball, and 2 for the remainder. The detectability in CT
imaging was 5 for the ceramic ball, 4 for the brain-
marker, and 2 for the remainder. The detectability in
MRI imaging was scored 4 because the MRI-marker
can express itself by reactively making a material
specific-magnet field because of its water content,
but its flexible spherical surface was slightly deformed
when subjected to compression derived from the
tension of neighboring soft tissue (T4g). The other
markers were able to be expressed passively only with
envelopment of aqueous material and their
detectability scores in MRI imaging were given as 2.

Table 4. The MRI images and MRI-derived models of the fiducial markers

Marker Diameter (mm) Tomograph 3D model reconstructed

Plastic ball            8

                                                                                                                                  (T4a)  (T4b)
Ceramic (alumina)          10.4

                                                                                                                                  (T4c) (T4d)
Navigation ball          11.6

                                                                                                                                  (T4e) (T4f)

CT-marker (BrainLab)            8                       N/A                                      N/A

MRI-marker (BrainLab)            8

                                                                                                                                  (T4g)                                                        (T4h)
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Discussion
The current study aimed to report and suggests

fiducial markers that can be expressed commonly in
X-ray, CT, and MRI imaging modalities. The ceramic
ball is considered the best fiducial marker for X-ray
and CT imaging. The ceramic ball and other balls can
be expressed by encapsulation them with fat. The
MRI-marker (BrainLab, USA) whose inside is filled
water can be expressed well in MRI imaging, but not
in X-ray and CT imaging.

There have been many attempts to develop
multimodal fiducial markers available for two or more
of X-ray, CT, MRI, and even ultrasound imaging
modalities. Several different sets of modality specific
fiducial markers were simultaneously used for the
accuracy validation of intermodality 2D/3D image
registration for the in vivo joint kinematics [7, 18].
Two caps installed on a bone fiducial screw were used
for multimodal imaging. One of the two caps was made
of metal for CT imaging, while another was made of
plastic whose inside is filled with diluted saline [1].
An invasive angiography catheter filled with
gadolinium DTPA (an MRI contrast agent) and fat
was also used as fiducial marker for X-ray, CT, MRI,
electroportal imaging device, and computed
radiographic imaging [10]. The use of 18K Au/Cu
alloy fiducial markers embedded into hydrated tissue
was proposed for CT-MRI image fusion purposes [17].

The ceramic ball is considered a good multimodal
fiducial marker resulting in no artifact for X-ray, CT,
and MRI imaging. For the MRI scanning, of course,
the ceramic ball has to be encapsulated with aqueous
material. In terms of radio transmittance, the ceramic
is comparable to pearl, but without pearl artifact on
CT or MR images [21].

The MRI-marker (BrainLab, USA) has a problem
in that it deforms easily from external loads. The
deformation of the spherical shape will yield wrong
geometrical information and will yield wrong location
information as landmarks for the accuracy check of
multimodal image registration.

Hence, a fiducial ball marker combining a hard
ceramic shell and MR contrast material will be the
best multimodal fiducial marker. There have been
several types of multimodal fiducial makers combining
CT contrast material and MRI contrast material. The
cylindrical fiducial marker made of a Plexiglas outer
diameter of 8 mm, a length of 12 mm and a refillable
cavity with a volume of 21.25 mm3. For MRI, the
markers are filled with water containing special

chemicals for CT, T1, and T2 MRI, and SPECT
examinations [20]. Another fiducial marker was
fabricated from polymethylmethacrylate (Lucite/
Perspex) and incorporated a cylindrical cavity with 6
�l of fluid containing 80 kBq99mTc mixed with gado-
diamide MR contrast medium. The fiducial markers
were used to check the error of SPECT to MR
coregistration [3]. Fiducial markers by mimicking tissue
material (agar gel with antibacterial) surrounding the
vessel have been fabricated and were detectable in
all modalities without distortion [5]. However, the
multimodal fiducial markers reported in the literature
including MR contrast were cylindrical and were made
for guiding a surgeon’s hand to the location of disease
parts. The spatial recognition of a cylindrical marker
can be dependent on the direction of the CT or MRI
scanning axis. However, the tomographic images of
spherical markers will not be dependent on the
scanning axis because of the 3D spatial symmetry of
the sphere. Therefore, the authors propose a fiducial
marker that has a spherical outer shell made of zirconia
(ZrO2), alumina (Al2O3), or pearl (CaCO3) and is filled
with aqueous material inside the shell.

Conclusions
A ceramic ball was evaluated the best fiducial

marker for X-ray and CT imaging. A ceramic ball and
other balls can be expressed in MRI by encapsulating
them with fat. The authors of the current study propose
a fiducial marker that has a spherical outer shell made
of zirconia (ZrO2), alumina (Al2O3), or pearl (CaCO3)
and is filled with aqueous material inside the shell.
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