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Abstract

Background: Patient-specific autonomous finite element analyses of femurs, based on clinical
computed tomography scans may be used to monitor the progression of bone-related diseases.
Some CT scan protocols provide lower resolution (slice thickness of 3 mm) that affects the
accuracy. To investigate the impact of low-resolution scans on the CT-based finite element
analyses results, identical CT raw data were reconstructed twice to generate a Imm (“gold
standard”) and a 3mm slice thickness scans.

Methods: CT-based finite element analyses of twenty-four femurs (twelve patients) under stance
and sideways fall loads were performed based on 1 and 3mm slice thickness scans. Bone volume,
load direction, and strains were extracted at different locations along the femurs and differences
were evaluated.

Findings: Average differences in bone volume were 1.0+1.5%. The largest average difference
in strains in stance position was in the neck region (11.0+13.4%), whereas in other regions these
were much smaller. For sidewise fall loading, the average differences were at most 9.2+16.0%.

Interpretation: Whole-body low dose CT scans (3mm-slice thickness) are suboptimal for monitoring
strain changes in patient’s femurs but may allow longitudinal studies if larger than 5% in all areas and
larger than 12% in the upper neck. CT-based finite element analyses with slice thickness of 3mm may
be used in clinical practice for patients with smoldering myeloma to associate changes in strains with

progression to active myeloma if above ~10%.
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Introduction

Smoldering multiple myeloma (SMM) is a precancerous condition diagnosed by blood tests without
symptoms of disease. SMM, often preceding active multiple myeloma (AMM)), is defined in the presence
of 10-60% clonal bone marrow plasma cells (BMPCs), but with no related organ damage (anemia, bone
Iytic lesions or renal failure). It accounts for 15% of newly diagnosed cases [19] and tends to progress
over the years into AMM (the approximate time to progression being 10% per year throughout the first 5
years) [23]. The standard of care for SMM has been observation; nonetheless, randomized studies [25, 26]
confirm the advantage of early intervention in reducing the risk of progression to AMM. Various
methodologies have been proposed to identify SMM patients who are prone to develop AMM; however,
current predictors® appear to be insufficiently sensitive (<75%) [27] and none evaluate bone damage that
might precede the detection of transformation to AMM. Research over the last decade noted the impact of
bone’s microenvironment in MM and its precursors, see [24]. It is conceivable that quantifying changes in
bone stiffness over time for SMM patients may serve as a marker to identify patients who progress to
AMM and potentially may benefit from an earlier treatment prior to the development of overt lytic bone
lesions. Bone stiffness is quantified by performing finite element analyses based on CT scans [7,10],
however the results depend on the resolution of the CT scans.

An autonomous CT-based finite element analysis (AFE) of the femurs, with no analyst intervention,
named Simfini* was developed as a novel measure to accurately estimate bone strains (a quantified
measure of bone stiffness and strength) [2]. Simfini removes analyst subjectivity, automatically segments
the 3D model of the subject femurs and generates a patient-specific report on the femurs’ strains for three
different physiological loadings (stance position and two falling on the side). It is important to note that
the segmentation in Simfini has been trained with CTs from different scanner and validated by
experimental results using CT scans of lower abdomen including part of all femurs with a slice
thickness/spacing of ~1mm [7]. For example, a retrospective study using AFE on CT scans of patients

with tumors demonstrated that 39% of patients may have had a more accurate diagnosis by considering

1 Serum M-protein >2 g/dL (HR: 2.1), involved to uninvolved free light-chain ratio >20 (HR: 2.7), and
marrow plasma cell infiltration >20% (HR: 2.4) [29]
2 Simfini is a trademark of PerSimiO Ltd, Beer-Sheva, Israel.
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AFE as a marker for a pathological fracture [13]. Such AFEs have also been used to assess the risk of
osteoporotic fractures in type 2 diabetic patients, again based on opportunistic available CT scans [16].

As SMM patients routinely undergo a whole-body low-dose (WBLD) CT scan (slice thickness of 3mm)
[28], one may assess bone stiffness changes via AFE and monitor MM evolution. A concept study
explored the sensitivity and responsiveness of CT-based FEA in SMM patients to detect bone-disease
progression, treatment response, and clinical correlates (a retrospective study of 16 MM patients that each
had at least 2 consecutive CT scans of the spine and ~1/3 of the femur) [21]. The study showed promising
trends with a monotonic increase in strain (denotes deterioration of bone strength) in AMM patients, a
decrease in strain (implies bone strengthening) in patients who were responding well to treatment, and no

changes in SMM patients that did not progress to AMM.

AFEs rely on a good resolution of the CT scan they are based on (usually having less than 1-2 mm slice
thickness) which is usually not the slice thickness (ST) used in clinical practice for MM patients who
undergo WBLD CT scans. This research thus concentrates on the influence of the axial resolution
parameter, (ST) on the AFE results for both Simfini-TUMOR (AFE of the entire femur under stance
loading conditions) and Simfini-SENIOR (AFE of the proximal femur under sidewise fall loading
conditions). We focus on ST [6] and quantify differences in AFE results of femurs from CTs with two
different STs (same raw data saved with variant ST and slice spacing - SS), specifically 3mm ST/1.5mm
SS-which is often used in clinical practice compared to the 1mm ST/SS “gold standard”. The goal, by
using the same CT’s raw data, is to keep all variables unchanged except one of interest, the ST, and
quantify the percent difference between the AFE strains due to the change in ST. Only changes in strains
above the determined differences, obtained by AFE of consecutive WBLD CT scans, may be considered

significant to imply changes in the clinical situation for monitoring SMM patients.

Methods

CT-scans

WBLD CT scans of 20 patients were collected arbitrarily from the hospital’s clinic registry at Sourasky
MC for which the same raw data was available to generate CT scans with STs of 1, 2, and 3mm.
Approval by the Sourasky MC institutional review board (0254-17-TLV) was granted. CT scans of 3mm
ST are denoted “whole body low dose”. All patients were scanned with a 1Qon - Spectral CT Phillips

scanner, 120 kVP and kernel B reconstruction. All CT images reconstructed with a slice thickness of 1
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mm were subsequently converted into 3mm thick slices to ensure that the CT raw data was identical for
the various CT scans, i.e., each patient underwent a single CT scan that was post-processed to generate
CT scans where the only varying factor is the ST/SS. The data of each patient and CT-scans are
summarized in Table 1. Tumors were detected in the CT scans in some of these patients.

Table 1. Summary of extracted and eligible information for use in Simfini

Patient 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Gender M F M F F M M M F i F M M F F H F M M M
Age 50 72 68 42 70 74 67 67 36 74 49 74 78 58 57 42 53 69 64 70
Weight |75 ** B8BTS 59 675 69 66.5 795 47 63 74 80 100 72 71 89 70 (L] 80 82

(Kg)
Disease | MM MG SM MM SM MM OS MM MM MG MM
Us M M Us
Imm S S S S S* R-Fs § S S S S NSS NSS NSS NSS S S S S Cf
L-Fs L-I

SS 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

3mm S S S S §* R-Fs § 8 S 8 S NSS NSS NSS NSS § S S Cf Cf
L-Fs LI

SS 15 15 15 15 15 15 1.5 1.5 15 15 1.5 3 3 3 3 15 1.5 1.5 1.5 1.5

** Missing weight for patients 2 & 18, used the artificial weight of 60 kg to examine AFE differences.
Diseases: MM-Multiple Myeloma, SMM-Smoldering MM, MGUS-Monoclonal Gammopathy, OS-
Osteoarthritis.

R- Right femur, L- Left Femur, SS- Slice spacing: S-successful; I-Implant; Fs-Failed to segment; Cf-
corrupt file, NSS-non-uniform slice spacing. *-alert of possible missing DICOM slice.

To represent “lower abdomen” typical CT scans (determining the risk of fracture in the elderly
population), CT scans were also trimmed at 20 mm distal to the lesser trochanter, so the CT scan only
represents the proximal femur as in [16]. These CT scans were used in Simfini-SENIOR to determine the

femoral bone strength with sidewise fall boundary conditions further described below.

AFE Protocol

Simfini-TUMOR/SENIOR version VV2.0.12 was used (see details in [2,5]). It allows an automatic mesh
generation of tetrahedrals with curved boundaries with three optional mesh densities. These tetrahedral
elements with curved surfaces are mapped to the standard element by blending functions so they
accurately represent the bone surface. Over each element, the polynomial degree of the shape functions is
increased from 1 to a maximum of 8 (the p-version of the finite element method), and numerical errors

are evaluated (see [2] for further details). To assure minimal numerical errors, high mesh refinement was
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used and the FE analyses were performed with a p-level of 8 providing an estimated relative error of less
than 5%.

Segmentation

Simfini applies a machine learning algorithm to segment the femurs from a CT scan based on U-Net
algorithm proved to be highly accurate in extracting the femur [22]. The U-Net also detects the slice that
represents the end of the femur, as seen in Appendix D Figure D.1d for stance position, the slice that
represents the end of the femoral head, Figure D.1c and thereafter the femurs are segmented, see Figure
D.1b.

As most clinical CT scans do not use calibration phantoms, a phantom-less calibration was used to
develop a linear relationship between Hounsfield units (HU) to longitudinal Young’s modulus based on
two values — the HU of air and the highest HU in patient’s bone, assumed to correspond to the highest
Young modulus of 20 GPa as described in [1]; any other HU represents a different longitudinal Young
modulus by the relationships given in (1)-(4) together with Poisson’s ratio v= 0.3 [ [1-2,9]. The value a in
equation (1) is termed ‘slope” and is determined from the HUmax allowing the use of relationships (1-4)

to establish the longitudinal Young’s modulus for all pixels [2].

(1) Pash [C%] =0.877 x 1.21 x 1073 x a x HU + 0.08

E Pal = g
2) cort [MPa] = 10200 x pashz'()1 Pasn = 0.486 [—C 3]
E [MPa] = 9 g

(3) E [MPa] = 2398 0.486 [Cm3] > Pasn = 0.3 [Cm3

g
(4) Etrap [MPa] = 33900 x pashz'2 Pasn < 0.3 [%]

Stance position FEA

A force of a magnitude equal to 2.5 body weights was applied to the femurs’ head along a vector that
connects the femur’s head center and estimated intercondylar notch so to emulate a stance position [2].
These anatomical points were determined for each femur impacting the location at which force is applied
on the head’s surface. For each CT scan (Imm and 3mm) we monitored the volume of the femur, location
of the anatomical points, as well as average principal strains at 6 different regions along the femur: the

superior/inferior neck, trochanter, proximal shaft, middle shaft, and distal shaft shown in Figure 1. At
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each region the maximum average tensile/compression principal strain over a 5 mm radius area around a

local extremum was computed.

Figure 1. Regions of interest in CTFEA of the femur. Simfini-TUMOR produces a report with average
max/min strains on the superior/inferior neck, trochanter, proximal shaft, middle shaft and distal shaft
when a load is applied at the femoral head.

Inferior neck

Fall on the side FEA

To represent a “lower abdomen” CT protocol the CT scan was
trimmed at 20mm distally to the proximal trochanter. Such scans

can be used to determine the risk of a hip fracture during sidewise
falls in the elderly population [16]. Simfini-SENIOR applies three
boundary conditions on the segmented femur, two loads which
simulate sideways fall configurations applied at angles y and 9, as
well as stance position load as described above (here the
intercondylar notch was estimated by a U-net algorithm), shown in Figure 2b. Neck fractures were
associated with angles yn = 10° and 6n = 15° denoted as loading A or Fall A, while pertrochanteric
fractures were associated with angles yp = 30° and dp = 45° denoted as loading E or Fall E [18]. The

regions in which strains were reported by the CTFEA are shown in Figure 2c.

Figure 2. Representation of the force applied on the femur. a) Load applied at the femoral head during
stance position at an angle dictated by the vector connecting the center of the femoral head and
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intercondylar notch (determined by CNN when only a short bone is provided). b) Representation of angle
v (the angle between the femoral shaft and the ground during impact) and & (the angle that reflects the
internal or external rotation of the femur relative to the ground) that define the boundary conditions for
sideways fall and dictate the direction of applied load for Fall A and Fall E. ¢) The area of interest when
applying sideways fall boundary conditions: the femoral neck (Fall A) and the anterior and posterior
trochanter (Fall E). Images from [16].

Data Assessment

The results of all loading conditions were used to assess the femurs’ mechanical response. Computational
time for the two femurs of each patient was ~1.5 hours for stance position and 3-4 hours for fall on the
side due to additional loading directions. The time variant was due to the three loading conditions for fall
on the side compared with the singular stance loading force. Simfini is autonomous without analyst
intervention. Figure 3 provides an example of a partial report generated by Simfini for patient 4.
Comparisons were performed for 1 and 3mm ST to qualify differences in AFE results. The percent

change, defined by equations (5-7), was used as a quantitative measure at each location.

(5) Diffyp; (%) & Llamm=Vollhimm 100 o1 = yy, MV

Vollimm
. Ellzmm—Ellimm .
(6) Dif f;(%) £ —*22——2m2 X 100 i = SN,T,PS,MS,DS
imm
(7) Dif f,(%) é%ﬂxwo i =<,T,PS,MS,DS
imm
We denote the superior neck (SN), Inferior neck/ Subcapital (%) trochanter (T), proximal shaft (PS),

middle shaft (MS), distal shaft (DS), voxel volume (VV), and mesh volume (MV).

Bland-Altman plots, defined and plotted by equations (19 & 20) in Appendix E, were used to display

misbehavior of data: either bias, a trend, or inconsistent variability.
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L
!
1

!
1
! ¢
roxunal Sha - o -
Low ) Glnferior neck/ Su amn | 2370 | 23m | o3 186 181 07 Low
!
1

The ris

The risk of fracture in the left femur is low.

3
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CT Parameters E3) M

CT Date 5 /09, 202 Study 1D

Figure 3. An example of parts of Simfini’s report for the 1mm CT scan for patient 4. In (a) the general
details of the patient are provided, a summary of the location of the risk of fracture is noted with an image
generated to the right (blue depicts healthy regions while red denotes regions of risk), and the parameters
of the CT scan are listed, (b) Displays a table where the rows show each region with strain values, the
column shows what value is being calculated. The typical strains are the same for all reports and are the
values of patients with healthy bones. The values in the second column were used as the strain values for
each patient in equations (5-7) & (10-11).

Results

The results were based on scans for 13 patients, 1- 5, 7- 11, 16-18, who had consistent ST and SS within
their CT scans (with 1 and 1.5 SS respectively) and underwent successful segmentation. Patient 6 had an
implant in the left femur and was excluded. Patients 19 and 20 had corrupted files for either 1 or 3mm
scans where the slice interval was irregular (missing a 2D slice in the femoral region) and thus could not
be segmented properly, so were excluded. Patients 12- 15 did not have proper SS or ST for CT scans
(were not in line with previous patients i.e., 3mm ST had SS of 3mm rather than 1.5mm), and thus were
excluded. In addition, patient 3’s left patella was not detected properly during segmentation in Simfini-
TUMOR and the results for the right femur were incomplete and so patient 3 was extracted from the
stance position data. Patient 16 did not segment properly in Simfini-SENIOR due to a dividing voxels

error which has already been addressed in a more recent version of Simfini.
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Table 1 shows the summary of information that was extracted and eligible for use based on the subset
provided; patients marked in grey were used in this report for both loading conditions. Patients marked in
blue were only used for stance loading, whereas patients marked in green were only used in fall on the
side loading conditions. l.e., the information was based on 24 femurs (12 right femurs and 12 left femurs).

Simfini-TUMOR (Stance Position Loading)

The segmented volume (i.e., voxel volume) and the mesh volume (composed of tetrahedral elements) had
a < 2% increase in the stance position, Figure 4. Here the left femur of patient 10 shows >11% change,
this is due to improper detection of the final slice of the distal shaft in 3mm ST CT (further explained
below and shown in Figure D.2). The 3mm ST scans result in most cases a larger volume compared to

1mm ST scans.

% Change Voxel Volume 1 to 3mm % Change Mesh Volume 1 to 3mm
12 T 12 Z
L @ e 1-3mm right
o 1-3mm left
10 10
8 8
6 J
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p 8 1,0 107 1 8 [ 187 1
. 86 ° gd | 870 9 ) 86 it g8 o} 010 o 8
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0 ol
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2 [ =27 ] 2
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1 2z 3 4 5 6 7 B 9% 10 11 12 13 14 15 16 17 18 1 2 3 4 5 6 7 B8 9 10 11 12 13 14 15 16 17 18
Patient Patient

Figure 4. Percent change of voxel and mesh volume between 1 and 3mm scan for each segmented femur.

Graphs in Figure 5 show the percent change of strains from 3 to Imm (for patients 1, 2, 4, 5, 7-11, 16-18)
based on the 6 regions shown in Figure 1. The differences were calculated according to (6-7), where E1
denotes the average maximum principal strain (tension) and E3 denotes the minimum principal strain
(compression) at every given region i. A large variation was noticed in the superior neck with ~30%
change from 1mm to 3mm. For the trochanter a difference of 15% or less is noticed overall in stance
position. In the proximal shaft and middle shaft, we see <16% and <9% difference respectively. In the
distal shaft we noticed a ~20% difference. An outlier in all regions was noted for patient 8 presumably
due to slope detection (addressed below and explained in Appendix B). The total displacement of the
head center was ~5% with an outlier for patients 2 and 8 right and left femur respectively with >10%

difference. Similar patterns were seen in bone stiffness where patients 2 and 8 are outliers (graphs can be
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found in Figure A.1 in Appendix A). The compression principal strains, which follow similar patterns as

the tension strains, are available in Appendix A in Figure A.3.
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Figure 5. Percent change of the average principal strain at the superior neck, trochanter, proximal shaft,
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middle shaft, and distal shaft for each segmented femur.
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Since loading direction (determined by the anatomical points) affects the strains, we investigated whether
inaccuracies of anatomical points are evident. The difference in the coordinates of the head center and the
intercondylar notch was computed by (8) and plotted in Figure 6. Overall, the difference in distance was

~4mm, except for patient 2’s right femur as well at the detection of patient 10’s anatomical points for the

left femur in both the head center and intercondylar notch.

(8) Diff- in Distance i= \/(xSmm - xlmm)z + (YSmm - ylmm)2 + (Z3mm - Zlmm)2 i= HCx,y,z; ICx,y,z

(9) Diff.in Distance yc—ic

= [(\/(xIC —xpc)? + Vic = Yuc)? + (zic — ZHC)Z)

3mm

- (\/(xlc —xpc)* + ic = Yuc)? + (zic — ZHC)Z)1

)

We denote the coordinates of the Head Center (HC) and the coordinates of the intercondylar (IC).
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Figure 6. The graphs above show the difference in distance (in millimeters) of the a) head center in 1-

3mm scans and b) the intercondylar region from 1-3mm.

The distance from head center to intercondylar notch was calculated by (9) and plotted in Appendix A

Figure A.2. This distance affects the loading vector.

As the direction of applied load affects the strains, we investigate how the angle at which the load was

applied changes and if the change in degrees affects the variations in strains. The angles were calculated
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based on (10)-(14). The angle at which load was applied is marginally changed when comparing ST as

shown in Figure 7.

(10) Vector; = (Xic = Xuc, Yic — Yucr Zic — Zuc ) 1= 1mm; 3mm

(11) LengthVectori = \/(xi)z + (Yi)z + (Zi)z i= 1mm; 3mm

(12) Dot productyymm3mm = Vectoryym: Vectorsm, = (x; X x;) + (v; X y;) + (z; X zj)

i=Vectorimm; J] = Vectorsym

(13) Lengthymmszamm = Lengthyecror 1mm X Lengthyecror 3mm

Dot productlmm.mm)) % 180

(14) Change in Angle = (cos‘1 (
Lengthymmszmm n

Resulting Angle from HC-IC Vector from 1 to 3mm
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Figure 7. The change in degrees from 1mm vs. 3mm of the angle at which the loading vector was

applied.
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Figure 8. Change in slope a between 1mm & 3mm scans.

As the Young modulus is based on HU see equation (1), we investigated the slope a of each femur
calculated during segmentation. Differences in said slope can account for variations seen in 1 to 3mm
analysis (see Figure 8). A higher percentage change of slope from 1-3mm was noted for patient 8 which
may explain the large difference in strains noticed for this patient. We address this specific patient in

Appendix B.

To consider a global measure for whole patients, we computed the average percentage change and
standard deviation among all patients and all femurs at the specific locations, see Table 2. This average
was taken to understand the underlying trends in our data, whereas the standard deviation depicts the
dispersion of measurements relative to the average. Here we see the largest average % change in the
superior neck with ~11% and a standard deviation of ~+14%. For the trochanter, proximal shaft, and

middle shaft the average % change was <-5% with a standard deviation of < +7%.

(15) Avg. Change; = Z %

j=1

n (Diff); - %)°

n—1

(16) Standard Deviation; =\]

where i=location, Dif f;= % change of strain value from 1mm to 3mm of the patient (j) at each location

(i), x=the mean of Dif f;, and n= total number of femurs.
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Table 2. The average difference and standard deviation at each location are 1mm to 3mm for Simfini-
TUMOR. Calculations by (15) & (16).

Average % Change + Std
1to3mm
Slopes 18+£1.2
Femur Right; n=12 Left; n=12
Angle 0.0£0.0 0.1+0.1
Volume Voxel 0311 15+32
Mesh 04+11 15+32
Head Center 3.0+38 3.3+5.2
Distance Inner Condyles 18208 30%35
Head Center to Inner 14+47 0.0+4.2
Condyles
Superior Neck 9.3+125 12.3+14.9
. Trochanter 0.0+54 -0.2+6.7
Max. Tension -
Strain % Change Proximal Shaft A46+43 27430
(ED) Middle Shaft 3.0+25 31+28
Distal Shaft 24+123 -24+8.9
Inferior Neck/
Max. Subcapital 75+84 3.3+57
compression
strain % Change Trochanter -4.6+£5.6 -3.8+£6.9
(E3) Proximal Shaft 2.4+4.8 -3.4+46
Middle Shaft -31+28 -3.3+4.2
Distal Shaft -3.8+34 -35+6.1
Total displacement (Utot) @Head center 394492 35440
[mm] % Change o T
Bone Stiffness-Stability % Change 42+49 38+45

Simfini-Senior Fall on The Side Loading

Simfini-SENIOR was distinguished as applying 3 various loads on the femoral bone providing three FEA
results for 3 instances of applied loading directions. The differences were calculated according to (6-7),
where Figures 9 and 10, representing Fall A and Fall E respectively, show a percentage change in

compression strain (compression forces due to impact load are of interest here).

© 00 N o o1 b~ W

10
11
12

Figure C.2 in Appendix C shows a percentage change for tension and compression in stance position in

the regions of the femoral neck and trochanter. Stance position data are of less interest here as we are

specifically interested in sidewise fall.
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Figure 9. Percent change of the average compression strain at the superior neck, trochanter posterior, and

trochanter anterior for each segmented femur with loading conditions applied at Fall A orientation.

Figure 9 represents Fall A loading representing impending neck fractures. Differences in the superior
neck range ~-8-20% with a noted outlier for patient 2 of 33% & 30% for the right and left bone

respectively. Large differences were seen in the trochanter posterior with >25% for patients 2 and 5 as

well as in the trochanter anterior exceeding a 20% in this region.
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Figure 10. Percent change of the average compression strain at Fall E loading conditions at the superior

neck, trochanter posterior, and trochanter anterior for each segmented femur.

Figure 10 shows Fall E loading conditions representing impending pertrochanteric fractures. Here the
superior neck region shows a >10% change, noting a larger difference for the right femur of patient 2.
Large differences were seen in the trochanter posterior with >25% for patients 2,5, and 17 as well as in

the trochanter anterior exceeding 20% in this region.

When comparing the slope acquired to assess bone density, larger differences were noted, specifically for
patients 2, 10, and 18 shown in Figure 11 below. These differences can greatly impact FEA outcome, as
noted above for patient 8 in stance position loading and can explain the larger percent differences noted in

fall on the side FEA analysis.
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2 Figure 11. % Change in slope for Imm & 3mm ST.
3
4 Table 3. Average difference and standard deviation at each location 1mm to 3mm for Simfini-SENIOR.
5 Calculations by (15) & (16).
Average % Change + Std
1to 3mm
Slopes 1.3+44
Femur Right; n=12 Left; n=12
Max. Neck Superior 8.9+14.0 4.4+97
compression
strain % Change | Trochanter Posterior 3.1+£217 4794
E3 -
l(:aII)A Trochanter Anterior 95+ 16.0 9.0+ 16.7
Max. Neck Superior 03+1038 03%55
compression
?tErg;n % Change Trochanter Posterior -3.1+£13.0 -5.1+£10.0
Fall E Trochanter Anterior 42+125 6.8 +11.7
Max. Tension .
Strain % Change Neck Superior 991114 124 +£143
(ED)
Stance Position Trochanter 1.6+9.2 0.8+8.0
Max. Inferior Neck/ 6.4+83 54+6.8
compression Subcapital
strain (E3) Trochanter 46+9.1 22+113
Stance Position
Total displacement (Utot) @Head center [mm] 17499 07+67
% Change
Bone Stiffness-Stability % Change 274115 11+66

%Change Slope From 1 to 3mm
7

% Change

e 1-3mm

-4

L]

— T
12345678 9101112131415
Patient

T
16 17 18

7  To consider a global measure along short bones, average % change and standard deviation among all

8  patients were computed, see Table 3. The averages and standard deviation were computed according to
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(15-16). Here we see an average of <10% difference for Fall A, with a large standard deviation ranging
from 8-24%. For Fall E a lower average of <6% was seen with a STD of up to 15.5%.

Bland Altman plots in Appendix F, show a constant bias for all regions in both stance position and
for fall on the side, without detection of a proportional error or inconsistent/erratic variability. The
intervals of agreements were spread out, yet 95% of the data lay within £1.96 SD of the mean
difference. The bias, lower, and upper limits are displayed in Table F.1 as a precent deviation based
on the difference of means. For stance position a constant bias of < 6.6% is noted for the trochanter,
proximal shaft, and middle shaft in tension and compression with large standard deviations, whereas
the superior neck and distal shaft resulted in larger biases with a larger standard deviation. A constant
bias of <10% for Fall on the Side was noted. The nature of the Bland-Altman plot resulted in
difficulty to decern if, causing the large deviations detected along various regions, were consistent

with one patient.

Discussion and Conclusions

Here AFE results for low-resolution WBLD CT scans (3mm ST), common for SMM patients, were
compared with those obtained via standard-resolution CT scans (Imm ST). The percentage difference
serves for quantifying the changes in longitudinal studies above which should be considered significant
for SMM patients.

Studies on the impact of phantom vs phantomless calibration on FEA results [30] indicated that fracture
risk prediction was very similar (within an 80% range) [30]. More recently, Ataei et al (2022) [31]
evaluated the effects of altered CT scan protocol’s on FEA failure load assessment by phantom and
phantomless calibration. Five cadavers’ femurs were scanned 8 times for varying protocols: phantoms or
phantomless; tube current (mA), peak kilovoltage (kVp), slice thickness (ST), rotation time, field of view
(FOV), reconstruction kernel, and reconstruction algorithm were investigated. Variations in ST of 1mm
compared to 3mm ST are reported to have ~+10% variations in failure load. The study did not consider
stiffness at various regions nor being the ST the only changed parameter (multiple scans of the same bone
alter CT imaging results [29, 32]). Our study is the first, to our knowledge, to compare the influence of
ST in clinical CT scans of 13 patients generated from same raw data on bone strains in different regions

and phantomless calibration.
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AFE produced segmented femurs where the differences in mesh volume followed the same patterns as
voxel volume for all scans, concluding that the mesh represents the femurs’ geometry well. The bone
volume difference between 3 to Imm ST was insignificant with an average difference after meshing of
0.4 £ 1.1% for the right femur and 1.5 + 3.2% for the left. Accurate slice range detection of the femur did
not have to be precise: for example, although a large percent change was noted for the left femur of
patient 10 (~12% difference) the percentage change in stains did not appear to be greatly affected. This is
because the anatomical points were adjusted with the volume. The reason for the segmentation
discrepancy was a part of the knee, which was included in the 3mm ST scan, see Figure D.1. These
changes in volume and adjustments of anatomical points at which loading was applied marginally
affected the direction angle of load with an average 0.1% change in the angle direction. Thus, we found
that ST had a minimal effect on segmentation and any changes due to segmentation seemed to be

negligent in affecting stains.

In some rare instances (as in patient 2’s right femur) due to the automatic segmentation the femur head
may be geometrically distorted changing the dimensions of head and the associated anatomical points,
impacting orientation of applied load. This caused the larger difference seen in bone stiffness, as shown in
Figure A.1 (right). Both 1mm and 3mm ST segmented bones for patient 2 were equally distorted, the
automatic segmentation could not detect the beginning of femoral head properly in both instances due to

the many tumors in the femoral head.

The slope depends on the number of pixels with high HU values, so a lower resolution CT impacts the
maximum HU value, so impacting the HU to ash density calibration. Thus, differences in the slope value
(5% for example for patient 8 in stance position and 6.2% for patient 2 in sidewise fall) lead to notable
changes in strains among various regions throughout the femur. Calibration appeared most significant in
strain deviations. It is important to improve the slope estimation to reduce the differences among different
CT scans. Investigation of other methods in patient specific calibration, such as that in [31], is warranted

in future studies to assess variation in the methodology of phantomless calibration.

Interestingly, when the total displacement at the head center in stance position was assessed, see
Appendix A Figure A.1, patients 2 and 8 stood out as problematic. Patient 2 is due to the distorted head
and patient 8 is due to the slope. This was also the case for sidewise fall analyses, where all patients with
a larger % change in slope experienced larger % change in total displacement at the head center, see
Appendix C Figure C.1(left).
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For the Simfini-TUMOR analyses (for which the entire femur is visible in the CT scan), the strains
exhibited an overall difference of about 5% except at the neck where differences were about 12%. The
standard deviation tended to be large, with femurs for which a 30% difference is noticed at the neck, as
large as 10% difference was noticed at the trochanter and at the proximal and middle shaft a smaller
difference of 5% were observed. The large differences in the femoral neck were due to the overlooked
cortical shell in the superior neck, which is ~1mm thick (longitudinally), in CT scans with a ST of 3mm
this cortical shell may have been partially or completely missed. Holzer et al. 2009 conducted a study
demonstrating that in the femoral neck the cortical bone and its geometry are primarily responsible for the
bone strength [12]. Thus, scans that “overlooked” the cortical bone may provide an inaccurate
representation of the femur’s bone strength this location. This is clearly seen in Figure 5 for the region of
the superior neck where strains for 3mm ST scans were much higher than those in Imm scans
(represented by the positive % change) meaning that the system estimated a much weaker bone in this
region. For the trochanter, proximal shaft, and middle shaft the average % change is <-5% with a standard
deviation of <+7% in tension and compression denoted that on average at lower resolutions produced
strains in tension and compression that tended to be lower, thus interpreting a higher bone strength. The
positive % change in the superior neck compared to the overall negative % change noted in all other
regions signified that in lower resolution the analysis detected a stronger bone apart of the super neck
where, due to this missed cortical bone, bone strength is interpreted to be much weaker. Treece et al. 2012
presented a model-fitting algorithm that allows for the accurate estimation of cortical bone thickness by
identifying sub millimeter cortical shell via a fixed cortex density having promising results for missed
cortical shell correction [11]. Missed cortical shell detection is more pronounced in low-resolution CT
scans making conclusive observations the superior neck non-optimal. To attempt at providing better
biomechanical interpretation at the superior neck, Treece’s methods will be implemented in Simfini and

further assessed in the future.

The distal shaft is highly affected by the fixation or “clamping” of the femur that caused singular artifact
stresses which are wrongly detected as a maximum stain. The large difference in this region was not of
great concern as typically femoral bones do not fracture in this region, unless a large tumor exists which

would be detected visually.

For the Simfini-SENIOR analyses (for which only the proximal femur is visible in the CT scan) smaller
variations for the two loading conditions (Fall A and Fall E) were visible for the compressive strains. The
overall percentage change is mostly below 10% difference. Larger variations were noted in the lesser

trochanter anterior for both Fall A and Fall E, with overall better correlations between the two resolutions
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seen for Fall E boundary conditions compared to Fall A. Possibly, as Fall A simulates impact at the
femoral neck, the “overlooked” cortical shell (as mentioned above) may greatly impact interpreted bone
stiffness yielding varying outcomes compared to Fall E which simulates impact at the trochanter posterior
and anterior. Stance position loading results showed similar tends as seen in Simfini-TUMOR with
differences noted for those patients whose slope was detected differently, see Appendix C Figure C.2. An
overarching trend in fall on the side boundary conditions is the positive % change as opposed to stance
position where a negative % change trend was noted. It appears that, when assigning these boundary

conditions, a lower resolution is associated with stronger bones rather than weaker.

A consistent outlier in the neck and trochanter posterior regions was noted for patient 2’s right femur and
is most likely due to the atypical geometry as noted before. This does not justify the large difference seen
in patient 2’s left femur, for Fall E in the trochanter posterior and anterior, which had typical femoral
bone geometry and was reconstructed properly. A large difference in slope was noted, however, in patient
2 which may account for this larger percent change for the left femur as well as emphasizing the %
change in the right femur. Patients 10 and 18 had a large percentage change in slope as well, and though
this may account for the larger percent change in stains, these large differences were also seen in similar
patients such as patient 9 in Fall A trochanter anterior, where patient 9 had a 0% change in slope. Further
investigation is warranted in assessing how these slopes impact strains in Simfini-SENIOR when

specifically looking at short bones.

When comparing Simfini-TUMOR and Simfini-SENIOR results in stance position one noticed a similar
percentage change in strains at the superior neck. Larger changes were seen at the trochanter in Simfini-
SENIOR analysis in stance position compared to Simfini-TUMOR, however these changes were seen for
patients where a larger change in slope was also noted, strengthening the conclusion that a better
algorithm for slope detected is needed. Patients in Simfini-TUMOR that had larger differences in
compression strains when comparing CT resolution also had larger differences in Simfini-SENIOR in all
three applied boundary conditions. We noticed consistent outliers for patient 5 and patient 8, where the
difference in slope may explain variations in strain detection for patient 8 in Simfini-TUMOR but the same
phenomenon was not seen in Simfini-SENIOR. The reason for these large variations among these two
patients is not clear but may be a result of lytic lesions (softened section of a patient’s bone) seen in the
cortical bone. Similar to overlooking the cortical shell that impacted bone strength, overlooking lesions
that are >1mm longitudinally within the cortical bone may impact interpreted bone strength, although

further investigation is warranted.
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Bland-Altman plots in Appendix E demonstrate that for all regions within the femur the bias is not
proportional to the measurement. The bias itself for the trochanter, proximal shaft, and middle shaft is
relatively low <6% for stance position and <10% for fall on the side with large variations in the upper and
lower limit. The bias, similar to the precent change, denotes a consistent deviation between the two paired
ST variables that must be taken into account when analyzing the AFE results using lower resolution CT

scans.

We conclude that when using stance position loading for CT scans of both 3mm and 1mm ST, the regions
of the femur with relatively small changes in the results are the trochanter (-0.1 = 6.0 %) *, proximal shaft
(-3.6 £ 3.7 %) ", and middle shaft (-3.0 + 2.6 %) ". In these regions an approximate ~ -5% difference can
be assumed interpreting a stronger bone compared to the gold standard of 1mm ST/SS. This is especially
relevant for longitudinal studies aimed at assessing patient specific bone strength in consecutive CT
scans. In such studies any changes above 5% in said regions should be correlated to alterations in bone
stiffness. Large variations are noted in the superior neck limiting the ability to note changes in this region
below ~10%.

For fall on the side loading for the proximal femurs we note for Fall A the following differences: the
superior neck (6.6 = 12.0%) *, trochanter posterior (3.9 £ 16.4%) *, and lesser trochanter anterior (9.2 +
16.0 %) *. For Fall E the following are the differences: the superior neck (-0.3 + 8.4%) *, trochanter
posterior (-4.1 + 11.4%) *, and lesser trochanter anterior (5.5 £ 11.9%) *. For these loading conditions an

average difference of below 10% should not be considered as an alteration in bone stiffness.

WBLD CT scans provide adequate insight on femurs’ stiffness in the specific regions where a change in
bone strains is less than 5% for Stance Position and less than 10% for fall on the side compared with 1mm
CT scans. AFEs will be used in a followup longitudinal assessment for SMM patients with WBLD CT
scans where biomechanically altered bone would be determined if strains are consistently above the

mentioned changed level over a period of time.

Limitations
The number of femurs studied is 24 and a limited statistical analysis of the statistical power of the results

has been performed. A larger cohort may provide a better statistical outcome.

* These averages and STD were calculated based on the outcomes of both the left and right femur.
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Patients’ history was not provided, and many of the analyzed femurs had evidence of lytic lesions. The

impact of various bone diseases on AFE’s outcome is warranted.
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Appendix A

Figure A.1 provides the % change for total head displacement and bone stiffness. In these graphs patients
2 and 8 stand out have a larger % change in displacement at the head center and bone stiffness. The
distance from the head center to the intercondylar notch was calculated by (9) and plotted in appendix A
Figure A.2. This distance affects the loading vector. A greater deviation in distance is noted in patient 10,
however this appeared negligent in effecting stains. Thus, anatomical loading conditions don’t appear
largely impacted due to lower resolution. Larger variations are similarly noted in tension and
compression. Figure A.3 presents the compression strains of the inferior neck/subcapital (IN/S),
trochanter (T), proximal shaft (PS), middle shaft (MS), and distal shaft (DS) were computed from 3mm to
1mm by (7), E3 denotes the minimal principal strain (compression) at every given region i= IN/S, T, PS,
MS, DS. The total head displacement (Utorg) and bone stiffness (BS) were compared from 3mm to 1mm
by A(1) and A(2) respectively. These results, in terms of the difference between 3mm and 1mm scans, are

similar to those of tension as expected.
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Figure A.1 Total displacement of the head center and bone stiffness.
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Appendix B

As Simfini is an automated system, an algorithm is in place to automatically assess CT scan
pixels with the highest HU values to calculate a slope in phantomless CT scans. This slope allows for a
correlation between HU and longitudinal Young's modulus which then assigns inhomogeneous isotropic
material properties at each voxel along the femur. Patient 8 FEA analysis resulted in a 5% change in slope
calculation when comparing CT scans of 1 and 3mm ST. We wanted to assess the impact of the automatic
calculation of slope on the resulting strains to generate an understanding on how greatly this 5%
difference impacts our results. The analysis was rerun for patient 8 where the slope calculated during the
1mm analysis, of 0.7179, was manually changed whilst running the 3mm analysis (overriding the
automated calculation A comparison of % change in strains for patient 8 before and after augmentation of
the slope is provided, see Figure B.1(left) for tension and Figure B.1(right) for compression, difference at
head center, and bone stiffness. In almost all regions a better correlation between the different CT scan
resolution is noted. In the left trochanter rather than a -3% difference a 5% difference is noted, signifying
that a slightly weaker bone is estimated in this reason rather than a slightly stronger. This difference is
negligent as it is in the bounds of results interpreted for previous patients. The results noted here
demonstrate the impact of (an even slightly) altered slope. This warrants an update to the algorithm
assessing slope, especially for fall on the side boundary conditions where short bones are used. Currently
Simfini’s algorithm assesses the largest HU of the left femur to determine the slope used for both left and
right bone, in some cases different slopes were calculated for the right bone which is overridden for the
slope used for the left bone. Possibly interpreting the pixels with largest HU in both bones and then

determining the slope to be used for both bones could provide more consistency.
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Figure B.1 Tension, compression, total displacement at the head center, and bone stiffness/stability
graphs for patient 8 with autonomously calculated slope for both 1 & 3mm analysis compared with
manually inputted slope of 0.71789917 calculated based on the Imm CTFEA. Results for patient 8 are
reported based on manually inserted slope so that the FEA 3mm ST analysis will be assessed with the

same slope used for the FEA 1mm ST analysis.
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Appendix C

Here results for Simfini-SENIOR in stance position are provided. Figure C.1 provides the % change for
The total head displacement (Utoa) and bone stiffness (BS) compared from 3mm by Appendix A
equation A(1) & A(2) respectively. In these graphs patient 2 and 8 standout have larger % change in
displacement at the head center (left) and bone stiffhess (right). Here larger variations are noted for
displacement at the head center for patients 2, 10 & 18 all of which had a larger % difference in slope
between 1 and 3mm ST. Figure C.2 present the tension and compression strains of the superior neck
(SN), inferior neck/subcapital (IN/S), trochanter (T), proximal shaft (PS), middle shaft (MS), and distal
shaft (DS) were computed from 3mm to 1mm by (6) & (7) respectively. E1 represents the average
maximum principal strain (tension) at every given region i= SN, T, PS, MS, DS. E3 denotes the minimal
principal strain (compression) at every given region i= IN/S, T, PS, MS, DS. These results, in terms of
difference between 3mm and 1mm scans, are somewhat similar to those of tension as expected. Patient 5
and 8 results in larger varying compression strains compared to tension, both patients were noted to show

larger differences in stains along all boundary conditions in Simfini-SENIOR.
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Figure C.1 Total displacement of the head center and bone stiffness.
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short bones for each segmented femur with fall on the side loading.
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Appendix D

U-Net algorithm for the segmentation of a femur in the CT-scan are presented in this Appendix. U-Net
detects the slice that represents the end of the femur, as seen in Figure D.1d for stance position, the slice
that represents the end of the femoral head, Figure D.1c and thereafter the femurs are segmented, see
Figure D.1b. Figure D.2 shows the difference in the segmented femur’s-length if 1mm and 3mm scans are
used. Figure D.3 shows the tumors in femur’s head for both Imm and 3mm ST CT scans so the automatic

segmentation could not detect the beginning of femoral head properly - see Figure D.2.

ngﬁl side of CT scan
spacing: 1.0mm

a gixeh 0.9316mm

b.

frontal view lateral view

CT shice

width and 2nd der
H

Length: 379.0 mm total time: 313s

slices: 379

'
\
1}

H
o 200 1000 1200 1400 1600 1800
vimage blurred intentionally CT slice (1186)

Figure D.1. The output file after femur segmentation of the right femoral bone denotes the slice range of
the femur. A) Right half of a CT scan and the detection of the femur in the WBCT, b) Segmented femur
frontal and lateral view, providing the length of the bone, slices range, and total time to segment, c) 2D
slice of the femoral head before reaching the pelvis, detected after being fed into the U-net system, d) 2D
slice detected right above the patella being the last slice of the femur during segmentation, a boundary
condition was applied as though the femur was clamped at the bottom of the distal shaft. E) the graph
shows two curves that represent the width of the femoral bone from the pelvis to the end of the WBLD
CT scan and the second derivative of the width. The large convex curve seen in the graph around slice
1200 signifies the knee bone. This was how the U-net detected the knee and “knew” how to detect the last
slice before the patella, which is noted as the dashed green line on the graph and the CT slice used
denoting the last slice is written under the graph “CT slice (1186)”.
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Figure D.2. A frontal view of both segmented
‘ left femurs of patient 10, Left) Imm Right)
3mm. Femoral bone in 3mm scan is segmented
with a part of the knee.

Length: 366.0 mm

Figure D.3. The first slice detecting the start of the
femoral head for patient 2 Left) Imm Right) 3mm.
The purple region denotes the area that Simini
automatically selected as femoral bone. Both
instances fail to properly extract femoral bone due to
the many tumors. A slightly larger region is
extracted in the 3mm ST CT scan compared to the
Imm.
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Appendix E
Bland Altman plots are presented for the visualization of a bias and if the bias is proportional to the
measurement. It is difficult to decern if the outliers, causing the large deviations, detected along various

regions are consistent with one patient.

A constant bias is noted for all regions for stance position and fall on the side. The bias, lower and upper
limits as a percent deviation based on the difference of means are noted in Table E.1. For stance position
a constant bias of <6% is noted for the trochanter, proximal shaft, and middle shaft in tension and
compression with larger stand deviations, whereas the superior neck and distal shaft result in larger biases
with a larger standard deviation, as seen in the previous measurements. Whereas a constant bias of <10%
for fall on the side is noted. These results indicate that a bias should be considered when using lower
resolution CT scans, but as the bias can be quantified, such scans can be used for CTFEA to predict

patient bone’s strength.

1

(20) Limits of agreement; = (Bias; + 1.96 Standard Deviation;);

Standard Deviation; was calculated by equation (16).
Where i=location, Dif f;= the difference in strain value from 1mm to 3mm of the patient, (j) at each

location (i), = the mean of Dif f;, and n= total number of femurs.

23 Table F.1 Bland Altman plot depicting

e = mean difference at each location for
oreaio|  Lmm and 3mm ST in Simfini-TUMOR
Femur Loction  |% Bias % SD upper % SD lower Measurement and SImfInI-SENIOR CaICUIatlons by
E1 superior Neck -89 13.2 -31.2)x (]_9) & (20)
E1 Trochanter -0.08 18.8 -18.8[x
E1l Proximal Shaft 4 11.7 -3.9|x
El Middle Shaft 3.1 7.7 -1.5[x
Stance Position E1l Distal Shaft -2.5) 60/ -64|x
E3 Superior Neck -6.6/ -25.5 12.5|x
E3 Trochanter 6.1 -12.5] 24.4)x
E3 Proximal Shaft 4.1 -8.6 16.6[x
E3 Middle Shaft 5.9 -7 18.8[x
E3 Distal Shaft -7.3 -13.6 28|x
E3 Neck Superior -3.3| -15.8 9.2|x
FallA E3 Trochanter Poste| -2.8| -30 23.3|x
E3 Trochanter Anter -10, -43 23|x
E3 Neck Superior 0.09 -10.7 10.7|x
FallE E3 Trochanter Poste| 5.8 -21.4 32.9|x
E3 Trochanter Anter| -6.6 -37.1 23.1)x
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Figure E.1. Bland Altman plots E1 (tension) of the superior neck, trochanter, proximal shaft, middle
shaft, and distal shaft for each segmented femur.
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Figure E.3. Bland Altman plots E3 (compression) at Fall A loading conditions at the superior neck,
trochanter posterior, and trochanter anterior for each segmented femur.
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Figure E.4. Bland Altman plots E3 (compression) at Fall E loading conditions at the superior neck,

trochanter posterior, and trochanter anterior for each segmented femur.
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