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a b s t r a c t 

Computed tomography (CT) imaging can be used to determine bone pose, sometimes combined with 

skin-mounted markers. For this specific application, a lower radiation dose than the conventional clin- 

ical dose might suffice. This study aims to determine how lowering the radiation dose of a CT-scan of 

the ankle and foot affects the precision of detecting bone pose and marker position. Radiation dose is 

proportional to tube charge. Hence, an adult cadaveric leg was scanned 10 times at four different tube 

charges (150, 75, 50 and 20 mAs) with a Philips Brilliance 64 CT scanner. Precision of detecting bone 

and marker position at 50 mAs was not significantly different from 75 mAs and from the clinically used 

150 mAs, but higher than 20 mAs. Furthermore, no differences of the precision in detecting bone orien- 

tation were found. These results indicate that the radiation dose can be reduced by a factor 3 compared 

to the clinically usual radiation dose, without affecting the precision of detecting bone pose and marker 

position in the foot and ankle. 

© 2019 IPEM. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

In the field of orthopedic and biomechanical research, com-

uted tomography (CT) scans can be used to determine the pose

i.e. position and orientation) of bones. For the foot specifically,

nformation about the bone pose has been used for instance to

uantify subtalar joint motion [1,2] , to evaluate axial loading dur-

ng scanning in hallux valgus patients [3] , to evaluate the effect

f ankle braces [4] and to develop subject-specific musculoskeletal

odels for application in movement analysis [5,6] . 

Several studies used CT scans in combination with markers at-

ached to the skin [7–11] . Generally, these studies aim to evalu-

te movement analyses, for instance by means of kinematic vali-

ation [7,8] or the determination of joint centers [9] . Skin markers,
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hich are used during motion tracking are assumed to represent

he underlying bony structures in both static and dynamic con-

itions. However, in dynamic conditions like gait, relative motion

ccurs between skin-mounted markers and corresponding bones

f the lower leg and foot, known as soft tissue artifacts due to

kin and other soft tissue movement [12–15] . These artifacts af-

ect the relation between the marker-based coordinate system and

he bone-embedded coordinate system, and thus limit the accuracy

f the estimation of bone kinematics. A CT scan protocol in which

he pose of bones and the position of skin-mounted markers are

ecorded, will enable to quantify these soft tissue artifacts albeit

ot in dynamic, but in multiple static conditions (i.e. a series of

cans). 

Although CT is the most appropriate technique for imaging

ones, the scanned individuals are exposed to radiation. The in-

reasing use of CT scans over the last decades has raised the inter-

st in lowering the radiation dose of scans [16–18] . Tube current is

onsidered as the most practical acquisition setting to alter when

iming for a lower radiation dose [16] . The tube charge (i.e. tube

https://doi.org/10.1016/j.medengphy.2019.05.004
http://www.ScienceDirect.com
http://www.elsevier.com/locate/medengphy
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Table 1 

Segmented bones and markers and their location. 

Bones Markers Marker location 

Tibia MMAL Medial Malleolus 

Fibula LMAL Lateral Malleolus 

Calcaneus MCAL Medial side of the calcaneus 

LCAL Lateral side of the calcaneus 

CALP Posterior aspect of the calcaneus 

Cuboid – –

Navicular – –

Metatarsal 1 HM1 Head of Metatarsal 1 

HM1M Head of Metatarsal 1 medial side 

BM1 Basis of Metatarsal 1 

Metatarsal 2 HM2 Head of Metatarsal 2 

BM2 Basis of Metatarsal 2 

Metatarsal 5 HM5 Head of Metatarsal 5 

BM5 Basis of Metatarsal 5 

Proximal Phalanx 1 – –

Distal Phalanx 1 NHAL Nail of the hallux 

Fig. 1. The cadaveric lower leg and foot with skin-mounted markers in the CT scan- 

ner. The marker abbreviations are explained in Table 1 . The tape was needed to 

secure the adhesion of the markers to the frozen specimen. 
current-time product) is directly proportional to the radiation dose

[19] . However, image noise is inversely proportional to the square

root of the radiation dose [19] . Hence, a lower radiation dose re-

duces the image quality, which might affect the precision of de-

tecting bone pose and marker position. 

The effect of lowering the radiation dose from a clinically used

dose on the precision of detecting bone pose has been studied in

for example the wrist [20] . However, these results cannot be di-

rectly translated to other joints because of a different anatomy.

To our knowledge, it is unknown whether the tube charge (i.e.

radiation dose) can be reduced compared to the frequently used

150 mAs [2,4,21–23] , when detecting the pose of bones in the foot

and ankle. In a series of scans, the first scan is the so called seg-

mentation scan, which is often acquired at around a tube charge

of 150 mAs, to yield a segmentation of each object (i.e. bone or

marker). Then these segments are registered (i.e. matched) to sub-

sequent low-dose CT-scans (20–25 mAs). Hence, lowering the radi-

ation dose of the segmentation scan can also influence the preci-

sion of the registration output, which also has not yet been studied

for the foot and ankle. Furthermore, the precision of detecting the

position of skin-mounted markers in a CT-scan has not yet been

described, even though such markers are frequently used in CT-

scans [7–11] . 

Therefore, the main aim of this study is to determine how low-

ering the radiation dose of a CT-scan of the ankle and foot affects

the precision of detecting the bone pose. The secondary aim is to

determine how lowering the radiation dose affects the precision of

detecting the position of skin-mounted markers and consequently

the orientation of a marker-based coordinate system. This study fo-

cuses on lowering the tube charge of the high-dose segmentation

scan in a series of scans and its effect on the precision of detect-

ing bone pose and marker position after segmentation and after

registration. 

2. Materials and methods 

2.1. Experimental setup 

A freshly frozen cadaveric left lower leg from a 70 years old

male was used for this study. A CT scan of the lower leg was eval-

uated by a musculoskeletal radiologist (MM) to rule out pathology

or former surgery. Thirteen skin-mounted markers with a diame-

ter of 14.0 mm were placed on the foot and lower leg. These pas-

sive markers are plastic balls covered with reflective tape and have

a hard plastic base. Normally these markers are used for 3D gait

analysis with a VICON system (Vicon Motion Systems Ltd., Oxford,

UK), but this material also had a good contrast in a CT image. The

locations of the markers ( Table 1 , Fig. 1 ) were a selection of three

common foot models used in gait analysis [24–26] . After marker

placement, the lower leg was placed on the CT table (Brilliance

64 CT scanner; Philips Medical Systems, Best, the Netherlands). A

total of 40 scans were obtained from the frozen cadaveric lower

leg and foot using a standard CT ankle scanning protocol with the

same slice thickness (0.67 mm), increment (0.3 mm), voxel size

(0.3 × 0.3 × 0.3 mm), reconstruction filter (D, which is vendor spe-

cific and specifically designed for bones) and tube voltage (120 kV).

Only the tube charge was varied over scans, with 10 repetitions

per setting. The four different tube charges were 150, 75, 50 and

20 mAs. All scans were used to determine the precision after seg-

mentation and only one segmented scan of each tube charge was

used to perform the registration to all 20 mAs scans ( Fig. 2 ). 

2.2. Segmentation procedure 

The 10 foot and lower leg bones and 13 skin mounted markers

and 10 corresponding foot and lower leg bones ( Table 1 ) were seg-
ented in all 40 scans with custom-made software [27] for each

can separately by the same well trained researcher. 

In short, the 3D segmentation procedure of the software

tarted with threshold-connected region growing [28] in which a

tarting point was identified manually in the cortical bone. In this

rocedure, connected neighboring voxels, with an intensity in a

ser-specified range, were added automatically until the selection

as considered as satisfactory. Next, a binary closing operation

as used [29] to fill remaining gaps and for closing of the outline.

t this point, voxels could be added manually using a painting

rush. Subsequently, a Laplacian level-set segmentation algorithm

28] was used to advance the selection toward a more accurate

utline of the bone. This segmentation result was used to produce

 polygon mesh by applying the marching cubes algorithm [30] .

ach point of this polygon mesh was assigned a gray level of

he accompanying CT image, which was used for registration

described below). 

For every single scan, the segmentation provided a geometri-

al model of the object. The object position was defined by the

entroid of the points describing the polygon model, assuming an

qual distribution of mass over the bone or marker. The orienta-

ion of each bone was calculated based on the principal axes of

nertia of the segmented bone in reference to the CT-based coordi-

ate system. In addition, one marker-based coordinate system was

onstructed as described in detail below, to investigate the effect

f lowering the tube charge on the orientation of a marker-based

oordinate system. 
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Fig. 2. Overview of which scans are used for the segmentation and which for the registration procedure. MAE is the mean absolute error, which is the measure for precision 

used in this study. N = the amount of CT scans. ∗When the tube charge of the segmented scan is 20 mAs, N = 9 because one scan is used as segmentation scan. 
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.3. Registration procedure 

Registrations were performed to determine the bone poses and

arker positions in a series of scans. Generally, a scan that is used

or registration can be of a lower dose than the segmentation scan.

ence, in this study, the scans acquired at 20 mAs scans were used

or registration. One randomly selected scan of every tube charge

i.e. 150, 75, 50 and 20 mAs) was considered as segmentation scan

nd matched to the 20 mAs scans ( Fig. 2 ). This means that 39 reg-

strations were performed. Ten for the 150, 75 and 50 mAs scans

nd nine for the 20 mAs scans since the randomly selected 20 mAs

can could not be registered to itself. 

The same custom-made software as used for the segmentation

as also used for the registration [27] . The automatic registration

rocedure of the software was first manually initialized. After this

nitialization step, a Nelder–Mead [31] downhill simplex optimizer

lgorithm was used to optimize the correlation coefficient between

he gray-levels assigned to the polygon points during segmenta-

ion, and a target gray-level image. 

Each registration provided a transformation matrix representing

he change in bone pose and marker position relative to the seg-

entation scan. Also after registration, a marker-based coordinate

ystem was constructed from the marker positions. 

.4. Marker-based coordinate system 

As skin-mounted markers are normally used to construct coor-

inate systems, a coordinate system was constructed in this study

o investigate the effect of lowering the radiation dose on the pre-

ision of detecting this coordinate system. A coordinate system for

he forefoot was used in this study constructed according to the

xford Foot Model (OFM) definitions [24] . The orientation of the

arker-based coordinate system was expressed in the coordinate

ystem of the CT scan. 

.5. Data analysis 

The precision in detecting bone pose or marker position was

alculated for every tube charge after segmentation and after reg-

stration. The precision of the bone pose was described as the pre-

ision in position and orientation separately. The precision of the
arkers was only calculated for the position. In addition, the pre-

ision of a marker-based coordinate system was calculated. 

All precision measures were expressed as mean absolute error

MAE) for every bone and marker separately. MAE was based on

he x, y and z values of the position (mm) and the rotation around

, y and z axis for the orientation (degrees), which were provided

y the segmentation or registration. The MAE was calculated for

very tube charge for each bone or marker as follows ( Eq. (1) ): (I)

he average value over 10 scans in x, y and z direction was deter-

ined; (II) the mean was subtracted from each individual value,

o make the MAE independent from the location of the bone or

arker in the scanner; (III) the error of each scan was calculated

y taking the norm from the absolute x, y and z values [32] ; (IV)

he average value was taken over the 10 error values, resulting in

 mean absolute error (in mm or degrees). 

ean Absolute Error = 

10 ∑ 

i =1 

√ ((
X i − X̄ 

)2 + 

(
Y i − Ȳ 

)2 + 

(
Zi − Z̄ 

)2 
)

10 

(1) 

.6. Statistical analysis 

Repeated measures ANOVAs with Bonferroni correction for

ultiple testing were used to compare the MAE between the four

ube charges. Three ANOVAs were performed on both the MAEs

f the segmentation and the MAEs of the registration (dependent

ariable): one for the precision of the position of the bones, one for

he precision of the orientation of the bones and one for the pre-

ision of the position of the markers. Tube charge was the within-

one or within-marker factor (independent variable). No statisti-

al test was performed for the precision of the orientation of the

arker-based coordinate system, because the orientation of only

ne coordinate system (i.e. the forefoot) was constructed, resulting

n one MAE value per tube charge. When performing the ANOVAs,

he assumption of sphericity was checked using the Mauchly’s test.

n the case of a violation of this assumption, the Greenhouse–

eisser or Huynh–Feldt adjustment was performed, based on the

reenhouse–Geisser epsilon [33] . Statistical significance was ac-

epted at P < 0.05. All analyses were performed using SPSS sta-

istical software (SPSS 21.0, SPSS Inc., 192 Chicago, IL, USA). 
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Fig. 3. The precision as expressed by the mean absolute error of the position (A) and orientation (B) of the bones and marker-based coordinate system after segmentation. 

Error bars show the standard deviation over all the 10 bones or 13 markers. No error bars are present for the marker-based coordinate system, because only one coordinate 

system was reconstructed. ∗Significantly different from 150, 75 and 50 mAs. 

Fig. 4. The precision as expressed by the mean absolute error of the position (A) and orientation (B) of the bones and marker-based coordinate system after registration. 

Error bars show the standard deviation over all the 10 bones or 13 markers. Note that the y -axis is 5 times smaller in A and 15 times smaller in B compared to Fig. 3 (A) and 

(B). No error bars are present for the marker-based coordinate system, because only one coordinate system was reconstructed. # Significantly different from 150, and 75 mAs. 
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3. Results 

3.1. Segmentation 

The MAEs of the position of all bones and markers after seg-

mentation are shown in Fig. 3 (A). A significant main effect of

tube charge was found on the MAE of the position of the bones

( F = 11.0 0, P < 0.0 01) and the markers ( F = 11.80, P < 0.01) after

segmentation. Post-hoc analysis showed a significantly higher MAE

for the 20 mAs scans compared to the other three tube charges for

both bones (Diff: 0.05–0.07 mm) and markers (Diff: 0.09–0.11 mm).

No statistical differences were found between the other three tube

charges, of which the MAEs were all below 0.15 mm. 

The MAEs of the orientation of bones and a marker-based coor-

dinate system after segmentation are shown in Fig. 3 (B). Although

a significant main effect of tube charge was found for the MAE

of the orientation of bones ( F = 5.11, P = 0.03), no significant differ-

ences were shown in the post-hoc analysis. The MAE of the orien-

tation of the marker-based coordinate system was similar for 150,

75 and 50 mAs scans (0.11 °–0.14 °), but higher for the 20 mAs scans

(0.24 °). 

3.2. Registration 

The MAEs of the position of bones and markers after regis-

tration are shown in Fig. 4 (A). No significant main effect of tube

charge was found for the bones. A statistically significant main ef-

fect of tube charge was found for the MAE of the position of the

markers after registration ( F = 11.49, P < 0.01). Post-hoc analysis
howed a significantly lower MAE of the 20 mAs scans compared

o the 150 and 75 mAs scans (Diff: 0.004–0.01 mm). 

Average MAE values of the orientation of coordinate systems

ased on bone geometry and on a set of markers after registration

re shown in Fig. 4 (B). No significant main effect of tube charge

as found on the orientation of the bones after registration. MAE

f the orientation of the marker-based coordinate system was be-

ow 0.03 ° for all tube charges and for 20 mAs even below 0.015 °. 

. Discussion 

The aim of this study was to determine how lowering the radia-

ion dose of a CT-scan of the ankle and foot affects the precision of

etecting the bone pose, the position of skin-mounted markers and

onsequently the orientation of a marker-based coordinate system.

he main finding was that the precision values were not different

etween 150, 75 and 50 mAs scans, but the 20 mAs scans showed

 significant higher MAE (i.e. a lower precision) for the position of

oth bones and markers after segmentation. 

These findings indicate that the tube charge of CT scans of the

oot and ankle can be lowered from the frequently used 150 mAs

2,4,21–23] to 50 mAs, without losing precision in determining

one pose and marker position. The main reason to lower the tube

harge of the scans is to lower the radiation dose to the subject.

he tube charge is directly proportional to the radiation dose [19] ,

ence this study shows that the dose can be reduced by a factor

f 3 (from a CT dose index of 12.5 mGy to 4.2 mGy) when reduc-

ng the tube charge from clinically used 150 mAs to 50 mAs. De-

pite the significantly higher MAE for the 20 mAs scans, even these
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cans can be considered to be used for the segmentation, since the

AE is still below 0.3 mm for the position and in the order of 1.5 °
or the orientation. A second benefit that comes with lowering the

ose is that the scanning device will heat up less and will operate

ore stable over a longer period of time. 

This study shows that studies with bone pose as outcome mea-

ure [1–6] can determine this measure with a MAE of 0.13 mm

or the position and 0.70 ° for the orientation after segmentation of

 50 mAs scan and a MAE of less than 0.04 mm for the position

nd 0.05 ° for the orientation after registration to a 20 mAs scan.

he registration MAE is considerably lower than the segmenta-

ion MAE, which indicates that studies which make use of a series

f scans [1–4,22,23] , could use 20 mAs scans for the registration

cans without adding any noteworthy precision error ( < 0.05 mm;

 0.1 °) to the total error as sum of registration and segmenta-

ion. Therefore, in a series of scans, multiple registration scans of

0 mAs can be used. This will result in a much lower radiation

ose compared to the same amount of scans with a tube charge of

50 mAs [22] . 

To our knowledge, current literature did not yet describe the

recision of detecting the position of skin-mounted markers in a

T-scan, even though these markers are frequently used in CT-

cans [7–11] . This study shows that the precision of detecting the

osition of skin-mounted markers after segmentation was similar

s for bones and had an average MAE value of 0.10 mm when scan-

ing at 50 mAs. The typical use of the markers is within motion

racking. Interestingly, the average MAE of detecting the marker

ositions in this study was even lower compared to the measure-

ent error of markers by a motion capture system (0.15 mm) [34] .

arker positions are often used to construct coordinate systems of

ody segments, which are then used to calculate joint angles. In

his study, the MAE of the orientation of the marker-based coor-

inate system of the forefoot after segmentation was 0.14 °, which

s lower than the MAE of the bones. This might be because the

arker-based coordinate system is based on the center of the

arkers, while the orientation of the bones is based on the axes

f inertia and therefore more susceptible for the variation in seg-

entation. The MAE of the registration of the markers was surpris-

ngly higher for 20 mAs scans compared to the other tube charges.

owever, since the values are all lower than 0.05 mm and much

maller compared to the errors after segmentation, it is therefore

robably not going to lead to a clinically relevant difference. 

Magnetic resonance imaging can be an alternative for CT imag-

ng. It does not involve ionizing radiation and it has also been used

n motion analysis studies [35,36] . However, CT is the preferred

echnique and generally used when imaging bones due to the high

ontrast and well defined borders of bone relative to the surround-

ng soft tissue. Furthermore, it is cheaper and faster than MRI. Es-

ecially in studies that involve skin-mounted markers, a series of

cans is often made, which would lead to unacceptable long scan-

ing times in an MRI scanner. Moreover, as this study shows, the

ffective radiation dose of a CT scan of the foot and ankle is only

.02 mSv (CT dose index: 4.2 mGy) when scanning at 50 mAs. 

Several limitations of the study have to be addressed. Only

ne 70 years old male cadaveric leg was scanned and analyzed.

ncluding more legs could strengthen the results, however we do

ot expect a different outcome with respect to the precision differ-

nces between the different tube charges. Furthermore, a different

canner might affect the precision values. However, the Brilliance

canner is not a high-end scanner, which means that similar

r even higher precision values can be expected for high-end

canners. This expectation is confirmed by the results of a similar

tudy where accuracy and precision of bone pose estimates are

uantified as a function of scan parameter settings for a common

nd a high-end CT-scanner [20] . The use of different software can

lso affect the precision values. However, the software used in
his study has shown a high precision in this study and a high

ccuracy and precision in previous studies [20,27] . 

. Conclusions 

Computed tomography scans of the foot and ankle in which

one pose or marker positions are determined, can be performed

ith a tube charge of 50 mAs. This will lower the radiation dose

y a factor 3 compared to the clinically used tube charges, without

ffecting the precision of detecting bone pose and marker position.

oreover, in a series of scans, the subsequent registration scans

an be scanned at a tube charge as low as 20 mAs, lowering the

adiation dose even more, without adding a notable error to the

otal error as sum of registration and segmentation. 
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