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Abstract

The knee joint is one of the human body’s largest and most complex joints. The functionalities
of the joint depend on bones, muscles, ligaments, cartilage, meniscus, synovial fluid, and
physiology. There could be various causes of ailment in the knee joint such as genetic factors,
epigenetic factors, pathological conditions, fatigue, inflammation, and other biomechanical
issues. This thesis included research studies on the tibiofemoral joint's weight-bearing soft-

tissues (meniscus and cartilage).

Weight-bearing soft-tissues play a significant role in knee joint functionalities, whereas
magnetic resonance imaging (MRI) is the gold-standard technique for imaging soft-tissues.
Therefore, MRI is used as an imaging modality to assess the knee joints in this thesis. The
routine knee joint MRI studies are conducted in a supine position, which overlooks the weight-
bearing conditions of a joint. However, the changes in the joint could be dynamic that might
be evident only during the weight-bearing condition, such as pain might arise during the
loading conditions. Therefore, the knee joint’s weight-bearing condition during scanning may
represent in-vivo patho-physiological conditions. There are also reported diagnostic
mismatches between unloaded and loaded knees during MRI. Therefore, the potential to get
additional information from weight-bearing MRI to examine knee health is hypothesized in the
thesis. Also, from a clinical perspective, load during imaging might potentially improve the

diagnosis of knee health in the early stages.

There are various existing solutions for weight-bearing knee joint MRI. One of the
solutions is open-standing MR, but it suffers from a low signal-to-noise ratio (SNR). Besides,
few other devices are available to exert load on the knee joint during MR scanning, but these
devices have a bulky design, are expensive, and have a large setup time. Some of these devices
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even require altering the MRI room settings. Further, the unidirectional loading mechanism of
these devices potentially induce motion artifacts. Thus, these devices are not well suited for a

busy clinical routine setup and confined to a research setting.

This thesis aims to develop a low-cost, lightweight, portable, and MR-safe knee joint
axially loading device during MRI scanning, which addresses some of the limitations of the
existing solution. Further, assess the device-induced change in MR parameters for knee joint
characterization. Besides, this thesis also explores the further clinical applications of the

weight-bearing knee MRI.

The first study in this thesis developed a low-cost, lightweight, portable knee joint axial
loading device. Further, the developed device is calibrated and assessed for MR-safety, device-
induced image artifacts, ease of doing, and degree of comfort for a subject. The device is

developed in an iterative process with feedback from imaging partners and clinicians.

The objective of the second study of this thesis was to evaluate the developed device
behaviors and the changes due to load in MR quantitative parameters for characterizing knee
joint. This study consisted of two sub-studies: i) to compare the loading behavior of the
developed device with natural standing stance using open-standing MRI 0.25 Tesla, and ii) to
assess the MR parameter changes due to load using the developed device with 3.0 Tesla MRI.
In the first sub-study, the tibiofemoral bone gap during the device load was compared to a
natural standing load of various stances. The device exerted load was observed similar to a
natural stance of standing with both (Pearson Coefficient ‘r’ > 0.9). The loading effect on the
change in bone gap, cartilage thickness, and cartilage T2-value was evaluated in the second
sub-study; the observations are found to be similar to the previously reported research

observations.



The third work in this thesis was on developing a novel method to estimate the subject-
specific in-vivo stiffness of the tibiofemoral joint non-invasively. This study consisted of two
sub-studies: experimental study and simulation study. In the experimental study, the MRI
scanned images of a knee joint with and without load (using the developed loading device)
were used to evaluate the mean tibiofemoral strain. In the simulation study, a subject-specific
knee joint finite-element-analysis (FEA) was performed with varying tibiofemoral joint
stiffness to develop the stiffness versus strain model. The subject-specific experimental strain
was fed in the stiffness versus strain model to evaluate the subject-specific stiffness. Further,
the thesis also presented a generalized mathematical model to estimate in-vivo tibiofemoral

joint stiffness.

The research outcomes in this thesis might make the weight-bearing knee joint MRI
more accessible. Further, this work might open new applications for weight-bearing MRI and

expedite knee research.
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g @ SiIs AT WK & Fad §3 3R T SAfeer Sist & & wh g Siig &

SRAITHAT &33!, ARG, YU, IUY, AflAEHE, W¥ ga AR R fhar

faeie o e el &1 geat & SiiS & SIART & 6% HROT g1 Fohd & ol 3TTeld iR

$hReh, YTolole] HF-Hl Heh, Va1 H T, Ydhe, Foiod 3R 37 S
Hed| 38 Y gau A RIIHBAR (Tibiofemoral) SMs & #RIIe #H-Scleht

(AfAERE 3R 3UEY) W A e nfde I

HR-dgel sRHA-Fch gl & Sig Hr FRIGTHAT H Hgcaqul A Famd §,

STafeh HIafed Wad AT (TAAR3TE (MRI)) FRA-Fde $l AT & folT Tgul-

HlcTeh ceheileh ©| SHIATU, 38 MY YaEr H, ol & S5 I IAET &I § 3HTeholel
A & T THNRIE(MRI) FT 39IRT SATHIT dR-adiept & & & fhar Sar gl

qe ¥ s & PRIAT TANRIE AT U s o g8 Rl I R fhv

ST &, ST Teh SIS T AR dgaT el arell [TATAAT HI 3A¢ET adr &1 gTelifeh, s

& gRada a1faefier & T § S Fad FR-ggad HI AT & =T TOse & Foha

g N & 9R g8 Hr UMY & SR & IcueT & Thar &1 STTAT, HHAETT &
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aRIT gead & Siig i1 $R gl el arell EUfA Sia faesfa-eamiRes eufaat

yfafaftca # @ 81 THIM3mS (MRI) & SRe IR-AR-ageT 3R #R-ageT geal

& o SAeifaeh dAe gl AT o I g1 3AfAT, ow ey o geod & TRy fi

ST & v SRKe THIRIB(MRI) & 3faRed SRR Ired el HI &TH T S

IReheaedT &1 g1 ST 37clldl, siglfcleh TIOCHIUT H, SHISIT & GRIA AR IRTHS

ITEAT F oot & T & e # dfad §9 & gUR S qhr ¢

golel-dgel el dlel Heod & SIS & THNRIMS(MRI) & v &g #Hiser

FATY &1 FATUA H & Th NIA-ES9T THIRATS &, olfched Ig HA [AaeTol-g-

T AT (THTIR(SNR)) & IET €1 $Hh 3Helldl, THIR(MR) HHAETT & SRI=T

e & Sl W AR 3o & fU & 3 3UHOT 3T g, Afhad o 30N

w1 9 fSSlse &, #EN &, 3R Uk o371 TUMAd A H TAT gl 54 @ F©

3YRIUT I TANRIS (MRI) FAY I TATTAT Soled T HY TaThdT gidr §1 5Th

37ATdT, SoT 3YHIUN T Teh-TeMTcAd ARG dF IHAd & § Ifa fawqor areg

# IRT FAT &l 3T UPR, T 3YRUT Ueh LT sicliash eadadr TAYAT & fo

3UYFA Gl & 3N T MU-FAIAT e & AT B

$H MY YIY F 30T TAARITS Tohieldl & GRIT A WEId dlell, gool,

3813 AR TAR(MR)-GIETT geal & Siis 316{T #R 390 fasnfad &= &, St
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AISTET TATYT FI $S HAAT FT gT FAT &1 $TH A, el & S5 & oaior
guid & foIT TAMR(MR) ATYEa # AhfAd 3URor-IRd IRAdA T 3Teheled el
& AT 1 38 37amdr, Ig MY Yo ARG ol S TAINITS(MRI) & Hiasg

& Herfad ot @ o gsdre FXer ¢

SH MY YaY H Ugol HETIA of Udh el oleld dlell, §oohl, 3013, gead &
TYFT e HR-dgl 3YRIOT &I fahrd fohaT| TS 3relar, fashfad 3T &
THR(MR)-RET, 3URO-9RT Bid [a89or @, ael & 3mEweE, iR R favy
& faU 3RA $r AT F AT 3rer-2avee 3 AedicsT fHar 331 g1 sATST HARigRT
AR Rafehcast & gfafhar & QI @ 3YROT A1 Th Gokiga Tishdl H fafla

forar I &1

S MY U & qHR IHEITT HT 3662 AhfAd IURUT g 3R gea

& s &7 fIAYAr arel THR AECHS ATIEa F HR & HRUT gl drel IRadal

T Hedlehel el AT| TH AT I &l 3U-3ETI=A! AfAe A: i) HuA-EfSar 0.25

eTaN(Tesla) THAIR3MS MRI & 3UIRT e, AHAT 3TROT § AR & JagR Fr

dorell Tehiceh TIST TE & WY H¥alr, AN ii) 3.0 Fel(Tesla) THIRIMS(MRI)

& 1Y TARTAd 3YRIUT HT 3UANT b AR & HRUT THIR(MR) AEST H IRac=Al

F  Hhodd TG Ugd  IT-HEIIT H, 3U0T § AR & N



fefa3hARe(Tibiofemoral) sf3al & 3R & I AT Far & urpfas &7 4

g3 gt & AR & T a5 2| 3TOT SaRT STl AT AR Gledl W & T T3 gled

& ihfde T & FAE a@r 7471 (AT q[unieh (Pearson’s Cofficient) '3(T) >

0.9)| G&EY 3U-ETAA H g3 & 3T, 3UMEY d A N 3UMET T2-7ed

IRaEdT ¥ AR & THE & Hedidhsd [hal -7 AT, AIcldhe Jgel SaC T A
feoaforat & |AE 91w am=m §

S MY YU FH AEU FH HAeT & § RIANGARST Fgora &1 fawg-

fafrse Sfid FORAT &1 IFAT o9 & faT v A9 fAfTr & e «w® a1 39

EAGST # &l 3Y-3EATT AAST A G 3eqGeT 3R 3HeToh0T HeTTeT | Yriifareh
eI A, foor R 3R R & Iy (MAd 9IR-Gg 3UaRUT &7 3UINET Flah)

g & SN I TANRIAS(MRI) HACEGOT H T S S IUhET AT

fefa3NhaATe(Tibiofemoral) T=Td &1 Hedlehed Hel & T foham a/m 4T 3egertor

TG A, U favg-fafdise gea & @gFd IRfAA-dca-fagavor (FEA) @l 37omT-

3791 fefa3hAR(Tibiofemoral) SiiE & HORAT & AT HORAT TATH delld HISel

faefld &eet & foivw fohar arar an| [Awa-fafdse woRdr @1 Hedled ot & fau

Ayg-fafase gaencAs ddld &l FeRdT dd1d dold dF & STell AT 47| 5%



3feTar, MY gae S fRfI3hARe(Tibiofemoral) TIFd HARAT I AT M

& T Tsh AARA IO Alsel @I o ger fohar arm g

3 oy yay H MY & IRUMH Told dgd el arel g F IS & THIRITS

T 3fUF GAH TN bl &1 SHh Helal, Ig HA ARl THNRIMS & fav dqv

IISNET T Hebell & 3N THAINIMS(MRI) geod &N 3JHU H ol of Fhdl gl
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List of Figures

Figure 1.1: Shows the knee joint compartments in fat-suppressed proton-density (FS-PD) MRI
images. a) shows the patellofemoral compartment in the sagittal view of the knee joint, and b)
shows the medial and lateral tibiofemoral compartments in the coronal view of the knee joint.

MC and LC in b) represent medial condyle and lateral condyle, respectively.
Figure 1.2: A lateral view X-ray shows the knee from the side.
Figure 1.3: The knee joint’s posterior view shows the cruciate ligaments and attachments.

Figure 1.4: A computer-aided model of the tibia, tibial cartilage, and meniscus in an isometric
view. The figure depicts the wedge shape of the meniscus, which provides stability to the

tibiofemoral articulation.

Figure 1.5: A sketch of the meniscus structure and its attachments. The figure depicts the
difference in the size of medial and lateral ligaments, the attachment of meniscal horns, and

the meniscus position of ACL and PCL attachments.

Figure 1.6: Shows quadriceps and hamstrings muscles in the anterior (left-hand side) and

posterior (right-hand side) view of knee muscles.

Figure 1.7: Shows three arcs of flexion of a knee. This figure shows the axis of extension and

flexion across the epicondyle of the femur bone.

Figure 1.8: The femur’s translation motion during extension and flexion shows in the top view

of the tibial profile.

Figure 1.9: Conventional MRI scanner of 3.0 Tesla Field Strength. (Courtesy: Mahajan

Imaging Center, New Delhi)
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Figure 1.10: The figure explains the MR physics with signal acquisition steps. a) bar magnet
represents the dipole moment of nuclei, b) shows the random distribution of magnetic dipole
moment in the absence of By field. c) shows the magnetic moment vector aligned parallel or
antiparallel to Bo, in the presence of By field. d) shows these magnetic moment vectors precess
about By field direction with a Larmor frequency (w) and hence induce net magnetization or
bulk magnetization(M) along the z-direction, whereas My=0. €) shows the excitation stage
with RF pulse of ‘@’, where net magnetization flips into the transverse plan and results in Myy
# 0. f) depict the recovery of longitudinal magnetization after the removal of RF pulse. g)
represent the decay of Myy due to the T»-relaxation process. h)shows the decay of the Myy in a
helical shape, i) shows the free induction decay curve of the induced signal (S(t)), and (j) shows

the receiver coil perpendicular Bo field.
Figure 1.11: Shows the T1 and T2 relaxation process graphs in a) and b), respectively.

Figure 1.12: Shows the sequence of events during scanning as a pulse sequence. a) shows a
simple pulse sequence where events 1 to 5 are marked in a step manner. 1 switch on the slice
select gradient (Gss); then 2" step switch on the 90° RF-pulse from transmitter coil as
excitation stage; in step 3, phase encoding gradient (Gpe) trigger, and step 4 switch on the
frequency encoding gradient/readout (Gro) during free induction decay (5) acquired. b)
represents the spin-echo sequences where 180° RF-pulse re-phases the Mxy magnetization,

and the next echo’s peak develops just after the TE time.

Figure 1.13: Represents the Gradient-echo sequence steps. Step 1 starts from the slice
selection (Gss), then 2 is the excitation step triggered by RF-pulse. The 3™ step is phase
encoding by gradient coil (Gpe). Then in the 4" step, frequency encoding gradient (Gro) first

triggers negative polarity and turns to positive, and signal (5) is acquired during readout.
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Figure 1.14: The block diagram of the workflow of the thesis; the figure shows the content of

chapters of the thesis.

Figure 2.1: A CAD model of design-I, where a pulley is used to hang the weight against the
waist belt, and the foot-rest acts as a plain ground to restrict the foot-sole to develop force

equivalent to hanging weight.

Figure 2.2: A table-top design-11 model, showing a big-wheel pulley that rotates to stretch the

length of an elastic string.

Figure 2.3: Design-l11l demonstration on a volunteer. It shows the arrangement of elastic-

string and waist-belt during knee loading condition.

Figure 2.4: Design-1V with a plain foot-rest and roller; a) shows the carpenter’s work in

modifying the design and b) shows the device in calibration setup with elastic string.

Figure 2.5: Design-V a) Drawing shows the mechanism of loading and arrangement of the
device’s components, b) shows the CAD model of the device’s foot-rest connected with calf-
rest by telescopic-channel, and c) shows the visuals of a subject put-on the device in laboratory

setup outside MRI.

Figure 2.6: Design-VI a) shows the cushions incorporated in design-V, and b) shows the
functioning of wedge-shaped knee flexion-angle-control, which keeps the knee in full extension
during imaging. b) depicts the knee flexion angle with and without wedge-shape flexion-angle-
control component.

Figure 2.7 Design-VII as an accessory, a) shows a visual of the device with accessory in the
red dash lined box, and b) shows a CAD exploded view model of the design-VII with accessory

in the red dash lined box.

Figure 2.8: Schematic of the experimental setup of calibration of elastic string
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Figure 2.9: Schematic of the device with a subject to demonstrate the length measurement of

elastic string x’ and non-elastic string ‘y’.

Figure 2.10: An experimental setup of MR-safety assessment, a) is a schematics of string
suspension method experimental setup shows two forces act on the device to be tested as
magnetic force(MF) and gravitational force(GF), and b) shows the visual of experimental setup
where angular displacement of the device (with the influence of MF and GF) is measured by a

protractor.

Figure 2.11: A setup of heat generation test for MR-safety; a) & b) shows the marked site on
device and phantom to measure temperature, respectively, and ¢) shows visuals of the scanning

of a phantom with the device.

Figure 2.12: An example of structural similarity index measurement (SSIM) map of with device

and without device images.

Figure 2.13: Shows graph (with 95% confidence interval) of the stretched length of elastic belt

vs applied load and fitted polynomial function.

Figure 3.1: A schematic diagram of experiment protocol of study-2a, where a) shows the
subject scan in the supine position in a standing MRI, b) shows the subject’s 45° aligned
position with the ground during scanning, and c) shows the 84° aligned position of a subject
during scanning. d) and e) show the experiment setup’s visuals during scanning of study-2a

and study-2b, respectively

Figure 3.2: Shows the method of meniscal extrusion measurement, where a) represents a
schematic of meniscal measurement at a slice, and b) and c¢) meniscal measurement with slice
selection method using axial oriented reconstructed knee images at the lateral and medial

meniscal hoop, respectively.
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Figure 3.3: Flow-chart of data processing for generating Tibiofemoral-bone-gap (TFBG),
femoral-cartilage-thickness (FCT), tibial-cartilage-thickness (TCT), femoral-cartilage T»-
values (FCT2), and tibial-cartilage T (TCT2). (a) shows an overlay of a bone gap on the
FSPGR image, (b) and (c) shows an overlay of cartilage-thickness on FS-PD and T2-W images,
respectively. (d) and (e) show representative masks of bone gap, cartilage thickness, and (f)
shows a map of cartilage T2 values; the green arrows in (d) show the bone gap is evaluated
normal to each pixel, red arrows in (e) represent the cartilage-thickness is evaluated tangential
to each pixel, and red arrows in (f) show the cartilage T2-value is evaluated as tangentially
average across each pixel; (g), (h), and (i) shows 2D-WearMaps for bone-gap, cartilage-
thickness, and cartilage T2-values, respectively. Rectangular boxes on (g), (h), and (i)
represent the whole lateral region (red-box), the entire medial region (red-dotted line) of each
2D-WearMap; lateral and medial regions of each 2D-WearMap where both cartilage contact
with each other shows in yellow-box and yellow-dotted line, respectively.

Figure 3.4: Shows the flow of development of 2D-WearMap, a) shows the extraction of
parameters from each slice, b) extracted parameters fed in a single image of 2D-WearMap,

and c) shows the division of 2D-WearMap regions for averaging of parameters.

Figure 4.1: The stepwise workflow of the study is presented in the figure; Figure shows two
phases of the study: experimental and simulation; mTFBG is the mean tibiofemoral bone gap,

AmTFBG is the difference between unloaded and loaded mTFBG

Figure 4.2: The stepwise processing of data. a) representative slice of 3D-FSPGR image of
knee joint, b) segmented tissues (cartilage, bone, and meniscus) and overlaid on the grayscale
MRI image, c), d) development phase of 3D surface geometry at MIMICS 20.0 and 3-MATIC
Research 12.0, respectively, e) SpaceClaim platform used to convert STL files in the solid CAD

model and assembly formation. f) Anterior and posterior view of mesh model. g) Zoom-in
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anterior and posterior view to visualize the cartilage and meniscus, tibiofemoral bone gap,

AmTFBG is the difference of unloaded and loaded mTFBG.

Figure 4.3. Comparison of a) rough 3D femoral cartilage model and b) finished 3D femoral

cartilage model

Figure 4.4. Manual comparison of bonded and frictional contact region of rough and finished
3D model; a) Green and pink colour depict rough and smoothened 3D model of femur
respectively; Region shown in figure with black boundary line is of femur-femoral cartilage
bonded contact; b) Violet and grey colour depict rough and smoothened 3D model of femoral
cartilage respectively; Region shown in figure with black boundary lines is of femoral

cartilage-meniscus and femoral cartilage-tibial cartilage frictional contact.

Figure 4.5: a)-c) show bonded contacts, where a femur with femoral-cartilage, b) tibia with
the meniscus, and c) tibia with tibial-cartilage; Left-hand side shows contact bodies, and the
right-hand side shows targeted bodies as opaque; d)-f) shows frictional contacts, d) tibial-
cartilage with the meniscus, e) femoral-cartilage with the meniscus, and f) femoral-cartilage
with tibial-cartilage; Left-hand side shows contact bodies, and the right-hand side shows
targeted bodies as opaque.

Figure 4.6: Subject 1, Subject 1-Repeat, Subject 2, Subject 2-Repeat, Subject 3, and Subject 3-
Repeat power function curve fitting graph for finite-element-analysis (FEA) simulated
strain versus compressive stiffness of weight-bearing tibiofemoral soft-tissues shows in
figure a)-f) respectively; g) shows 95% confidence interval estimation of all subject (All

Graphs Developed in MATLAB R2018a).

Figure 4.7: The deformation profiles of each subject with the FEM model using various soft-

tissue stiffness values.
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Figure 4.8: Effect on contact region during load with the shape of contact area, a) shows
contact area remain same under load if contact region shape is plain surface, b) shows the
increase in the area of contact region under applied load if contact region shape is curvature.
Figure 5.1: Showing the seed point selection for the radial search method.

Figure 5.2: Steps of meniscal FEM study
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