A MR imaging procedure to investigate
tarsal bone mechanics
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Abstract - In the current work, a magnetic resonance (MR)
imaging procedure to evaluate quasi-static motion fo the
calcaneus, cuboid, navicular, and talus is preserdelt is focused
on the applicability of a newly developed foot loaidg and
positioning device. For that purpose, tarsal bone gsitions of
three healthy subjects in a pronated and a supinate foot
excursion under bodyweight were repeatedly measuredt was
found that the talo-navicular joint showed the largest amount of
rotation of up to 20° eversion-inversion in the fratal and ab-
adduction in the transversal plane, followed by thesubtalar joint
showing nearly half of that motion. Considerably lss motion was
found between the cuboid and calcaneus (about 2-638nd the
cuboid nearly did not rotate relative to the naviclar (on average
1°). Since these results were in agreement with ttigerature, it is
concluded that the applicability of the presented mcedure to
investigate tarsal bone mechanics is warranted. Thestimated
necessary differences between tarsal joint motiorotdistinguish
between kinematic behaviour were in the order of 2{4° related
to the talo-navicular joint). Thus, a new feasibleMR imaging
procedure was presented which enables non-invasivie, vivo 3D
evaluations of tarsal joint motion in combination wth rearfoot
morphology.
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. INTRODUCTION

To date, the relationship between foot morpholayy foot
function is still uncertain [1,2] but of importangeview of an
effective prevention and treatment of foot injuries

To our knowledge, only one MR compatible foot
positioning and loading linkage has been reportedas [4].
Further adequate devices are needed to profit fidR
imaging to investigate fundamental foot joint meadha.

In the present study, a MR imaging procedure terddhe
positions of the tarsal bones (calcaneus, cubeidicalar, and
talus) in different foot excursions under bodyweigis
presented. Having shown the reliability and accpraf the
MR data processing [5] the current study was foduse the
development of a foot positioning and loading devithereby,
the study aimed to quantify the transferred motfoom
different foot excursions (pronation, supinationd the
calcaneus and the resulting quasi-static tarsat joiotions.
Furthermore, the minimum difference within thesetioms
was estimated which enables to differentiate betvaesjects.
Overall, the presented procedure is thought to igeoa new
basis to investigate the relationship between footphology
and foot function.

The study was conducted on three volunteers withiguis
of musculoskeletal diseases aging 28, 31, and a8kyéeing
166, 179, and 180 cm high, and weighing 60, 71, &hdkg.
Informed written consent in accordance to the loeskarch
ethics committee was obtained from all subjects.

METHOD

The developed foot loading and positioning device
consisted mainly of a wooden support, a dolly lshkeith a
double pulley, different foot blocks, a load boxydatwo

Previous studies failed to give evidence about th&houlder blocks (Fig. 1).

mentioned relationship since conclusions were driam two
dimensional parameters to three dimensional (3Dyamznts
although both motion and morphology are in 3D. Badth
should be measured in three dimensions. Furthernmoaay
joints within the foot can remarkably contributeth® overall
foot motion. These joint motions are hardly deteleteby the
use of skin markers since certain bones are sthallfalus is
nearly completely covered by other bones, and skamker
effects are to be expected [3].

An alternative approach to measure 3D joint motidgthin
the foot as well as 3D bone morphology in vivo iagmetic
resonance (MR) imaging. Thereby, MR imaging is siopeo
any other image based procedure because it isnvaisive and
without harmful radiation.
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Figure 1. The foot loading and positioning linkagel in detail, the dolly
with a supinated foot placed on it. The foot waly died by the load of half
bodyweight (0.5 BW) transferred by a double pullElye used blocks are
shown from above: (a) was the neutral one, (b)dedfoot supination, (c)
induced foot pronation.



The wooden support with all its parts was placedtton
MR patient table. The subject was fixed on the csuvihe table
moved into the MR unit, the load box was attactsed] MR
imaging started. The dolly and the double pulleyenfixed on
the wooden support so that tarsal bone motionefitfht foot
was acquirable (see detail of Fig. 1). The dollpwaly able to
move in forward-backward direction. The pulleystba dolly
were symmetrically placed at malleolar height tfamg load
axially through the rearfoot into the straight I&iraps above
and under the knee supported the knee in full siten

The blocks causing the excursion of the foot wededf on
the dolly. In this study, three blocks with diffateoblique
fronts were used: a neutral one (Fig. 1 (a)), oitd & front
inducing supination on the rearfoot (Fig. 1 (b)pdaone
inducing pronation (Fig. 1 (c)). Thereby, the exterf the
pronation was based on i) the commonly reported d0°
calcaneal eversion during the initial stance phafseunning
[6], and ii) on an approximated subtalar axis veithorientation
of 41° relative to the transverse plane and 174tika to the
sagittal plane [7] whereby the position of thissawias based
on the literature as well [8]. Note, the foot wasyofixed on
the block by the applied load which was in the ordehalf
bodyweight reflecting normal standing. The valueswgaosen
since it was close to the threshold that could dmafortably
tolerated by the subject during MR imaging of edobt
position over a total of 15 min including placemeantd
prescans.

Each excursion was performed twice on the same day.
Between the measurements, the subject was conyplet

repositioned.

Imaging was performed on a 3 Tesla whole-body MR un
equipped with a Quasar Dual gradient system (gnadie

strength up to 80 mT/m and gradient slew rate uRQ6
mT/m/ms). A 3D T1 weighted gradient echo sequenith w
water selective excitation and second order shigmias used
to obtain fat suppressed, high-contrast and highlugion
images of the tarsal bones. Sequence parameters ager
follows: repetition time 16 ms, echo time 4 ms, diplangle
11°; 200 mm field of view; a 288 x 273 acquisitioratrix;
Fourier interpolated to 512 x 512 pixels; 1.4 mmickh
overcontinuous slices with 50% slice overlappingud, the
resolution of the reconstructed images was 0.3932 @ 0.7
mm3 (see Fig. 2). For each subject and test conditi30
sagittal slices were acquired during about 9 min.

The 3D reconstruction of the tarsal bones was pedd by
one operator with AMIRA (Konrad-Zuse Zentrum fir
Informationstechnik Berlin, Germany) as describetble [5].

The resulting surface points of the 3D tarsal bowese
read in MatLab (MathWorks, Massachusetts) to ddtexrthe
transformations of “neutral” surface point cloudstoi the
surface point clouds of pronation and supinatiespectively,
by an iterative closest point algorithm.

The applicability of the presented procedure wasckéad
by the quantification of the absolute rotationgha calcaneus
in response to repeated foot excursions. Furthermtire
relative helical axis rotations in the four targahts (calcaneus
relative to talus, cuboid relative to calcaneugodd relative to

navicular, and navicular relative to talus) werenpated and
converted into the anatomical planes. Lastly, thHerdnces
between the repeated excursions were separatelylateid for
each tarsal joint and cardinal body plane The nufathese
differences plus one standard deviation was useektinate
the required degrees to distinguish between quatégarsal
bone rotations in future studies.

Figure 2. Medial view of 3D reconstructed tarsatém calcaneus (green),
cuboid (yellow), navicular (blue), and talus (red).

. RESULTS

The repetitive externally applied 15° of pronati@sulted

7 to 11° (45-70%) absolute calcaneal helicak awitation.
he repetitive externally applied 15° of supinati@sulted in
11 to 14° (75-95%) absolute calcaneal helical etigtion.

The extent of tarsal joint rotations in responsthoblocks
are qualitatively exemplified in Fig. 3 and Fig 4.

a) anterior view

b) medial view

c) superior view
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Figure 3. Motion of the talar bones due to promatitock. Neutral positions
are plotted transparently. Anterior view (a): gtagively evident eversion (EV)
of calcaneus, cuboid, and navicular relative togaMedial view (b): visible
dorsiflexion (DF) of calcaneus relative to taluap8rior view (c): noticeable

abduction (ABD) of cuboid and navicular relativetadus.
a) anterior view
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Figure 4. Motion of the talar bones due to supamatilock.



The quantified relative rotations in the tarsalnjei are
shown in Fig. 5 to Fig. 8. In all cases, the exéiupinated
foot position led to more relative tarsal joint mat than the
pronated foot position. Thereby, the talo-navicufaint
exhibited the largest rotations of 10 to 20° (sie 8) which is
nearly twice as large as the observed rotatiorthensubtalar
joint (see Fig. 5). Only small rotations of 4° es$ were found
between the cuboid and calcaneus, and betweerulivédcand
navicular (see Fig. 6 and 7).

Based on the six available differences betweenatepe
measurements (3 subjects, 2 repetitions of promatiod

supination) the mean and standard deviation of ethes

differences were calculated for each tarsal joimd aardinal
body plane. It was observed that the larger thativel joint
motion the larger the difference (see Table I). éderit is not
surprisingly that in the cardinal body planes inickhmainly
tarsal joint rotations occurred maximum differencesre
computed during supination (always subject B). gheatest
difference plus one standard deviation was abowaitulated
for the talo-navicular joint. In the other jointset sum of the
differences plus one standard deviation were abbut

Figure 5. Relative motion in the subtalar joint do@ronated and supinated
foot positions. Each bar represents one trial;,tbasie colored bars are
repeated measurements.

Figure 6. Motion of the cuboid relative to the ealeus due to pronated and
supinated foot positions. Each bar representsraie t

Figure 7. Motion of the cuboid relative to the raNar due to pronated and
supinated foot positions. Each bar representsraie t
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Figure 8. Motion of the talo-navicular joint duepgmnated and supinated
foot positions. Each bar represents one trial.

TABLE I. MEAN DIFFERENCES+ STANDARD DEVIATION) AND
MAXIMAL DIFFERENCE S OF ONCE REPEATED MEASUREMENTS PER RSAL
JOINT AND CARDINAL BODY PLANE. IN TOTAL, SIX DIFFERENCES WERE
AVAILABLE EACH (3 SUBJECTSPRONATION AND SUPINATION).

frontal plane sagittal transversal

[9 plane [q plane[q
calcaneus rel. 1.4 +£0.9 0.3+0.3 1.6 +1.2
to talus max: 2.2 max: 0.4 max: 2.6
cuboid rel. to 0.6 +0.7 1.1 £0.9 1.1 £0.9
calcaneus max: 1.6 max: 1.5 max: 2.2
cuboid rel. to 0.5 0.2 1.1 £0.9 0.8 0.8
navicular max: 0.9 max: 1.4 max: 2.0
navicular rel. to 2.3+1.8 0.7 £0.8 2.7+15
talus max: 4.2 max: 2.1 max: 4.8

IV. DiScUsSION& CONCLUSION

In this study, a new procedure to investigate pot of
the tarsal bones in vivo in different foot excursiounder
bodyweight was presented. The applicability of dexeloped
foot loading and positioning device will be discesn terms



of the transferred motion, the resulting quasiistarsal joint
motion, and the repeated excursions.

With regard to the roughly 2 cm thick heel fat padd a
predefined axis that must not be identical with ithdividual
one, the differences between external foot andrriate
calcaneal rotations were to be expected: The lagddd was
distorted and displaced under load and excursiorthérmore,
the magnitude of motion transfer is comparable wiitie
literature: Using a non-loading MR compatible devieach
degree plantarflexion of the whole foot resultedOid4° of
calcaneal plantarflexion which is equal to a transff 44%.

The observed quasi-static tarsal joint motions ttuéoot
loading and positioning were as expected, too: pitemation
block induced a pronation of the distal tarsal lsoredative to
the talus, and analogously, the distal tarsal bangsnated
relative to the talus in response to the supindilonk (see Fig.
3 and 4). Because the presented procedure isrghédiinduce
rotations about an assumed subtalar axis underidesable
load, the quantified motions in each tarsal joiftthe three
investigated subject were difficult to compare wjtevious
literature. Nevertheless, certain general findingsre in
agreement: Firstly, in the present study most motiocurred
in the talo-navicular joint (up to 20° in frontahé transversal
plane), followed by nearly half of that in the salbt joint (see
Fig. 5 and 8). Larger rotations in the talo-navécujoint
compared to the subtalar joint had already beeorteg during
internal/external tibia rotation [8], as well as ridg
eversion/inversion [10]. Secondly, less tarsaltjomotion was
observed during internal tibia rotation [8] and tfaversion
[10] compared to the opposite input movement. Tames
relation was found in the present study: Nearly tudf
magnitude of subtalar and talonavicular joint motaxcurred
during pronation in contrast to supination (see. Bigand 8).
Finally, considerably less motion was found betwedbe
cuboid and calcaneus, and the cuboid did nearly nmove
relative to the navicular (see Fig. 6 and 7). Agdlnis is in
agreement with others studies [8] beside the géperecepted
assumption that cuboid and navicular act as a wUhits, the
observed quasi-static tarsal joint motions wereegglly in
agreement with the literature.

In the present study, the foot excursions of tteggiects
were measured twice. The sum of the mean and eneaad
deviation of the resulting differences between ¢hepetitions
(see Table 1) were used to estimate the requireduamof
rotation, necessary to  distinguish between quasies
kinematic behaviour: At least 2° are required tfiedéntiate
rotations between the calcaneus and talus, betteeouboid
and calcaneus, and between the cuboid and navidaldahe
same manner, at least deviations of 4° in taloadar joint
motions are necessary to show intersubject diffaen
reasonably.

The differences between repeated measurementsacty p
be explained by the determined reproducibility anduracy of
the data processing which was estimated to be ®.6.8°
depending on tarsal bone and excursion [5]. Anthoabh
before each measurement, the position of the ldegrwas
carefully controlled, it must be assumed that guptsitioning

changes (e.g. of hip) led to remarkable changdakdnwhole
tarsal bone configuration (in particular relatedstdject B).
The foot placement onto the block may be excludedaa
potential source of precision errors: In a pilotdst the
repeatability of tarsal joint motion was not impeadvby using
an individual thermoplastic shell fixed onto thedX providing
the identical calcaneal position during repeatedsuseements.

In conclusion, a MR compatible foot positioning and
loading device was presented. It facilitated aalpytr foot
excursions by easy to build wooden blocks whereby a
reasonable motion transfer to the calcaneus wasamtad
resulting in quasi-static tarsal joint motion. Téley, it was
estimated that only a few degrees are necessatigtinguish
between tarsal bone kinematic behaviour. Thusptbeedure
was found to be feasible to investigate fundameaatabl bone
mechanics non-invasively and in vivo. Particularlhe
possibility to evaluate three-dimensionally targaht motion
in combination with rearfoot morphology such asnjoi
curvature may provide new insights in the still emain
relationship between foot function and foot morjplggl.
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