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a b s t r a c t 

The purpose of this study is to investigate the technical feasibility of measuring relative positions and 

orientations of the tibia with respect to the femur in an in-vitro experiment by using a 3D-tracked A- 

mode ultrasound system and to determine its accuracy of angular and translational measurements. As 

A-mode ultrasound is capable of detecting bone surface through soft tissue in a non-invasive manner, 

the combination of a single A-mode ultrasound transducer with an optical motion tracking system pro- 

vides the possibility for digitizing the 3D locations of bony points at different anatomical regions on the 

thigh and the shank. After measuring bony points over a large area of both the femur and tibia, the 

bone models of the femur and tibia that were segmented from CT or MRI images were registered to 

the corresponding bony points. Then the relative position of the tibia with respect to the femur could 

be obtained and the angular and translational components could also be measured. A cadaveric exper- 

iment was conducted to assess its accuracy compared to the reference measurement obtained by op- 

tical markers fixed to intra-cortical bone pins placed in the femur and tibia. The results showed that 

the ultrasound system could achieve 0.49 ± 0.83 °, 0.85 ± 1.86 ° and 1.85 ± 2.78 ° (mean ± standard devia- 

tion) errors for Flexion–Extension, Adduction–Abduction and External–Internal rotations, respectively, and 

−2.22 ± 3.62 mm, −2.80 ± 2.35 mm and −1.44 ± 2.90 mm errors for Anterior–Posterior, Proximal–Distal 

and Lateral–Medial translations, respectively. It was concluded that this technique is feasible and facil- 

itates the integration of arrays of A-mode ultrasound transducers with an optical motion tracking system 

for non-invasive dynamic tibiofemoral kinematics measurement. 

© 2018 IPEM. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

Detailed knowledge of the skeletal knee kinematics is very im-

ortant to assess pathologies of the lower limb [1–3] . Accurately

easured tibiofemoral kinematics is also useful for evaluation of

urgical techniques such as implantation of artificial knee implants

4,5] and for the development and validation of computer mod-

ls (e.g. musculoskeletal models) capable of simulating normal and

athological human movement [6,7] . 

Reconstruction of three-dimensional (3D) human movement

ased on skin-mounted markers has become the standard pro-

edure in clinical human motion analysis [8] , where the skin-

ounted markers are typically taken to represent movement of the
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ony segment beneath the skin. However, the spatial reconstruc-

ion of the musculoskeletal system and calculation of its kinemat-

cs via a skin marker based multi-link model are subject to Soft

issue Artifacts (STA) [9] . The markers follow skin movement, but

enerate errors when used to represent motion of the underlying

ony segments. 

A wide variety of studies have investigated the quantification

nd influences of STA in the lower limb during different motor

asks [5,10–21] . These studies found that STA were greater for the

high than for the shank, with STA errors as high as 50 mm [7] . In

erms of kinematics, an average error of 4.4 ° and 13.1 ° was found

or the three rotation angles and 13.0 and 16.1 mm for the three

ranslations for walking and running, respectively [11] . In addition,

he flexion–extension rotation of the knee joint was found to be

etermined reliably by skin-mounted markers. However, the re-

aining motions in the knee joint were more severely affected by

TA, which resulted in inaccuracies of relative kinematic outcomes

https://doi.org/10.1016/j.medengphy.2018.04.015
http://www.ScienceDirect.com
http://www.elsevier.com/locate/medengphy
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Fig. 1. A schematic of the working principle of the one-channel A-mode ultrasound tracking system. 
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[12] . To reduce the STA introduced by skin-mounted markers, re-

searchers apply optimization techniques [22,23] and improve the

knee model based on advanced joint motion constraints [9] . Al-

though these techniques indeed lead to globally reduced measure-

ment errors of skin markers, the inherent mismatch between skin

and bone movement is difficult to remove under all circumstances.

Andersen et al. showed that the inclusion of optimized idealized

knee joint constraints did not eliminate or reduce the effects of

STA and did not improve the validity of the tibiofemoral kinemat-

ics derived from skin markers on the thigh and shank [16] . 

A method to effectively reduce STA is to utilize intra-cortical

bone pins rigidly fixed to the bone and equipped with optical

markers. This approach has been shown to provide a very accurate

estimation of the movement of the femur and tibia in the knee

joint [10,11] . However, the invasiveness of this method severely

limits its in-vivo applicability. Alternatively, fluoroscopic systems

have been used to quantify joint motion in vivo [2,14,15,24,25] .

Reported accuracies are in the order of 1 mm and 2 °, depend-

ing whether a dual or a single fluoroscopic system was used and

whether intact knees or implants were involved. In addition to

the radiation, a drawback of the fluoroscopic systems is the lim-

ited field of view that restricts the patient’s natural movement.

Recently, fluoroscopic systems that are mobilized by robots which

can follow the patient during gait have been proposed, allowing

for more natural kinematics [2,26] . These types of robotized fluoro-

scopic systems are, however, still radiative, high in cost and work-

load. As such it is difficult to implement them in clinical practice

on large patient cohorts. 

Ultrasound (US) technology is a rapidly developing field with

the advantages of non-invasiveness and non-radiation. It has be-

come possible to register US images to the segmented bone in

computer-aided orthopedic surgery [27] . The feasibility of es-

timating knee joint kinematics based on conventional B-mode

(Brightness-mode) ultrasound transducers has also been shown

[28] . As ultrasound is capable of detecting the bone boundaries

through the soft tissue under dynamic motion, the combination

of ultrasound technique with a motion tracking system (e.g. op-

tical tracking system) provides a possibility to digitize the detected

bone boundaries into 3D bony points. Compared to a conventional
-mode transducer, an A-mode transducer (i.e. single element ul-

rasound transducer) is cheaper and smaller in size and more ac-

urate for biometric measurement, e.g. depth [29,30] . 

Hence, in this study we aimed to demonstrate the feasibility of

easuring relative positions and orientations of the tibia with re-

pect to the femur when an ultrasound tracking system was ap-

lied in a static fashion. A cadaveric experiment was conducted

o assess the accuracy of measured angular and translational mea-

urements compared to reference measurements obtained by opti-

al markers fixed to the intra-cortical bone pins placed in the fe-

ur and tibia. Demonstration of this feasibility of accurately mea-

uring the relative positions and orientations of the tibia and femur

y one-channel 3D-tracked A-mode ultrasound tracking system in

his static study would point towards a level of feasibility of recon-

tructing tibiofemoral kinematics by combining arrays of A-mode

ltrasound transducers with an optical tracking system (i.e. multi-

hannel 3D-tracked A-mode ultrasound tracking system) to quan-

ify tibiofemoral kinematics in dynamic conditions. 

. Methods 

In this study, we developed a one-channel 3D-tracked A-mode

ltrasound tracking system by combining one A-mode ultrasound

ransducer with optical tracking markers. The 3D-tracked A-mode

ltrasound probe was used to measure bony points over a large

rea of both the femur and the tibia. After this measurement, the

nown bone models of the femur and the tibia were registered

o the corresponding bony points. Then the relative position and

rientations of the tibia with respect to the femur was quantified

rom the position of the registered femur and the registered tibia.

he working principle of our proposed system is shown in Fig. 1 . 

.1. The cadaveric experimental setup 

After obtaining ethical approval, one frozen, intact left cadaveric

eg (from foot to femoral head) was obtained from the anatomical

epartment of the Radboud University Medical Center (RUNMC).

fter thawing, two intra-cortical bone pins were screwed into

he proximal–anterior part of the femur and the middle shaft of
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Fig. 2. (I) Experimental setup with the cadaveric leg fixed in the rig and two intra-cortical traction pins (A) screwed into the femur and tibia separately and one 3D-tracked 

A-mode US probe (B) was used to measure different anatomical locations; (II) The setup maintains the stability of the leg after changing the flexion angle of the knee that 

is tracked by Visualeyez tracking system (C). 

Fig. 3. The principle of calculating the ultrasound reflection point on the bone surface via a 3D-tracked A-mode US probe. The depth λ is determined from the received 

ultrasound signal by setting a peak detection window. The ultrasound reflection point ( � R p ) is determined based on Eq. (2) with knowing origin point of ultrasound beam 

( � O p ) and unit vector of ultrasound beam direction ( � V dir ). 
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he tibia separately, with a rigid structure containing four opti-

al markers that were used to record the reference motions of

he bones. After mounting the intra-cortical bone pins, a CT scan

as made at the Department of Radiology of the RUNMC using a

OSHIBA Aquilion ONE (TOSHIBA, Tustin, USA) with a voxel size of

.755 mm × 0.755 mm × 0.500 mm. The CT images were manually

egmented and surface meshes of the femur and tibia in STL for-

at were generated using Mimics ® 17.0 (Materialise N.V., Leuven,

elgium), including the 3D locations of optical markers of intra-

ortical bone pins. The anatomical reference frames of the femur

nd tibia were defined from the generated STL Models of the femur

nd tibia [31] . After CT scanning, the leg was fixated in a flexion–

xtension rig that allowed flexion of the leg in a static manner. The

emoral head was rigidly fixed to a pin thereby enabling fixation of

he upper leg. The ankle was clamped tightly by wooden blocks to

estrict the free movement of the shank ( Fig. 2 -I). The rig could be

anipulated to flex the knee. When the flexion angle of the knee

as fixed at a certain angle, the setup guaranteed the stability dur-

ng ultrasound measurements ( Fig. 2 -II). 

.2. 3D-tracked A-mode US probe 

A single A-mode ultrasound transducer was attached to a

ustom-made, crucifix-shaped probe containing four optical mark-

rs for the tracking system ( Fig. 3 ). The A-mode ultrasound trans-

ucer (Imasonic SAS, Voray / l’Ognon, France) had an operating

requency of 7.5 MHz and was focused at 2.5 cm. Two Visualeyez

Z40 0 0v tracking systems (PTI Phoenix Technologies Inc, Vancou-

er, Canada) were operating at 100 Hz to measure the trajectories
f all optical markers with less than 0.5 mm RMS error [32] . The

ltrasound and Visualeyez systems were integrated in the Diag-

ostic Sonar FI Toolbox (Diagnostic Sonar Ltd., Livingston, Scot-

and) based on a National Instruments PXI system (National In-

truments, Austin, USA) with 2.3GHz CPU (Intel Core i7-3610QE)

nd 8GB RAM. The sample rate of the Diagnostic Sonar system was

0 MHz. The acquisition and post-processing software was written

n LabVIEW 2014 (National Instruments, Austin, USA). 

When probing the 3D-tracked A-mode US probe at different

natomical locations on the thigh and shank, both the received ul-

rasound signals and the 3D coordinates of the four optical markers

ere recorded to determine the 3D coordinates of the ultrasound

eflection point (i.e. bony point) on the bone surface ( Fig. 3 ). To get

he ultrasound reflection point, firstly the received ultrasound sig-

al was filtered using a second-order low-pass Butterworth filter

ith a cut-off frequency of 20 MHz and then a peak detection win-

ow was set manually in which a detected peak that had greater

mplitude than the setting threshold was determined to be the

one surface reflection [3] . To convert the determined peak from

ime domain to spatial domain in distance unit, the depth ( λ) from

he origin point of ultrasound beam to ultrasound reflection point

as calculated using the following equation: 

= 

v t 
2 

(1) 

here v is the velocity of sound in the material (1590 m/s in mus-

le across the fibers) [33] and t represents the time that ultrasound

aveform takes from the origin of ultrasound beam to the bone

urface and reflects back to the origin. Secondly, the origin point

 

�
 O p ) and the unit pointing direction ( � V dir ) of the US beam were
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Fig. 4. Illustration of Anatomical Spots (AS) on upper and lower leg. (A) the cadaveric leg fixed on the rig and the AS were marked in red color spots on skin; (B) the 

schematic of all marked AS on upper and lower leg; (C) the schematic of the finally selected AS based on anatomical importance and the ease of acquiring bone reflection 

points; (D) the illustration of the femoral and tibial anatomical reference frames. 
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determined from a calibration method described in [3] . Subse-

quently, the 3D coordinates of ultrasound reflection point ( � R p )

were calculated by: 

�
 R p = 

�
 O p + λ �

 V dir (2)

where � O p represents the original 3D coordinates of US beam and
�
 

 dir represents the unit vector of the direction of US beam and λ
is the measured depth from Eq. (1) . The abovementioned method

was used to calculate ultrasound reflection points at different

anatomical locations on the femur and tibia. 

2.3. Measurement protocol 

Since only one 3D-tracked A-mode US probe was used in this

study, the cadaveric leg needed to be kept in various stationary

poses so that we could obtain multiple bony points from the fe-

mur and tibia. After collecting all bony points at one stationary

pose, the leg was flexed to a new position where a new set of bony

points was collected. The cadaveric leg was flexed and fixed at five

different positions for ultrasound measurements ranging from full

extension to an approximate flexion angle of 90 °. In addition, to

ensure that the bony points measured at five different knee poses

were consistently acquired at the identical anatomical areas, we di-

vided the upper and lower leg into eight regions of interest which

contained Anatomical Spots (AS, see Fig. 4 ) marked with red spots

on the skin where we attempted to measure the bony points with

the 3D-tracked A-mode US probe. A total of 28 AS were marked on

the thigh and 18 AS were marked on the shank ( Fig. 4 -A, B). 

From a practical point of view the number of ultrasound trans-

ducers of multi-channel A-mode US tracking system will be lim-

ited due to issues with limitations in electronics, cabling and costs,

line-of-sight problem of each optical marker. The number of points

was determined by a practical situation where the affordability for

multiple transducers was limited in the future. Therefore, in this

study, we chose to use a total of 30 ultrasound reflection points to

enable calculation of the position of the tibia relative to the femur;

15 points from the femur and 15 points from the tibia. As the lat-

eral and medial epicondyles of femur and tibia, greater trochanter
nd ankle joint are important anatomical landmarks for lower limb

ntra-operative registration in orthopedic surgery [3,34] , we pre-

cribed that those anatomical landmarks were to be included in

elected AS. The remaining AS were selected based on the level of

ase of acquiring a valid bone reflection from each AS at different

exion angles. The final distribution of the selected AS is shown in

ig. 4 -C. When the cadaveric leg was flexed and fixed at one pose,

ix ultrasound measurement trials were recorded at each selected

S. Each trial was a single shot measurement. Hence, in total, 180

6 × 30) bony points were measured for one fixed pose. The dura-

ion of capturing 180 bony points was about 1 h 

.4. Estimation of the relative tibia-femoral position 

After measuring all selected AS for five flexion angles, a dataset

ncluding 900 (180 × 5) ultrasound reflection points was measured.

ach of the trials involved a point cloud consisting of 30 bony

oints from the femur and tibia. A registration method was used

or each trial to register 30 bony point to the femur and tibia. More

etailed information can be found in supplementary material. After

egistration, the relative positions and orientations of the tibia with

espect to the femur were quantified using the method described

y Grood and Suntay [35] . The measured angular and translation

omponents were compared to the reference measurements which

ere derived utilizing the 3D locations of intra-cortical bone pins

n the femur and tibia using a point-to-point registration algo-

ithm [36] at the different poses. Using the selected AS ( Fig. 4 -C),

he registration algorithm was employed in 6 consecutive trials for

very pose (5 poses in total). 

. Results 

For flexion( + )/extension( −) rotation, the mean ± standard devi-

tion error were sub-degree (0.49 ± 0.85 °) compared with refer-

nce angular measurements ( Fig. 5 ; Table 1 ). Root-Mean-Square

RMS) errors ranged from 0.95 ° to 3.30 ° for joint rotations and

anged from 3.20 mm to 4.20 mm for joint translations. The largest

otational error was associated with external–internal rotation
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Fig. 5. Comparisons of the six US trials of ultrasound determined angular and translational measurements (dashed lines) and the reference measurement (red, 

solid line) on knee joint flexion( + )/extension( −), adduction( + )/abduction( −) and external( + )/internal( −) rotations and anterior( + )/posterior( −), proximal( + )/distal( −) and 

lateral( + )/medial( −) translations. The tables below each plot represent the mean and standard deviation of the differences between six US measurements and the reference 

measurement at each pose. 
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Table 1 

Mean, Standard Deviation (SD) and Root-Mean-Square (RMS) errors across six 

US trials for relative angular and translational measurements compared to refer- 

ence measurement: Flexion-Extension (Flex/Ext), Adduction–Abduction (Add/Abd), 

External–Internal (Ext/Int) rotations; Anterior–Posterior (Ant/Post), Proximal–

Distal (Prox/Dist) and Lateral–Medial (Lat/Med) translations. 

Joint rotational errors ( °) Joint translational errors (mm) 

Flex/Ext Add/Abd Ext/Int Ant/Post Prox/Dist Lat/Med 

Mean 0.49 0.85 1.85 −2.22 −2.80 −1.44 

SD 0.83 1.86 2.78 3.62 2.35 2.90 

RMS 0.95 2.01 3.30 4.20 3.63 3.20 
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whereas the anterior–posterior translation produced the largest

translational error. 

4. Discussion 

This study has shown that a one-channel 3D-tracked A-mode

US tracking system can measure relative positions and orienta-

tions of the tibia with respect to the femur in a static fashion

with an accuracy of 0.95 ° to 3.30 ° (RMS) for rotations and 3.20 mm

to 4.20 mm (RMS) for translations. A rather unique feature of this

system is the combination of an A-mode ultrasound transducer

with a conventional motion tracking system (optical tracking sys-

tem in this study) to measure the locations of bony points instead

of markers mounted on the skin. Subsequently, the registration

method was applied to the acquired cloud of bony points to esti-

mate the relative position of the tibia with respect to the femur. In

this study we used a cadaver experiment to demonstrate its tech-

nical feasibility. With this study the technique has shown the po-

tential to be extended to a multi-channel 3D-tracked A-mode ul-

trasound tracking system for measuring dynamic movements. Dy-

namic tibiofemoral kinematic measurements in 3D space require

the determination of the instantaneous position and orientation of

the femur and tibia [37] . This study demonstrates the feasibility

of such system. However, to complete such a system, a number of

issues involved in dynamically measuring bony points and estimat-

ing the position and orientation of bone under dynamic conditions

will be investigated in the future studies. 

In contrast to the utilization of skin-mounted marker systems

where the measured kinematics associated with skin-mounted

marker are subject to STA (i.e. differences between marker and

bone positions) and the effects of STA are difficult to eliminate

[37,38] , we utilized the measured ultrasound reflection points to

localize bone surface in order to estimate the position and orien-

tation of underlying bone [3] , which has the potential to overcome

the effect of STA. Therefore, this technique has the potential to be

applied in gait analysis studies. However, in this paper, we did not

perform a direct comparison with a skin marker system. To inves-

tigate this, a multi-channel 3D-tracked A-mode ultrasound tracking

system is necessary for simultaneous ultrasound and skin marker

measurements. 

Relative to our concept, the utilization of a fluoroscopy sys-

tem to estimate the position and orientation of bone is different,

since it relies on the radiological images and adequate model-

based techniques [24,39,40] . Fluoroscopy systems provide highly

accurate measurements of tibiofemoral kinematics, especially for

knee with implants [26,39] . Guan et al. reported that maximum

root-mean-squared errors were 0.33 mm and 0.65 ° for translations

and rotations of the TKA knee and 0.78 mm and 0.77 ° for trans-

lations and rotations of the intact knee [26] . The maximum root-

mean-squared errors were 4.20 mm and 3.30 ° for translations and

rotations of the intact knee for our one-channel ultrasound sys-

tem, which is much less accurate than a biplane fluoroscopy sys-

tem. However, relative to fluoroscopic systems, the advantages of
ur system are the larger field of view (similar to conventional skin

arker systems) and the lack of radiation. 

We expect the accuracies of a multi-channel 3D-tracked A-

ode ultrasound tracking system to be about 1 mm and 1 ° for

ranslational and rotational errors in the further development, al-

hough that will be very challenging when considering several

ources of inaccuracies, both technological and human factors. For

he one-channel US system as demonstrated in this study, the ac-

uracy of measured angular components could achieve 0.49 ± 0.83 °
Mean ± SD) errors for flexion–extension. However, there were

arge errors for adduction–abduction rotation (0.85 ± 1.86 °) and

xternal–internal rotation (1.85 ± 2.78 °) and the maximum trans-

ational errors was −2.22 ± 3.62 mm for Anterior–Posterior trans-

ation. In its current form the system does not fulfill the require-

ents yet. Hence, we aim for achieving higher accuracies for the

ulti-channel ultrasound tracking system in the future. 

Considering the working principle of this technique, there are

wo types of errors caused inaccurate measurements: (1) the ex-

rinsic errors in detection of a bony point; (2) intrinsic errors of

egistration algorithm. The extrinsic errors in the bony point de-

ection mainly stem from the detection of the wrong peak caused

y the problem of distinguishing between real and spurious peaks

mongst the noisy ultrasound receiving signal. This process was

one manually by placing a detection window in the ultrasound

eceiving signal. As Fig. 5 shows, the third pose generally had

arger errors than rest of poses. Especially in Anterior–Posterior

lot, there was −8.33 ± 1.76 mm for the third pose. However, the

rrors of rest of poses were considerably low. That was the rea-

on why the overall error of anterior–posterior translation became

he largest erroneous measurement in translations. To mitigate this

ype of error, more advanced and robust peak detection methods

an be developed. The intrinsic errors were caused by the fact

hat both the femur and tibia are rather tubular in shape. Hence,

 small number of points on the tubular surface do not provide

ufficient constraints on external–internal rotation and proximal–

istal translation. As the bony points located on the two ends of

one (e.g. condyles of femur, femoral head) are inaccessible for the

ltrasound beam, the registration method gives relative weak con-

traints for external–internal rotation and proximal–distal transla-

ion and also is susceptible to be stuck in a local minimum. More

obust registration algorithm can be developed to tackle this spe-

ific registration problem in the future. 

This study has several limitations. Firstly, we used only one ca-

aver leg in the experiment and more cadaveric specimens could

rovide more robustness information regarding the differences of

eometry of bony segment and the thickness of soft tissue. Sec-

ndly, we put the cadaver leg in a rig and moved the leg in dif-

erent static poses. Therefore, there was no dynamic muscle ac-

ivation and the soft tissues may have moved differently relative

o the bone than under in-vivo conditions. This may influence the

xpected accuracy of the US signal when used under in-vivo con-

itions. Future studies will focus on dynamically measuring ultra-

ound signals and investigating the way to fix the 3D-tracked A-

ode US probe for different anatomical locations. In future stud-

es special ultrasound holders that are customized for different

natomical regions will be one of the solutions to combine opti-

al markers and arrays of A-mode ultrasound transducers for de-

ecting reliable bony points. Thirdly, no direct comparison with a

kin marker system and a fluoroscopic system was included in this

tudy, preventing quantitative comparison between the systems. 

Obviously, this study also has strengths. Firstly, it focused on in-

estigating the feasibility of this system. The experiment was con-

ucted in a highly controlled manner with navigated intra-cortical

one pins as ground truth. This allowed for the best way to define

he errors of the US system. Secondly, we used a single A-mode

S system and applied it to static positions of the knee joint. By
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sing this method we found a cheap and fast way to assess the

otential of a multi-channel system without actually acquiring all

quipment and developing all software integrations. 

The results from this study, demonstrating the efficacy of a sin-

le A-mode transducer, can be extended to a multiple transducers

ystem that maybe create a new approach of non-invasive mea-

urement of tibiofemoral kinematics in gait analysis and detailed

rosthetic measurement. Further research needs to be directed to

mplementing the multi-channel 3D-tracked A-mode ultrasound

racking system. In-vitro and in-vivo experiments will need to be

onducted to validate the multi-channel A-mode US tracking sys-

em under dynamic circumstances. 

. Conclusion 

This study has presented a one-channel 3D-tracked A-mode ul-

rasound tracking system and proven its feasibility for measuring

elative positions and orientations of the tibia with respect to the

emur in a cadaveric experiment. Our proposed 3D-tracked A-mode

ltrasound system could achieve root mean square errors ranging

rom 0.95 ° to 3.30 ° and 3.20 mm to 4.20 mm for rotational compo-

ents and translational components, respectively. Although there

re opportunities to further reduce the errors, this study already

emonstrates the feasibility of extending it to a multi-channel A-

ode ultrasound tracking system for measuring tibiofemoral kine-

atics under dynamic conditions. 
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