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Summary

It is estimated that one in four people will develop symptomatic hip osteoarthritis before the
age of 85. Total hip arthroplasty (THA) is the treatment for painful osteoarthritis of the hip
and THA was in 2007 called out to be the operation of the century. This announcement was
made because THA is a life-changing procedure. But, even though it is a surgical procedure
with satisfying results for most of the patients, the need for implants with increased longevity
and better function is still an issue, since patients undergoing this procedure now demand
more than just pain relief. They want a new hip enabling them to continue their active lifestyle

with golf, hiking and swimming.

In the studies I and II presented in this thesis, we evaluate the uncemented THA femoral
components Echo BiMetric (EBM) and Bi-Metric (BM). This evaluation was found relevant
because the BM has been on the market for >30 years with satisfying results; The EBM is the
successor of the BM, made with a design based on the BM design but with theoretical
enhancements. The EBM was introduced in 2007, and to our knowledge, no randomized
controlled trial (RCT) has been made to evaluate this stem. Consequently, we designed and
completed an investigator-initiated RCT with 62 patients (age<75) receiving either the EBM
or the BM femoral component. All patients got a 32 mm chrome-cobalt head and an

uncemented Exceed cup.

In study I, we evaluated the migration pattern of the stem in the femoral bone with model-
based radiostereometric analysis (RSA) and in study II, we evaluated the changes in
periprosthetic bone mineral density (BMD) with dual-energy X-ray absorptiometry (DEXA),
both for 24 months. In study III, we combined the two groups to evaluate if the preoperative
BMD (measured by DEXA) was related to the subsidence of the stem (measured by RSA) at 24

months.

In study I, we found similar migration patterns of the two femoral components and
stabilization after three months as it is expected with cementless, proximally porous-coated
THA stems. Similarly, in study II we found comparable BMD between the two groups and also

the clinical results were satisfying and close to identical.
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In study III, we found no relationship between the preoperative BMD and the subsidence of
the uncemented femoral component in the cohort with preoperative T-score >-2.5, which is

the threshold for osteoporosis.
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Dansk resumé

Det anslas, at en ud af fire mennesker vil udvikle symptomatisk hofteartrose (slidgigt i
hofteleddet) fgr de bliver 85 ar gamle. Et kunstigt hofteled (total hofte alloplastik =THA) er
den kirurgiske behandling af smertefuld hofteartrose og THA-proceduren blevi 2007 udrabt
til at veere "arhundredets operation”. Dette postulat blev fremsat, fordi THA er en
livseendrende procedure. Men selvom det er en operation med tilfredsstillende resultater for
de fleste patienter, eksisterer behovet for implantater med gget holdbarhed og bedre
funktion, fordi patienterne nu kraever mere end bare smertelindring. De gnsker en ny hofte,

der ggr dem i stand til at genoptage deres aktive livsstil med bl.a. golf, vandreture og

svgmning.

[ studie I og Il preesenteret i denne athandling, vurderer vi de ucementerede THA
larbenskomponenter Echo Bi-Metric (EBM) og Bi-Metric (BM). Dette fandt vi relevant, fordi
EBM er efterfglgeren til BM, som har vaeret pa markedet i mere end 30 dr. EBM er udfgrt med
et design, der afspejler sig i BM-designet, men med teoretiske forbedringer. EBM blev
introduceret i 2007, og, sa vidt vi ved, er der ikke blevet foretaget et lodtraeekningsforsgg
(randomized clinial trial = RCT) mhp. at evaluere denne protese. Derfor designede og
gennemfgrte vi et RCT med 62 patienter (alder <75 ar), der enten fik en EBM eller BM
larbenskomponent indopereret. Alle patienterne fik et 32 mm hoved og en ucementeret

Exceed hofteskal.

[ studie I evaluerede vi migrationsmgnsteret af larbenskomponenten med radiostereometrisk
analyse (RSA), og i studie Il evaluerede vi eendringer i den protesenare larbensknogles
knoglemineraltaethed (bone mineral density = BMD) med dual-energy X-ray absorptiometri
(DEXA); begge i 24 maneder. I undersggelse 11l kombinerede vi de to grupper (EBM og BM)
for at evaluere om den BMD fgr operationen (malt ved DEXA) var relateret til nedsynkning af

larbenskomponenten (malt ved RSA) efter 24 maneder.

[ undersggelse I fandt vi et sammenligneligt migrationsmgnster for de to larbenskomponenter

plus stabilisering efter tre maneder, som det forventes med denne type protese.

Tilsvarende fandt vi i undersggelse 1l sammenlignelige BMD-malinger mellem de to grupper,
og ogsa de kliniske resultater var tilfredsstillende og teet pa identiske.
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[ undersggelse III fandt vi ingen sammenhaeng mellem den preeoperative BMD og
nedsynkning af larbenskomponenten i en patientgruppe, hvor alle havde en praeoperativ T-

score>-2,5, hvilket er teersklen for knogleskgrhed.
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Background

History of total hip arthroplasty

One hundred fifty years ago, in 1870, the German surgeon Julius Wolff presented the theory of
the biomechanical function of bone, stating that bone would adapt according to the load or
impact it was exposed to with time. In this way, an increased load would cause a bone mineral
built up and thus stronger bone, and vice versa (4,5). Wolff and others also studied the
structure of the trabeculae of the proximal femur, comparing its pattern to the stress load
pattern of a specific crane, and their observations were the foundation for the development of
the total hip arthroplasty (THA). In 1891 an attempt to replace the femoral heads with an
ivory implant was presented and later, in 1925, a glass hemisphere to cover the femoral head
was suggested to serve as a new surface to arthritic femurs. In 1938 the first uncemented,
stainless steel THA was presented by Smith-Petersen and Wiles using a metal-on-metal
bearing, but a widespread and relatively successful THA solution was not available until the
1960s when McKee-Farrar introduced their idea of a cemented THA. However, the THA as we
know it today was first developed by Sir John Charnley, also in the 1960s, when he invented
the metal-on-polyethylene combination to reduce wear and metal debris (6). And so began

the journey of ‘The operation of the century”(7), as the THA was named in 2007.

The THAs of the 1960s and ‘70s were cemented—a technique borrowed from the dentists.
Cement serves not as glue but as filler or grout to transfer the forces through the implant to
the bone. Due to periods with poor survival of some of these cemented THAs, the

development of cementless designs began anew.

Many considerations have been made in the quest of developing the best THA implants as
briefly implicated above. No implant has been able to restore the innate load transfer in the
proximal femur accurately. Instead, with trial and error, it has been proved that the load
transfer will indeed bypass the proximal femur and go through the metal down to the femur
shaft, possibly causing the phenomenon called stress shielding, especially if the implant is too
stiff. Stress shielding is defined as the reduction in bone mineral density (BMD) visible on
plain radiographs and caused by a reduction of load on to the bone itself, just as Wolff defined

in his theory in the 19th century (5,8). Thus, when a hip stem is implanted, the load will partly
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be taken off at the most proximal of the femur bone, and likewise, the stimuli for bone mineral
built up, leading to resorption of bone. However, as surgical craftsmen (and -women), we
prefer as much building material as possible to work with, in the eventuality of revision

surgery, and this is why we are not happy about the consequences of stress shielding (9-11).

The flexibility (i.e. elastic modulus) of the stem can be altered by using different types of
metallic and by altering the diameter of the stem. It has been proven that smaller diameter
stems and extensive proximal porous coating leads to less stress shielding (8). Generally,
cementless stems produce a load strain more physiological than fully cemented stems with
less stress shielding and thereby better preservation of bone (12). In principle, cementation
can be used for all (13), but cementless THA requires adequate bone quality to ensure the
biological fixation (14,15). Cemented stems are instantaneously fixated during surgery, which
is why they generally migrate less than cementless stems. However, with both concepts, some

subsidence and retroversion are expected in the immediate postoperative period.

Once materials better suited for bone ingrowth or on-growth were developed in the 1980s
and with the significant Boneloc-cement scandal in the early 1990s (16-21), cementless
fixation gained popularity worldwide. Nowadays, both cemented and uncemented techniques
are used with slightly different indications. Overall, in younger people with good bone quality,
preservation of bone stock for possible future revision surgery is essential; consequently,
cementless THAs are predominantly chosen. The cemented THAs are the first choice for
people who are thought already to have more inferior bone quality or less bone stock,
typically elderlies, who also have a shorter expected lifespan and thus a lesser expectation of
revision (14,22). However, revision due to aseptic loosening is the lowest for the cementless
THA at all ages when surgery is performed based on primary osteoarthritis. Most THAs are

now cementless (23).

RSA

Radiosteriometric analysis (RSA) is a technique presented by Selvik in 1974 (24) and since it

has been taken from a manual calculation procedure to a digital.
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RSA, when used for implant migration analysis, is a way to measure small movements over
time between the implant and the bone. This is done by placing both in the same 3D
coordinate system simultaneously and taking a series of X-rays over a defined timespan (most
often years). Like in an old animated movie, one will see the movement of the implant in the
bone from time point to time point. RSA is a very accurate measure (25), making implant
evaluation on smaller patient groups possible and thus a useful tool when balancing between
medical progress and the mantra “primum non nocere”. Consequently, RSA has been
suggested as a permanent part of the phased stepwise introduction of new implants as first
described by Malchau in 1995 (26) and later modified in 2011 by Nelissen et al. (25). They

recommend two-year clinical RSA trials as the second step.

To represent the bone, we need a marking for that has qualities of high radiodensity, making
it visible on X-rays, and high biocompatibility, to ensure no harmful side effects. For this
purpose, beads of Tantalum with a diameter of 0.5-1.0 mm has proven to meet both demands,
and they serve as markers representing the bone when inserted during surgery. Regarding
the implant, in our case THA, there are two possibilities. The first is to have markers attached
to the implant (marker-based RSA) the other possibility is using computer-assisted models
(CAD) while processing the images in the RSA-software (model-based RSA or MB-RSA). The
first might be more accurate (27,28), however with the latter, no design changes are done,
and it is possible to use of-the-shelf-implants.

A minimum of three well-distributed markers are
X-ray tubes

needed for each bone segment, but it is
recommended to use six to nine tantalum markers
to get a satisfactory distribution of markers and to
prevent X-rays that later proves useless for RSA
because of markers hidden behind the implant
(29). The markers are inserted during surgery with

a special marker injector (a spring device).

Next step is to place the patient in a coordinate ' alibration cage

Figurel An RSA setip
16



system and take a picture of it. To do this, there

- . . Xray tube
are two necessities (besides the patient): 1) a .
Focus 1 Focus 2
calibration cage; this is the coordinate system,
and 2) simultaneous exposure of two X-ray
tubes in two different (but known) projections.
Control points
(Figure 1). The calibration cage used for RSA of
S . . Fiducial marks

the hips is a flat, uniplanar model (Figure v & \ S o
2(30)) with tantalum markers embedded in a Lo s & .
known pattern: fiducial markers in the

. . Film cassettes
horizontal surface, control markers in the Figue 2 The calibration cage (UmMRSA 4igure from their

manual)

elevated, horizontal mid-part of the

calibration cage.

For evaluating the stability and distribution of markers, the terms “mean error of rigid body
fitting” and “condition number” must be reported. Mean error of rigid body fitting (ME) is
defined as a measure indicating the mean change of relative positions of the tantalum markers
over time compared to the reference configuration (in the same object/hip/patient). Meaning,
this is a stability measure. It is proposed that ME should be <0.35mm (29). The spreading of
tantalum markers is estimated by the condition number (CN)—the lower the number, the
better the distribution. CN should be kept <150 (31).
With this method, it is possible to measure
Y movement along (translation) and around
(rotation) the axes X, Y and Z (Figure 3). When
measuring on femoral components, the Y-
f translation and -rotation are the most noteworthy
=) X (since a negative Y-translation value is equal to
subsidence and a positive Y-rotation is

Z retroversion).

As mentioned, RSA is considered a highly accurate
Figure3 Thecoordinate system method. By determining the early micromotion the

first 24 months after surgery, it is possible to
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identify the THAs at risk of reoperation due to aseptic loosening. In 1994 Karrholm et al. (32)
showed that the probability of revision was greater than 50% if the subsidence for cemented
femoral components was 21.2mm and van der Voort et al. (33) later reduced the threshold for
acceptable migration to 0.15 mm also at 24 months. This study applied for “shape closed
stems” only, and it has turned out that different stem designs and fixation methods require
different migration thresholds. For example, the forced closed cemented stems are designed
to slowly, but continuously subside (>1.2 mm); nevertheless, they have satisfying survival and
good clinical outcome after ten years (34). Concerning the uncemented femoral components,
no similar threshold has been demonstrated; even so, the 24-months mean subsidence has so

far been reported being in the interval 0.1-0.99 mm (35-45).

DEXA

Bone mineral density (BMD) (g/cm?) is a
measure of the amount of bone mineral in bone
tissue, and it is measured by dual-energy X-ray
absorptiometry (DEXA) scan (Figure 4). DEXA
works by conveying two low-dose X-rays which
are absorbed differently by bones and soft
tissues. The density profiles from these X-rays

are used to calculate BMD. The BMD is

proportionally related to the strength of the

bone, and low levels of BMD lead to increased Figure4 The DEX#Acanner

risk of fracture (46). When a DEXA scan is

performed, the software will calculate the BMD according to the regions of interests (ROI)
defined by the user.

BMD has been shown to decrease directly after surgery, initially because of the operative
trauma and postoperative immobilization, later on, because of stress-shielding and finally
because of foreign body reaction (47,48). Furthermore, the weaker the bone quality, the more
challenging revision surgery becomes. However, the adaptive bone remodelling also begins

postoperatively to counteract the degrading effect of surgery. Adaptive bone remodelling is
18



determined by biomechanical factors and is related to the balance in bone metabolism
between osteoclasts, osteoblasts and growth factors (49,50).

The natural peak in BMD is around the age of 30 years. Subsequently, the goal for bone health
is to keep as much bone mineral as possible for as long as you can. The BMD of the hip is
interpreted by using the World Health Organizations’ definition of T- and Z-score (46,51). The
T-score is a calculation of a person’s BMD matched for sex and ethnicity and expressed as the
difference relative to the 30-year old population. Three groups are defined to represent the
groups normal, osteopenia and osteoporosis (Figure 5) and the relative risk of fracture has
been shown to drastically increase with T-score<-2.5 (46). Z-score, on the other hand, is a
calculation of a person’s BMD matched for sex and ethnicity and expressed as the difference

relative to the age-matched population in standard deviations.

Relative
Risk of \
Fracture ™

Osteoporosis Osteopenia Normal

\
1\

20

15

10

\

J I | ! ] {

-3 -1 0
T-score

Figure 5 The relative risk of fracture by T-score (46)
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Hypothesis and aims

Study |

This study aimed to investigate potential differences in migration pattern between two
different designs of porous-coated uncemented titanium alloy hip prostheses; the Bi-Metric®
Full Proximal Profile THA stem (BM) and the Echo® Bi-Metric® (EBM) stem (Zimmer Biomet,
Warsaw, Indiana, USA). To do this, we used model based-RSA (MB-RSA).

Hypothesis: The uncemented EBM THA stem shows a migration pattern with less total

subsidence compared to the uncemented BM THA stem.

Study Il
This study aimed to investigate if there is a difference in periprosthetic adaptive bone
remodelling between two different designs of porous-coated uncemented titanium alloy THA

hip stems, the BM stem and the EBM stem. To do this, we used DEXA to measure BMD.

Hypothesis: The uncemented EBM THA stem shows less loss of periprosthetic bone compared

to the uncemented BM THA stem.

Study IlI

We aimed to evaluate if preoperative BMD of the trochanteric area or the femoral shaft is
related to femoral stem subsidence (Y-translation) in uncemented THA in a population of
patients without diseases affecting the bone metabolism. Furthermore, we aimed to
determine if a standard hip DEXA scan for diagnosis of osteoporosis could be used for the

above purpose.

Hypothesis: low preoperative BMD is related to higher femoral stem migration in patients
with T-score=-2.5.
Because our primary outcome hypothesis later was rejected, we went on a little further and

asked: could there be a possible relation between the postoperative stem migration at three

20



and 24 months and the preoperative BMD when data is dichotomized into subgroups of T-

score>-1 or <-1 and Z-score>0 or <0?

21



General Methodology

Study | and I

In these two randomized controlled trials, we enrolled and randomized 62 patients 1:1,
planned for an uncemented primary THA to receive either an Echo® Bi-Metric® Full Proximal
Profile (EBM) (n=31) or a Bi-Metric® Porous Primary (BM) (n=31) THA stem, both from

Zimmer Biomet (Warsaw, Indiana).

Study I
Study III is a cohort study with preoperative DEXA scans, and 24-months RSA follow up after

primary THA in which the study groups from the studies I and II are considered as one cohort.

Eligibility criteria

All studies
The inclusion criteria were:
1 Patients with primary osteoarthritis bound to undergo THA at the Herlev-Gentofte
Hospital, Department of Orthopaedic Surgery, Hellerup, Denmark,
1 Age 30-75 years
Y Informed consent
The exclusion criteria were:
9 Infections, disorders of the structure of bone (osteoporosis, osteomalacia and Paget’s
disease)
9 Disorders of bone mineral metabolism (hypo- or hyperparathyroidism, vitamin D
deficiencies or cancer)
1 Pregnancy
9 Inability to cooperate
1 Inability to understand, read or speak Danish
Y Maedicine or alcohol abuse
9 Previously included in the study with the contralateral hip

Secondary exclusion criterion:

22



1 Technical shortcomings, such as poor image quality.

Randomization

Study | and I

Allocation was performed as block randomization with blocks of ten and was done on the day
of surgery using a closed, non-transparent envelope opened in the operation theatre, when
the patient was ready for surgery. The allocation was confirmed by all relevant staff (two
nurses, the surgeon and the primary investigator) at the “time-out” (after disinfection and
draping but before the first incision).

Before the first operation, the randomization code was generated by a web-based program,
and the envelopes with each allocation were sequentially numbered and kept securely stored.
The sequence was locked away at a different location (Rigshospitalet). A colleague outside the
project did the randomization allocation sequencing and packaging of envelopes. The primary

investigator did screening and enrolment.

Surgery

All studies

All operations were performed by one of four experienced hip surgeons. Each surgeon
performs approximately 120 THA-operations a year, and the department routinely uses 100%
uncemented THA-implants. Surgery was performed according to standard procedure with a
posterolateral approach and following the manufacturers’ guidelines. Before each procedure
and allocation, the surgeons templated both stems on the calibrated radiographs to anticipate
the size and position of the stem and cup.

All patients received a 32mm chrome-cobalt head, and an Exceed ABT ringloc-x acetabular
shell with a highly cross-linked polyethylene liner. Surgery was performed under spinal or
general anaesthesia, and no additional local infiltration anaesthesia (LIA) was injected.
Physiotherapy began on the day of surgery, and the patients were mobilized with full weight-
bearing using crutches. All patients were given oral anticoagulants according to the praxis of

the department (Rivaroxaban until discharge), and prophylactic antibiotics (Dicloxacillin, 2 g
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preoperatively and 1g x 2 postoperatively) during the first 24 hours. Patients with
postoperative pain were given Paracetamol (1g x 4) and, if needed, Oxycodone Hydrochloride.
No NSAIDs or steroids were used. Due to visual differences of the two prostheses, the surgeon

and health personnel were not blinded. The participants were all blinded.

Implants

Both stems are press-fit titanium alloy stems with a proximal plasma spray porous titanium
coating designed for biological fixation. The distal part of the stems has a roughened titanium
surface for bone on-growth (Figure 6). The BM was introduced in 1984. It has shown good
clinical results and stem survival in register studies (52-55). The EBM was introduced in
2007 and is - compared to the BM - a relatively new implant that is now in routine clinical use
in Denmark; in 2018 626 EBM stems were used compared to 784 Bi-Metric stems (56). The
EBM stem uses many of the features of the BM while integrating new design features to
enhance further the clinical performance. The changes

are:

1 Reduced neck dimensions, designed to allow for
increased range of motion and decreased risk of

neck impingement.

1 A polished neck, designed to reduce debris if

impingement should occur.

9 A polished bullet-shaped distal tip, designed to

reduce distal stresses.

1 The proximal porous-coating has been extended to

support the biological fixation further.

Figure6 Theimplants. The BM to
the left and the EBMto the right
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RSA
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During surgery, just before the final placement of the stem, a
total of eight to10 tantalum markers (0.8 mm) were inserted in
a well-scattered manner into the regions of the trochanter
minor and trochanter major, respectively. These serve as
markers representing the bone. Instead of markers on the
stems, we used CAD models from the implant manufacturer
incorporated in the RSA-software, giving us the possibility of
MB-RSA.

Within a week of discharge, and after mobilization, the patients
had their baseline RSA X-rays taken at the Department of
Diagnostic Radiology at Rigshospitalet, Copenhagen, Denmark

(mean (range) EBM=6 days (1-10 days); mean (range) BM=7

Figure7 The actual RSA seip

days (5-11 days)). Here, the required set up with two ceiling-

mounted X-ray tubes was used together with a uniplanar calibration cage to take two
simultaneous digital X-rays in an angle of 42° apart (Figure 7). The patients were placed in a
supine position and the operated limp fixed in maximum external rotation to visualize as
much of the trochanter minor as possible. The subsequent follow-up examinations were
scheduled at 3, 6, 12 and 24 months.

All RSA pictures were analysed at the Biomechanics and RSA-laboratory at Skdne University
Hospital, Lund, Sweden (Figure 8).

Mean error of rigid body fitting was limited to 0.35 mm. The condition number limit was set at
150.

Software: Model-based RSA software (version 4.1; RSAcore, Department of Orthopaedic
Surgery, LUMC, the Nederlands).

Precision

A total of 55 double examinations were performed with total reposition of the patients, to

estimate the precision of the RSA set-up, i.e. the random deviation. Precision error (PE),
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defined as two standard deviations, was calculated for the rotational and translational
segment motions. Mean PE for X-, Y- and Z-translation was 0.15mm, 0.27mm and 0.54mm,

respectively. For the X-, Y- and Z-rotation PE was 0.82°, 2.32°¢ and 0.25°, respectively.

Ortopedisk klinik
-Biomekaniskt lab.

O

(o)

o y
+3MRSAZWJ:’ l °_¥

"

Figure8 Screendump during RSA computezation

26



DEXA
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In our studies, a Norland XR-46 bone densitometer (Norland Corp, gﬂﬁ
Fort Atkinson, WI) was used for measurements of BMD (g/cm?). It
has customized software with an adjustable threshold for metal
exclusion, allowing BMD measurements of the bone adjacent to
the implants (this is called “high-density point exclusion”). Quality
control of the machine was performed using daily calibration
before the first scan. All the DEXA-scans were carried out by

trained health professionals.

Study |

DEXA-scans were performed at the Department of Orthopaedic

Surgery, Rigshospitalet, Copenhagen, Denmark. Scans were done
within a week of surgery and at three, six, 12 and 24 months after  Figureg ADEXA scan with the sen
surgery. We scanned the operated hip, from the level of the regions of interest (ROI-T)
acetabulum to a minimum of two cm distal to the tip of the stem, and both proximal tibiae.
Sandbags secured rotation of the leg. Scan speed was set at 45 mm/s and the pixel size at 1.0 x
1.0 mm.

When the 24-months-scans were performed, seven regions of interest (ROI) were placed
manually on the femur scans to represent the seven Gruen zones as in an anteroposterior X-
ray (Figure 9). The high-density point exclusion was kept at the same level for the individual
patient for the entire follow-up but varied from 3500 to
6000 between patients. We used modified Gruen zones, as
described by ten Broeke et al. (57). All ROI-markings were
performed starting with the marking of ROI3, then ROI2,

ROI1, ROI4, ROI5, ROI6 and ROI7.

DEXA scans of both the proximal tibiae were made for

comparison with bone metabolism in other parts of the

Figue 10 A DEXA scan of the proximal tibia
body. On these scans, a single ROI (1 cm long) was placed ~ with oneROI

just distal to the subchondral plates of the tibial condyles (Figure 10).

27



In all these nine separate regions, the local BMD was automatically calculated by the software.
All the ROIs were placed after all scans were made, to ensure that they were exactly alike for
the individual participant from one data-point to another. Equally, all ROIs were placed for

one participant at a time and solely by the primary investigator.

Study Il

DEXA-scans were also performed before surgery. Two different scans were performed:

1) The hips to be operated were first scanned starting from the level of the acetabulum and
ending 25 cm distally (scanned using the research scan option) (Figure 11). Sandbags
secured a stable and correct rotation of the leg with the foot in an upright position.

The research scans were not analysed until after 24 months of follow-up had been
completed for all patients. Two regions of interest (ROI) were placed manually on the
computerised scan plots to represent the trochanteric region (ROI(t)) and the shaft region
(ROI(s)), respectively (Figure 2). All ROI-markings were
performed starting with the marking of ROI(s) beginning just distal
to the trochanter minor and ending 10 cm more distal. Then the
placement of ROI(t) beginning proximal to the ROI(s) and
including both trochanters up until a line representing the cut-off
angle 1 cm proximal to the trochanter minor (45°). In these two
separate regions, the local BMD was automatically calculated by

the software.

2) Besides the scans described above, we made a preoperative
standardized osteoporosis scan of the hip, with the calculation of
BMD of the femoral neck and the corresponding T- and Z-scores

(normal population: Fem Neck Caucasian Copenhagen 93 v 2.3)

(Figure 12). For these scans, we used the manufacturer’s particular
fixation device to fixate the pelvis and lower limbs to ensure a Figue 11 DEXA scan with

reproducible hip BMD measurement. ROID and ROI(s)
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For the ‘research’ scans, scan speed was set at 45 mm/s and the pixel size at 1.0x1.0 mm, and
as to the standard osteoporosis scans, scan speed was set at 90 mm/s and the pixel size at

1.0x1.0 mm.

L T = Left Hip on 08/09/16 13:42

Fem Neck caucasian
Cq-enha;en 93 v 2.3

S

________

20 AGE 90
08/09/16 0.742

% Young Ref. 79.7
T - Score -1.53
% Age Matched 95.5
Z - Score -0.29

Bone image not for diagnosis

Figue 12 Standard hip osteoporosis DEXA scan

Precision

Precision of the BMD measurements used in the prospective follow-up study was evaluated
by double measurements of 11 participants by calculating the coefficient of variation (CV =
(standard deviation (SD) / mean) x 100%). For the different ROIs we found the following CVs
presented as mean and range: CVroi1 = 2.6% (0.1%-9.5%); CVrorz = 0.9% (0%-3.2%); CVroiz =
1.6% (0.2%-3.2%); CVro4 = 1.3% (0.1%-2%); CVrois = 1.4% (0%-3.7%); CVrois = 1.7% (0.2%-
4.3%); CVror7 = 3.3% (0.4%-8.1%); CVRrolknee = 2.2% (0.1%-12.1%).

For the preoperative cross-sectional scan data (ROI(t), ROI(s), and standardized osteoporosis
hip scan (femoral neck region)) no evaluation of precision error was performed in the present
study. But it has previously been found that precise measurements of BMD can also be done at
more unconventional skeletal sites (58) and it is well-known that standardised measurements

of BMD of the femoral neck can be done with a CV of 1-2 % (59).
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Clinical outcomes

Study | and

The clinical outcomes were monitored with Harris Hip Score and Oxford Hip Score

preoperatively and at six, 12 and 24 months (60-64).

Harris Hip Score (HHS)

HHS is a classical surgeon reported outcome measure and has a maximum score of 100 points
(as the best possible outcome) covering pain (1 item, 0-44 points), function (7 items, 0-47
points), absence of deformity (1 item, 4 points), and range of motion (2 items, 5 points).

Minimally important difference estimate for HHS is 18 (64).

Oxford Hip Score (OHS)

The OHS is a patient-reported outcome measure to assess pain, functional ability and daily
activities. It produces overall scores running from 0 to 48, with 48 being the outcome with the
least symptoms. In the period 2009-2011, it was translated, adapted and validated for use in
Danish (61). Minimally important difference estimate for OHS is 5 (60).
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Outcome measures

Study |

Primary outcome measure:

Y-migration (translation and rotation) at the time intervals three, six, 12 and 24 months to see

if there are any statistically significant differences between the groups.
Secondary outcome measures:

X- and Z-movements at the time intervals three, six, 12 and 24 months to see if there are any

statistically significant differences between the groups.

Clinical outcome monitored with HHS and OHS (postoperatively and at 6, 12 and 24 months).

Study I

Primary outcome measure:

The percentage change in BMD (ABMD) in the seven Gruen zones at 24 months (set against

the first scan) with a comparison between the BM and the EBM group.

Secondary outcome measures:
Adaptive bone remodelling measured by the ABMD in the proximal tibiae bilaterally at 24

months (compared with the first scan).

Clinical outcome monitored with HHS and OHS (postoperatively and at 6, 12 and 24 months).

Study IlI

Primary outcome measures:

Preoperative BMD of the proximal femur (ROI(t) + ROI(s)) for the examination of a relation
with postoperative subsidence of the femoral component (data from study [) in primary
uncemented THA

Secondary outcomes measures:

31



BMD of the femoral neck for the examination of a relation with BMD of the proximal femur
(ROI(t) + ROI(s)).
BMD of the femoral neck with the calculation of T- and Z-scores form preoperative standard

osteoporosis DEXA scans.

Ethics and registration

The studies were collectively approved by the local Ethical Committee (H-4-2014-079), by the
Danish Data Protection Agency (GEH-2015-079, I-Suite no. 03764) and prospectively
registered at ClinicalTrials.gov (NCT02656771). The studies were carried out following the
principles of the Helsinki declaration.

All patients were informed orally and in writing as prescribed in the recommendations and
requirements from the local Scientific Committees. Written informed consent was obtained

from all the subjects before enrolment.

Statistics and sample size

All data are presented as mean with SD or 95% confidence intervals (Clos) unless otherwise

reported.

Study |

Our power analysis was based on the standard deviation (SD) for the migration after 2 years
of follow-up from two previously published studies, in which information regarding SD were
available in the publications (13,65). Hence, our SD was 0.69 mm, our minimal relevant
difference (MIREDIF) = 0.6 mm, type I error = 5% and type Il error = 15% (resulting in a
standardized difference of 0.87). Aiming for a power of 80 to 90%, we estimated a minimum
of 23 hips in each group (66). We included 31 in each group to accommodate future dropouts.
Data were tested for normality by histograms, QQ-plot and Kolmogorov-Smirnov, and found
not normally distributed. For evaluation of potential differences between the mean
migrations, we used a Mann-Whitney U test.

The Mann Whitney U test was used to compare the groups with regards to clinical scores. The
statistical software SPSS (IBM) version 24 was used.
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Study 1l

Our power analysis estimated a minimum of 20 people in each group based on a MIREDIF =
7.5% (BMD change between the two groups at 24 months), SD = 8%, Type 1 error = 5% and
type 2 error = 15%. We did not find any study with precise information of the SD of the
percentages in BMD why we estimated an SD of the changes in BMD of 8% for calculation of
sample size (resulting in a standardized difference of 0.94).

We included 31 to accommodate future dropouts.

Data were tested for normality by histograms, QQ-plot and Kolmogorov-Smirnov, and found
normally distributed.

For the evaluation of potential differences between the mean BMD changes of each group, we
used an independent t-test. A t-test for paired data was performed for comparison of the
immediate postoperative BMD value and the value after 24 months. Furthermore, repeated
measurements ANOVA were added for evaluation of within-group changes in BMD over time.
Where Mauchly’s test indicated that the assumption of sphericity had been violated the
Greenhouse-Geisser corrected tests are reported (¢=0.59).

The Mann Whitney U test was used to compare the groups with regards to clinical scores.

The statistical software SPSS (IBM) version 24 was used.

Study I

Demographic data were found to be normally distributed. From the RSA study, we knew that
there is no statistically significant difference between the two groups with regards to
migration of the stem (1); hence, we consider them as one group, and no stratification for

implant type was done.

We used linear regression analysis to evaluate if preoperative BMD of the femoral neck from a
standard osteoporosis DEXA scan could be used to predict the preoperative BMD of the
specially designed regions ROI(t) and ROI(s), respectively. Additionally, we analysed for a
potential relation between BMD measured in the femoral neck region, the ROI(t) or ROI(s)
and femoral stem migration expressed as the numeric value of the Y-translation at three and

24 months. We present the Y-translation in numeric value because we find that any
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movement, whether distal or proximal, is undesirable. However, since the Y-translation is
predominantly negative, i.e. distal migration, we refer to Y-translation as subsidence unless
otherwise stated.

The results of the regression analysis are presented graphically with a scatter plot and the
regression line with both Clys and the 95% prediction limits, the p-value and the coefficient of
correlation (R).

To test if a possible non-linear relation between stem migration and BMD existed; the Y-
translation data were divided into subgroups based upon two clinically relevant parameters
from the preoperative standardized osteoporosis scan of the hip:

T-score>-1 or <-1 and

Z-score>0 or <0.

A possible difference in subsidence between groups of dichotomised data was evaluated using
unpaired t-test.

The statistical software Rstudio version 1.0.136 was used for all calculations.
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Results

Study I and II

Of 116 people assessed for eligibility, 66 were included, four as pilot-patients and
consequently, 62 were randomized (Figure 13).

In the BM group, two participants died due to other reasons before 24 months had passed;
two participants were re-operated, one due to periprosthetic fracture and one due to
excessive subsidence, both within three months of the primary operation.

In the EBM group, one participant did not want to proceed in the study beyond 12 months and
in one case we had to exclude the patient from the DEXA study at 24 months because of
technical difficulties. Data for these patients are included in the studies for as long as they
individually have participated.

Recruitment period: 02-04-2016 to 09-13-2017.

Follow-up period: 03-03-2016 to 06-20-2018.

Baseline data and clinical outcome
The groups were similar concerning patient characteristics and perioperative data (Table 1).

We found an increase in HHS and OHS from the preoperative scores to the 24-months-scores
for both groups (Table 2). The HHS score increased from 67 (preoperative) to 98 points (24
months) in the EBM group (+31 points) and from 61 (preoperative) to 99 points (24 months)
in the BM group (+38 points). The OHS score increased by 23 points in both groups. We found

no statistically significant differences between the groups.
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Assessed for
eligibility (n=116)

Excluded (n=2);
due to diseases
affecting
bonemetabolism

Declined (n=48)

/

\

Randomized
(n=62)

v v

Pilots (n=4)

Bi-Metric (n=31)
Lost to follow-up (n=4); 2

|
Lost to
(follow-up (n=1)) - | 24-month follow-up due to revision; 2 due to

I death
\4
DEXA =27
A
DEXA =27

Figure13 Flowchart for study | and Il

Not analyzed
(n=1)
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Bi-Metric Echo Bi-Metric
Age in years (mean/range) 65.5/49-74 62.8/50-74
Sex (male/female) 17/14 17/14

Height in meters

(mean/range)

1.77 (1.6-1.96)

1.76 (1.61-1.91)

Weight in kg (mean/range)

84 (50-124)

83 (54-122)

BMI (mean/range)

26.6 (17.9-38.3)

26.7 (20.1-35.6)

Operated side (right/left) 18/13 15/16

Cup size (mean/range) 56/50-62 56/50-62

Stem size (mean/range) 12/9-16 11/7-16

Mean time from operation to 6.7 6.3

first follow-up (days)

Table 1 Baseline demographics
HHS OHS
Mean (range)
BM EBM p-value BM EMB p-value

Preoperative 61 (38-82) 67 (31-85) 0.1 24 (10-35) 23 (9-40) 0.7
6 months 92 (61-100) | 91 (70-100) 0.2 43 (29-48) | 44 (27-48) 0.5
12 months 97 (81-100) | 95(73-100) 1 46 (31-48) | 44 (26-48) 0.3
24 months 99 (91-11) | 98 (49-100) 0.6 47 (43-48) | 46 (21-48) 0.9

Table 2 Clinical scores; Harris Hip Score (HHS) and Oxford Hip Score (OHS)
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Study I

Primary outcome:

Subsidence (Y-translation) for both the BM and the EBM stem is seen with a decline from zero
to three months (Table 3, Figure 14). At three months the stems have subsided -2.5 mm for
the EMB and -2.2 mm for the BM stem, but there are no statistically significant differences
between the groups at three months or any of the measure points from three to 24 months.
There were no statistical outliers and no subjects with continuous migration concerning y-
translation (Figure 15).

The ante-retroversion (Y-rotation) for both groups is found with matching curves between
the groups; from zero to three months an incline and then stabilization at close to 2.5° of
retroversion (Table 3, Figure 14).

From three to 24 months, we found three consequent outliers in Y-rotation. Outliers are

presented in Table 4 and are all included in the analysis in Table 3.

Secondary outcomes:

The varus-valgus tilt (Z-rotation) shows similar movements between the groups, with a little
valgus tilt and no statistically significant differences (at 24 months BM=2.0°, EBM=2.0°, p=0.7)
(Table 3, Figure 14).

Likewise, the mediolateral migration (X-rotation) as well as X- and Z-translation is seen with

early maximum movement and the stabilization after three months (Table 3, Figure 14).
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3 months 6 months 12 months 24 months
(BM n=29) (EBMn=31) | (BMn=29)(EBMn=31) | (BMn=28) (EBMn=31) | (BM n=27) (EBM n=30)
Mean |  Close P Mean | Closy P | Mean | Closs, | P | Mean | Close p
Stem translation, segment motion, mm
Y-translation ¢
BM -2.2 -2.3;-1.7 -2 -2.5;-1.6 i -2.1 -2.6;-1.6 -2.3 -3;-1.7 i
: 0.8 . 0.6 : 0.7 ’ 0.6
EBM -2.5 -3.2;-1.9 -2.4 -3;-1.7 -2.4 -3;-1.7 -2.7 -3.5;-2
X-translation
BM -1.1 -0.5,-0.1 -0.4 -0.7;-0.1 0.1 -0.3;0 -0.4 -0.6;-0.1
’ 0.4 ’ 0.4 . 0.4 : 0.5
EBM -0.5 -0.7;-0.3 -0.6 -0.9;-0.4 -0.3 -0.4;-0.1 -0.5 -0.8;-0.3 N
Z-translation
BM -0.8 -1;-0.5 -0.5 -0.7;-0.3 -0.9 -1.2;-0.6 -0.7 -1.1;-0.4
> 108 - 0.3 0.9 0.7
EBM -0.8 -1;-0.6 -0.4 -0.6;-0.2 -0.9 -1.2;-0.7 0.9 -1.1;-0.6
Stem rotation, segment motion, degrees
Y-rotation*
BM 2.2 1.5;5 2.4 1.7;3.2 2.5 1.7;3.2 ) .5 1.6;3.3
22109 : 0.8 = 0.6 > 1
EBM 2.5 1.8;3.5 2.6 1.9;3.5 2.7 1.9;3.7 2.7 1.9;3.8
X-rotation
BM -0.6 -0.9;-0.3 -0.2 -0.5;0.1 ) -0.6 -1;-0.2 ) 1.2 0.7:1.6
0.9 0.6 0.6 1
EBM -0.4 -0.8;-0.03 0 -0.2;0.3 -0.8 -1.2;-0.5 1.1 0.7;1.6
Z-rotation &
BM 1.7 1;2.5 1 1.7 0.9;2.5 0.7 1.8 1;2.7 07 2 1.1;2.8 07
EBM 1.7 0.9;2.4 1.8 1:2.5 ' 1.8 1.1;2.6 | 2 1.2:2.8 '
Table3 Segment motions
4 proximal (+), distal (-)
* anteversion (-) retroversion (+)
Fvarus (-) valgus (+)
ID (group) 3 months | 6 months | 12 months | 24 months | OHS | HHS
6 (ECho Bi-MetriC) 12.8° 13.40 140 14.3¢ 48 100
8 (Bi-Metric) 6.90 70 7.10 8o 43 100
23 (Bi-MetriC) -3.30 -4.20 -4.8° -5.20 48 100

Table 4 Outliers, Y-rotation (degrees) together with the individual clinical scores at 24 months
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Figure 14 Graphs of the segment motions comparing the two groups (Mean +/- Standard error of mean)
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Study II

Primary outcome:

The most noticeable decrease in BMD in both groups was seen at 24 months follow-up in the
ROI1 (BM =-8.4%, p=0.044, and EBM=-6.5%, p=0.001), ROI7 (BM =-7%, p=0.005, and EBM=-
8.6%, p<0.0005) and ROI2 (BM =-4%, p=0.007, and EBM=-5.2%, p<0.0005) (Table 5). In the
additional ROIs, there were just minor variations. Statistically significant differences between
the immediate postoperative BMD and the 24-months BMD values were found in most ROIs
for both stems; except in the ROI4+5 of the BM group and the ROI5 of the EBM group.

We found a tendency in ROI2-4 towards different early bone remodelling patterns within the
first six months, when comparing the BMD changes over time between the two different
stems. We saw a higher degree of bone loss in the EMB group (with p-values between 0.01
and 0.129). Nevertheless, this difference in bone remodelling pattern only continued beyond
six months in ROI4, where it was statistically significant 24 months postoperatively
(p=0.001). In the graphs in Figure 16, we can see the tendency of a generally lower BMD for
the EBM group existing in the entire period. In ROI1 it also looks like the BMD of the EBM
group is more stable compared to the BM group at 24 months.

We could not identify any statistically significant changes in BMD in any of the ROI for any of

the groups over time (using repeated measures ANOVA).
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BMD Postoperative 3 months 6 months 12 months 24 months 0-24 months t-test ANOVA
p-value p-value
EBM BM EBM BM EBM BM EBM BM EBM BM EBM BM EBM BM
(n=30) (n=31) (n=30) (n=30) (n=30) (n=28) (n=30) (n=28) (n=29) (n=27)
ROI1
Mean 1.214 1.219 1.186 1.252 1.16 1.225 1.14 1.195 1.122 1.125 0.001 0.044 0.609 0.546
SD (0.17) (0.15) (0.18) (0.19) (0.2) (0.24) (0.17) (0.29) (0.15) (0.24)
ABMD% Clos -1.1 -0.16 -3.8 -0.16 -5.6 -2 -6.5 -8.4
(-3.6;1.7) (-0.1;5.8) (-1.2;8.2) (-7.9;6.1) (-8.6;-2) (-7.5;8.3) (-9.7;-2.9) (-16.4;-1.7)
p-value 0.094 0.348 0.461 0.659
ROI2
Mean 1.993 1.935 1.916 1.915 1.925 1.886 1.934 1.884 1.884 1.847 <0.0005 0.007 0.725 0.587
SD (0.28) (0.19) (0.28) (0.21) (0.29) (0.21) (0.3) (0.23) (0.3) (0.23)
ABMD% Clos -3 -0.24 -3.4 -1.4 -3.1 -2 -5.2 -4
(-4.3;-1.5) (-1.7;1.3) (-5.4;-1.6) (-3.2;0.5) (-5.1;-1.2) (-3.9;-0.05) (-7.1;-3.2) (-6.7;-1.5)
p-value 0.014 0.129 0.408 0.459
ROI3
Mean 2117 2.180 2.019 2.128 2.046 2.107 2.072 2.116 2.046 2.094 <0.0005 <0.005 0.771 0.063
SD (0.29) (0.26) (0.29) (0.25) (0.28) (0.24) (0.29) (0.25) (0.28) (0.23)
ABMD% Clos -4 -1.7 -3.4 -2 -2.3 -1.7 -3 -2.3
(-5.3;-2.8) (-2.7;-0.7) (-4.-2.5) (-3;-0.9) (-3.3;-1.4) (-2.8;-0.4) (-4.2;-2) (-3.3;-1.3)
p-value 0.01 0.059 0.46 0.32
ROI4
Mean 1.943 2.003 1.88 1.948 1.877 1.956 1.9 1.984 1.888 1.985 <0.0005 0.2 0.729 0.629
SD (0.29) (0.31) (0.28) (0.3) (0.29) (0.29) (0.31) (0.3) (0.31) (0.31)
ABMD% Clos -3.2 -1.5 -3.4 -0.7 -2.5 0.8 -2.8 -1.2
(-4.3;-2.3) (-3;-0.1) (-4.7;-2.4) (-2;0.8) (-3.9;-1.3) (-1.4;3.1) (-4.3;-1.6) (-0.6;3)
p-value 0.053 0.009 0.021 0.001
ROI5
Mean 2.118 2.167 2.059 2.129 2.083 2.126 2.116 2.133 2.104 2.134 0.306 0.857 0.762 0.097
SD (0.27) (0.26) (0.28) (0.26) (0.28) (0.25) (0.29) (0.26) (0.3) (0.23)
ABMD% Clos -2.3 -0.8 -1.6 -0.5 -0.1 0.06 -0.85 0.19
(-3.6;-1.2) (-2.1;0.4) (-3.1;-0.3) (-1.5;0.6) (-1.8;1.5) (-1.3;1.3) (-2.5;0.5) (-1.9;1.9)
p-value 0.119 0.229 0.915 0.375
ROI6
Mean 1.943 1.924 1.88 1.846 1.887 (0.26) 1.861 1.901 1.844 1.907 1.855 0.015 0.042 0.750 0.702
SD (0.25) (0.21) (0.26) (0.24) (0.22) (0.27) (0.22) (0.26) (0.24)
ABMD% Clos -2.7 -3.7 -3 -3 -2.1 -4.1 -1.7 -3.3
(-4.2;-1.5) (-5.9;-1.7) (-4.2;-1.8) (-4.1;-1.7) (-3.6;-0.8) (-5.6;-2.5) (-3;-0.3) (-5.7;-0.9)
p-value 0.464 0.973 0.057 0.273
ROI7
Mean 1.675 1.791 1.542 1.686 1.515 1.671 1.498 1.605 1.517 1.61 <0.0005 0.005 0.732 0.464
SD (0.21) (0.23) (0.2) (0.26) (0.22) (0.26) (0.22) (0.25) (0.22) (0.26)
ABMD% Clos -6.8 -1.5 -9 -4 -10.1 -7.7 -8.6 -7
(-8.8;-5) (-7.3;9.3) (-11.1;-6.8) (-9.3;6.4) (-12.3;- (-13.5;2.3) (-11.3;-5.8) (-12.9;3.9)
7.9)
p-value 0.37 0.364 0.577 0.711

Table 5 Periprosthetic bone mineral density (BMD) in the seven Gruen zones from postoperatively to 24 months after surgery
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Figure 76 Graphs showing the mean (+/- SEM bars) bone mineral density in ROI1, ROI4 and ROI7
during the 24 months of follow-up. We consider these three ROIs the most interesting when it comes to

adaptive bone remodelling
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BMD Postoperative 3 months 6 months 12 months 24 months 0-24 months t-test ANOVA
p-value p-value
EBM BM EBM BM EBM BM EBM BM EBM BM EBM BM EBM BM
(n=30) (n=31) (n=30) (n=30) (n=30) (n=28) (n=30) (n=28) (n=29) (n=27)
ROI tibia on the operated side
Mean 0.798 0.837 0.804 0.849 0.787 0.847 0.772 0.820 0.75 0.804 <0.0005 0.078 0.581 0.304
SD (0.18) (0.23) (0.19) (0.2) (0.19) (0.22) (0.17) (0.22) (0.18) (0.2)
ABMD% 1.2 4.7 -1.2 0.4 -2.8 -1.5 -5.4 -1.4
Clos (-0.8;3.1) (1.6;8.2) (-4.3;1.9) (-1.6;2.2) (-5.3;-0.4) (-4.8;1.2) (-8.3;-2.8) (-4.9;1.9)
p-value 0.079 0.384 0.503 0.079
ROI tibia the not operated side
Mean 0.84 0.893 0.834 0.876 0.806 0.89 0.797 0.846 0.777 0.832 <0.0005 0.001 0.746 0.588
SD 0.17) (0.22) (0.18) (0.21) (0.18) (0.23) (0.18) (0.21) (0.18) (0.21)
ABMD% -0.6 -0.02 -4.3 -0.2 -5.3 -4.2 -7.3 -5.1
Clos (-3.2;1.9) (-2.1;2.2) (-6.6;-2.2) (-2.2;1.7) (-8.1;-3.1) (-6.2;-2) (-10.5;-4.1) (-8.2;-2.2)
p-value 0.733 0.011 0.5 0.327

Table 6 Bone mineral density (BMD) in the proximal tibiae from postoperatively to 24 months after surgery
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Secondary outcomes:

Regarding the knee DEXA scans on both knees (Table 6), we found an initial increase in the
BMD in both groups on the operated side (BM=4.7% and EBM=1.2%, p=0.079) and a minor
decrease in both groups on the not-operated side (BM=-0.02% and EBM=-0.6%, p=0.733). No
statistically significant differences were found between the groups at 24 months, and a slight
general decrease throughout the study period (after the initial changes) in both groups in
both tibiae resulted in average BMD values below initial values at 24 months (BM =-1.4% on
the operated side and -5.1% on the not-operated side. EBM=-5.4% on the operated side and -

7.3% on the not-operated side).
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Study 111

From February 2016 to September 2017 we enrolled 62 patients (mean age=64(range 49-74)
years, Female/Male=28/34). Of the 116 patients assessed for eligibility, two were excluded
due to diseases affecting bone metabolism; one due to treatment with bisphosphonate and
one due to newly discovered cancer (after primary enrolment, but before DEXA scan). Six
patients were lost to follow-up; two were revised before three months (one periprosthetic
fracture and one undersized stem), two died of causes unrelated to the surgery and one
patient was lost to follow-up due to unknown reasons (did not respond to contact attempts).
One patient was excluded from the analysis due to a suboptimal ROI(s)-scan ending only eight
cm more distal to the trochanter minor (instead of 10 cm). Thus, 56 patients were included

for analysis (Figure 17, Table 7).

Assessed for
eligibility (n=116)

diseases affecting

. bone metabolism
No thanks (n=48) |-s— (n=2)
Pilots
(n=4)

Y

Preoperative
DEXA (n=62)

Y

THA (n=62)

Discontinued (n=1)

Y

Lost to follow-up (n=4);
revised before 3 months
(n=2), death of other
causes (n=2)

24-months RSA (n=57)

ot analyzed due to
poor image quality |-+——
(n=1)

Y

Analyzed (n= 56)

Figurel? Flowchart Study I

47



Implant (Bi-Metric/Echo Bi-Metric)

27/29

Mean (range)

Sex (Male/Female) 29/27
Height (m)

Mean (range) 1.76 (1.6-1.97)
Weight (kg)

Mean (range) 83 (50-124)
BMI

Mean (range) 26.7 (17.9-38.3)
Age

Mean (range) 64 (49-74)
T-score

Mean (range) -0.32 (-2.26-3.50)
Z-score

1.15 (-1.32-4.46)

BMD femoral neck (g/cm?)
Mean (range)

0.94 (0.65-1.48)

BMD femoral shaft (g/cm?)
Mean (range)

1.78 (1.15-2.40)

BMD trochanter region (g/cm?2)
Mean (range)

1-0 (0.67-1.43)

Y-translation (numeric value) at three months
Mean (range) (mm)

1.24 (0.00-5.76)

Y-translation (numeric value) at 24 months
Mean (range) (mm)

1.21 (0.01-5.83)

T-score (>-1/<-1)

35/21

Z-score (>0/<0)

46/10

Table 7 Baseline data and results of DEXA and RSA data

Primary outcome:

Secondary outcome:

48

Linear regression analysis showed no statistically significant relation between subsidence
(both after three or 24 months) and preoperative BMD measured of the femoral neck region,

ROI(t) or ROI(s), respectively (Figure 18).

We found a highly statistically significant relation between the preoperative BMD of the
femoral neck region measured by standard osteoporosis DEXA scan and BMD measured by

research DEXA scans of the ROI(t) (p<0.001) and the BMD of the ROI(s) (p<0.001) (Figure




None of the patients in the study could be classified as suffering from osteoporosis with a T-
score below -2.5 (based on the preoperative standard osteoporosis DEXA scan of the femoral
neck region), but 21 of 56 had a T-score below -1, and consequently could be classified as
suffering from osteopenia. Ten of 56 had BMD of the femoral neck region on the average or
below individuals of the same age and sex (Z-score <0) (Table 7). When comparing the
average femoral stem subsidence between the two groups with T-score >-1 and T-score <-1,
we found no statistically significant difference between subsidence in the groups after three
(p=0.9) or 24 months (p=1). Likewise, when dividing the material based upon the Z-score (Z-
score >0 and Z-score <0) no statistically significant difference was found between groups after

three (p=0.6) or 24 months (p=0.3) (Table 8).
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Figure 18 Linear regression analysis between subsidence (at three and 24 months) and preoperative BMD measured
at the femoral neck region, ROI(t) or ROI(s). The shaded area represents the 95% confidence limits and the broken

red lines the 95% prediction limits.
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Figure 19 Linear regression analysis between preoperative BMD of the femoral neck region (measured by standard
osteoporosis DEXA scan) and preoperative BMD of the ROI(t) and ROI(s) (measured by research DEXA scans). ). The
shaded area represents the 95% confidence limits and the broken red lines the 95% prediction limits.
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BMD Femoral neck

Subsidence 3 months

Subsidence 24 months

Variable
Mean (range) | p-value | Mean (range) | p-value | Mean (range) | p-values
o1: =35 1.03 1.25 1.2
T (0.82-1.48) (0.04-4.66) (0.01-4.68)
T-score P 0.79 <0.001 122 0.9 122 1
- (0.65-0.88) (0.00-5.76) (0.03-5.83)
~0: n=46 0.97 1.27 1.27
) T (0.65-1.48) (0.00-5.76) (0.01-5.83)
Z-score 0ime10 0.81 0.01 108 0.6 091 0.3
e (0.77-0.88) (0.03-2.4) (0.83-1.79)

Table 8 Comparison of subsidence at three and 24 months with clinically relevant groups of T- and Z-score
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Discussion

Migration of uncemented THA femoral components (study I)

The accuracy of RSA for prosthetic translations is between 0.2 and 0.3 mm and for rotations
between 0.2 and 1.2° (25), making RSA 10-20 times more accurate than conventional X-rays.
This makes RSA studies valuable when introducing new implants because RSA provides
knowledge within two years instead of >10 years (as with registry studies). With study I, we
have found that the uncemented stems BM and EBM show similar migration patterns of all
segment motions during the first 24 months after surgery. To our knowledge, no similar RCT
of the EBM has been performed previously. Hence, we consider the study as the second step in

the recommended stepwise introduction of new implants (25):
1. Preclinical tests
2. 2-year clinical RSA trials
3. Larger multi-centre clinical studies
4. Post-market surveillance in national registries

Generally, stem subsidence and retroversion of uncemented THA femoral components are
well-known. We do not find any statistically or clinically differences between the stems, which
have a mean subsidence of -2.5 to -3 mm during the first 24 months (and mostly the first
three months). Osseointegration is presumed if relatively stable migration values are present
in a study like the present, and it is overall satisfying that we can confirm that the stems do
stabilize. Nonetheless, the subsidence for the BM and the EBM is more than reported in other
recent studies, where subsidence (Y-translation) is between -0.03 and -0.99 mm (37,39,41-
43,67). Nebergall et al. (38) report, in their RSA study of the Taperloc stem, a single outlier at -
0.9 mm with the rest of the cohort in a range of -0.1 mm to -0.2 mm. Hence, they found more
than a tenth less subsidence compared to our results. However, they also report a median of
the postoperative follow-up of 14 days (range 0-43) meaning that their postoperative value is

relatively close to the value at stabilization, leaving the comparison more difficult.
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In the study by Sgballe et al. from 1993 (44) of the BM stem with or without hydroxyapatite

(HA) coating, a subsidence of -0.07 to -0.09 mm is reported at 12 months; again, around a

tenth of our findings. Their cohort is of just 15 patients in total, making the study probably

underpowered for comparison of the two stems (estimated power ~45%), but the subsidence

results are interesting. Hoornenborg et al. reported in 2018 (41) the migration and clinical

outcome of the Zweymuller with or without HA coating and found a subsidence of -0.46 mm

(range: -2.17;0.05) with HA coating and -0.73 mm (range: -2.49;0.12) without HA coating.

‘ 2

‘ -0.22 (-0.82 to 0.43)

Stem characteristics RSA results
Quantity used in | Follow-
Mean Y-translation Mean Y-rotation
Fixation Denmark in up in Reference
(mm) (range) (degrees) (range)
2018 years

Uncemented

2 -0.58 (-3.71t0-0.23) | 1.59(-1.23t07.2) Callary 2012
Corail 3148

2 -0.5 (-0.9 to -0.1) - Klein 2019
CLS Spotorno 1128 2 -1.42 2.39 Wolf 2010

2 -23(-3t0-1.7) 2.5(1.6t0 3.3) Dyreborg 2020
Bi-Metric (-HA) 784

1 0.07 0.58 Sgballe 1993
Echo Bi-Metric 626 2 -2.7 (-3.5t0 -2) 27(19t03.8) Dyreborg 2020
Cerafit - 2 -0.33 0.93 Sesselmann 2018
Zweymuller +HA | - 2 -0.46 (-2.17 t0 0.05) 0.24 (-0.71;2.23) Hoornenborg 2017
Zweymuller -HA | - 2 -0.73 (-2.49t0 0.12) 0.94 (-0.77;4.47) Hoornenborg 2017
Cemented
Exeter 2004 2 -1.42 (-391t0-0.43) | 1.42 (-1.76 to 6.33) | Nieuwenhuijse 2012
CPT 373 2 ~-1.9% Yates 2002
Stanmore 207 5 -0.3 (-0.45 to -0.15) 0.8(0.22to0 1.4) Meinardi 2016
Lubinus SP 11 138 2 -0.14 (-0.2t0 0.2) 0.15 (-0.7-1.3) De Vries 2014
Short stem, uncemented
Proxima - -0.03 (-3.6-1.33) Mahmoud 2017

Table9 Mean Ytranslation (subsidenceand Yrotation in the femoral components mostly used in Denmark in 2018.

In Table 9 is presented an overview of the subsidence and version of the THA femoral

components mostly used in Denmark (56) and here we see that the subsidence of the two

most widely used uncemented stems, the Corail and CLS Spotorno, also migrate less (37,67).

54



All these findings substantiate that we, in the present study, have migration with stabilization

at a higher absolute value than in the studies of components with which we compare.

The question is: is there a threshold for uncemented THA femoral components above which
migration is unacceptable? It was estimated by Karrholm et al. in 1997 that subsidence for
cemented stems should be less than -1.5 mm at 24 months because of the likelihood of aseptic
loosening within four to seven years (68) and this threshold was further reduced by van der
Voort et al. to -0.15 mm applied to the roughened and non-tapered stems (33). However, in
recent years it has been appraised that for uncemented stems, it is not the exact value of the
subsidence, but instead the migration pattern that anticipates the fate of the arthroplasty
(34,42). Therefore, one should evaluate the pattern of migration based upon existing
knowledge categorized by stem design and compare accordingly. Concerning uncemented and
proximally porous-coated stems this means, that if the migration pattern of early subsidence
is only followed by stabilization at the 3-months follow-up, one should not worry about stem

failure due to aseptic loosening.

Of course, the possibility of the surgeons choosing an implant too small, despite their many
years of experience, existed. Consequently, we made a post hoc evaluation of each templated
X-ray and the estimated stem size and compared it to the actual stem size and, additionally, a
classification of Dorr type (69). Only in a single case was a stem with a smaller size than
templated selected (templated to EBM size 13, actual EBM size 12). Most femurs were Dorr

type A; no femurs were Dorr type C.

Compared to other studies, our precision error, measured by double examinations, is
comparable to the Nebergall et al. study mentioned above (38). Still, we find that it is up for
improvement and our manual setup could explain some of this, since we have no automatic
setting of X-ray tubes or fixed position of the calibration cage. Firstly, the calibration cage was
placed on the floor, followed by placement of the X-ray tubes, and finally, the examination bed
was rolled in to cover the calibration cage. We did, however, try to reduce the bias by only
letting the primary investigator handle the RSA set-up.

We have three outliers (only in the Y-rotation segment) with retroversion up to 14.3° (Table
4). All three scored maximum points (or close to) in the clinical outcome measurements at 24

months. Number six is an otherwise healthy man with a BMI of 25, and he received a
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standard EBM stem size 12. When reviewing and comparing the regular X-rays
postoperatively (before mobilization) with the RSA about a week after we can see an actual
subsidence with the naked eye. However, the subsidence is not statistically an outlier
(because most of the subsidence probably occurred before RSA). It seems the stem has
subsided and rotated at mobilization and the stem might have been chosen a little small.
Unfortunately, his templating was not saved in the X-ray viewing program, which was the case
for two patients. The “outlier”-status had no clinical consequences; he confirms ‘no
complaints at all’ at a telephone call at approximately three years postoperatively. We have no

continuous migrators (Figure 15).

Concerning the varus-valgus tilt (Z-rotation); typically, stems settle into slight varus.
However, we find the stems going into valgus. An explanation for this could be the operative
technique. In 2008 the department changed their standard THA implant from the BM to the
CLS Sportorno®. This implant is very straight, with a lateral ~90-degree corner, requiring a
wide opening in the trochanteric region, to counteract the expected varus-tendency. The BM
and the EBM are both more curved laterally, with a lateral ~120-degree corner, and
necessitate less removal of bone in the trochanter.

The familiarity with the CLS Spotorno technique might have caused the observed slight valgus
migration, and this could also explain some of the subsidence. Nevertheless, we have no
obvious explanation for this phenomenon since all surgeons have a long previous experience

using the BM.
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Bone remodelling of the proximal femur after uncemented THA (study II)

This randomised controlled trial aimed to evaluate the regional adaptive bone remodelling
between two different designs of porous-coated uncemented titanium alloy hip stems. We
used measurements of BMD in a consecutive series of DEXA scans from postoperatively to 24
months after surgery.

The groups were completely comparable regarding age, sex, BMI, operated side and cup-size.

Our main findings were that the two different prostheses have almost similar medium-term
patterns of adaptive bone remodelling in all ROIs except in ROI4.

Not surprising, ROI1 and ROI7, with most trauma during surgery and most cancellous bone,
had the lowest levels of BMD. For both stems, we saw a slight decrease in BMD in ROI1
initially and a further decline in the period three to 12 months. In ROI7 the decline was even
more substantial. We believe this is mainly caused by stress-shielding in the trochanter area,
consistent with current knowledge and theory (70).

Several factors may influence the change in BMD in the femur after THA, either physiological
or iatrogenic. In ROI4, the BM group always seemed to have a better BMD and ends up with a
more limited bone loss at 24 months of follow-up. Maybe this could be explained by the
differences of the tip-design, i.e. the “polished bullet-shaped distal tip”-design of the EBM,
designed to reduce the distal stress. There have been speculations regarding the effects of sex
and age on BMD in different ROIs, but there seems only to be a consensus that stem design
and fixation are the leading influencers on periprosthetic bone remodelling, especially in ROI4
and ROI7 (71-73). It could be proposed that the design of the EBM is not clearly advantageous
for adaptive bone remodelling in ROI4. However, the differences found, although statistically
significant, were minimal, and we do not find any clinical evidence to back this up, as our
clinical outcome scores show similar and very satisfying progression at 24 months. Of course,
ROI4 is a critical area, since later periprosthetic fractures might occur just distal to the tip of
the prosthesis where the relationship between low BMD and the principle of torque or lever
represents a risky combination. However, there is also a generally higher loss of BMD
(statistically) in the EBM group (represented by the changes in the proximal tibiae scans)
indicating that other factors contribute to the BMD loss (e.g. age, genetics, biomechanical load,

activity level and so forth).
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The BMD values in ROI4 may be explained by another feature, shared by the two prostheses;
the proximal weight-bearing design, which could reduce the load distally, with a decreased
osteoblast stimulus and hence a lower BMD. The EBM and the BM are both designed for
proximal bone ingrowth, theoretically resulting in less calcar and trochanteric stress-
shielding and consequently less bone loss. In studies of stems designed for a more distal load
(AML and Alloclassic), a slow increase in BMD is seen in the diaphyseal region corresponding
to ROI4 (74). Maybe some of the explanation for our ROI4 BMD-decrease in the EBM group is
that the stress has been moved to the proximal weight-bearing part? In the study by Riviere et
al. (74), it is concordantly concluded, that patients with low BMD, who are at higher risk of
stress-shielding-related bone loss, will benefit from a proximally loaded and coated stem.
Compared to other studies of adaptive bone remodelling after THA, we found similar values of
the BMD and similar patterns of changes in BMD over time. In 2008 Van der Wal et al. (75)
found a 24 months BMD% difference ranging from -14.5% in ROI7 and -11.3% in ROI1 to
2.8% in ROI6, correspondent to our findings of BMD loss being highest in ROI1 and ROI7.
Venesmaa et al. reported in 2003 (76) a general decrease in all ROIs until six months
postoperatively and mostly in the calcar region. After six months, they reported only minor
changes (follow-up was 60 months). This is in line with our results, but in general, we see a
decrease over the 24 months. Nevertheless, the BMD change that we report with a maximum
of -10.1% (in ROI7) is somewhat less than their maximum reported bone loss of
approximately -25% (12 months). However, in both studies, the most considerable bone loss
was in ROI7. In 1996 Kiratli et al. (77) presented a BMD curve with a drop until six months
and then stabilization with a continued small decrease up to 24 months, in accordance with

the Venesmaa et al. (76) and our study, although their ROIs were differently placed.

Bone remodelling of the proximal tibiae (study II)

When comparing the BMD over time in the periprosthetic hip regions with the tibiae BMD
over time, we can conclude that there is a general drop in BMD from the postoperative
measurements to the 24 months measurements. This emphasizes that the cause of a
decreasing BMD over time lays not just in the THA, but it is also a matter of other systemic
factors—such as, e.g. progression of age. Interestingly, we observe an early increase in BMD in

the tibiae on the operated side, suggesting a return to normal after a preoperative period of
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immobilization. After 24 months the tendency is that the tibiae on the non-operated side have

a lower BMD, proposing this might be the ‘new’ inferior extremity.
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Preoperative bone mineral density of the proximal femur as a predictor of

stem migration (study III)

The main aim of this cohort study was to evaluate if preoperative BMD of the femoral neck,
the trochanteric area or the femoral shaft was related to femoral stem migration in
uncemented THA up to 24 months after surgery. No statistically significant linear relationship
was found between BMD and subsidence, and when dividing BMD into clinically relevant
groups of normal or osteopenic bone, no difference in subsidence between the groups was
found either.

Previous RSA studies have shown, that uncemented THA femoral stems subside more than
cemented ones, however in a comparable pattern with the subsidence occurring within the
first three months followed by a relative stabilization with minimal subsidence afterwards
(34). Both cemented and cementless fixation of THA femoral stems report good long-term
survivorship; nevertheless, the use of uncemented fixation method is increasing in many
countries (78). The 2019 annual report from The Danish Hip Arthroplasty Register (56)
shows that for people of all ages having surgery due to primary osteoarthritis, uncemented
THAs shows better implant survival when the endpoint is revision due to aseptic loosening.
Additionally, for patients <70 years of age, the cementless THAs shows better implant survival
when the endpoint is “all revision causes”. This may be explained by the increased risk of
dislocation of the THA or increased risk of periprosthetic fracture for patients >70 years of
age operated with an uncemented THA (79).

In a study by Troelsen et al. from 2013 (23), registry data from Australia, New Zealand,
Denmark and England-Wales agrees that uncemented fixation for patients younger than 75
years result in the lowest risk of revision (for all causes). This age limit is in accordance with
the finding from the National Health And Nutrition Examination Study (NHANES), which
shows that the mean T-score of the hip for healthy females is -2.5 at the age of 75 years (51).
The results of the present study, with no influence of BMD on migration in patients with age
below 75 and a T-score of the femoral neck above -2.5, is considered in good agreement with

results of the register study mentioned above.

In a cadaver study by Mears et al. (80), it is reported that cementless stems in osteoporotic

bone subside more and fail significantly more frequent than cementless stems in normal, non-
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osteoporotic bone. We know that age and osteoporosis reduce the mechanical strength of the
bone, lower the bone mass and affect the regulation of biological factors important for healing
(14). Although the latter is not fully understood, it is believed that bone cells in the
osteoporotic bone are likely to have an altered responsiveness to mechanical stimuli and that
physical exercise can prevent declining BMD or even lead to an increase in BMD (81). When
people with osteoporosis need a total hip prosthesis (or any other implant surgery), the
anchorage of the implant is impaired, and there is a more extended period of healing probably
because of a slower bone metabolism and cell turnover (82). However, it seems from our
results that the threshold for this could be T-score <-2.5, since we do not find any relation

between femoral component subsidence and BMD in patients with a T-score >-2.5.

Moritz et al. reported in 2011 (83) that local intertrochanteric cancellous bone architecture is
not a good predictor for RSA migration of anatomically designed cementless femoral stems.
This was somewhat surprising since the rational expectation was that patients with impaired
quality of intertrochanteric cancellous bone would reveal more implant migration than
patients with healthy cancellous bone. Our research group has previously identified a relation
between low preoperative BMD and high postoperative migration of the tibia component in
patients with uncemented total knee arthroplasty (84) and Aro et al. (85) reported in 2012
that women with low systemic BMD (T<-1) showed higher subsidence of an uncemented
femoral stem than women with normal systemic BMD. However, they also included patients
with T-score<-2.5 in their group of patients with low BMD, thus making a relation more
probable. Recently, Christiansen et al. (86) found that there is a statistically significant
negative relation between migration after 24 months of follow-up of a stemless femoral
component for uncemented THA and BMD measured in an ROl including the lesser trochanter
and the medial most proximal part of the femoral shaft. However, they reported no data
regarding the patients’ preoperative general bone mineral status, and the design of the stem is
very different from the ones we have used. Our results with no relation between preoperative
hip BMD and femoral stem migration in patients with non-osteoporotic BMD was not so
surprising when compared to the studies mentioned above (84,86) since they did not examine

the patients for osteoporosis (no relevant T-scores are provided).
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Limitations

Study |

A limitation of the study might be the use of model-based RSA (MB-RSA). We used the MB-
RSA variant named “combined stem-head model” (CM-RSA) (27), in which a 3D surface model
of the femoral component is used in combination with a sphere to represent the spherical
head of the THA. Prins et al. (27) proved this to be more accurate than ‘just’ MB-RSA (without
the sphere). Moreover, the advantage of not having to produce new adjusted stems with
attached markers (i.e. marker-based RSA), and in some way changing the design, is desirable

(and economically sensible).

Study | and Il

A limitation of these studies is the rather small sample size. Although we included more
persons than calculated by the power calculation, it is not a large cohort and a non-
inferiority/equality study would be interesting. Still, this requires an even larger cohort and is
a slow process for a single hospital. We find the above to be the optimal solution when
weighing time, investment and results.

The patients who accept to participate in this type of study are probably the most resourceful
of all eligible. Not only have they accepted randomization and the extra follow-up, but they
also accept the cruel task of transporting themselves to Rigshospitalet (AND finding a parking
lot) for every single follow-up and enduring the rather slow and sometimes painful
positioning in the DEXA scanner and when having X-rays taken.

The allocation was only blinded to the participants after surgery, which also is a limitation.
The generalizability for these studies is rather narrow because the results apply only to the
population of otherwise healthy people who need a THA. Nevertheless, within this growing

group the generalizability is good.

Study Il

It is a limitation that this study is conducted only on the Bi-metric and the Echo Bi-Metric

uncemented THA stems and further it could be argued that RCT studies with greater power
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and different design are needed to make more confident conclusions that could be used for
other uncemented hip stems. The question is, if we need to.

It is also a limitation that our study population did not include patients with hip T-scores
below -2.5. Therefore, we cannot identify if there is an even lower hip BMD threshold for safe
use of uncemented hip stems. That would be an interesting future randomized controlled

trial.

Conclusion

Study | and

The BM and the EBM stems show comparable migration and comparable adaptive bone
remodelling. Clinically, they are both performing well with the wanted and expected jumps
from before surgery to 24 months after. The hypotheses of both studies are rejected since we
find no differences between the stems-this also being the reason for the pooling of data for
study III. The added design features of the EBM stem do not seem to have any obvious
beneficial consequences concerning subsidence, version, adaptive bone remodelling or
clinical outcome suggesting that the design differences between the stems are unimportant. In
October 2017, at the Danish Orthopaedic Society’s congress, a register study was presented by
Varnum et al. (87). They compared the 5-year revision risk for the BM and the EBM and found
that there was no difference between the groups, and they asked: “Is newer better?” Based on
our trials, the answer so far is: “no”.

Nevertheless, we will continue to follow this patient cohort.

Study IlI

Often there is no evaluation of bone quality before THA surgery even though the advantages
of an enhanced focus make sense (14). In our study, it seems there is no influence of
preoperative local BMD on migration and no threshold of T-scores at which cemented fixation
should be considered to avoid excessive migration (still, providing the T-score is >-2.5). But, if
in doubt, an osteoporosis DEXA scan of the hip before surgery could be the answer; it takes

less than 10 minutes and gives a good visualization of the quality of the bone since it
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compares the individual patient to a more significant number of people. If the T-score is
measured to be more than -2.5 cementless fixation probably is the way to go. We find proof
that the femoral neck region BMD obtained by the fast osteoporosis DEXA scan is closely
related to the BMD of both the trochanters (where porous surfaces of femoral components are
often located) and the shaft of the femoral bone (where the stem is fixed). This means that for
the future we can be satisfied with the standard osteoporosis DEXA scan of the femoral neck

for preoperative evaluation of BMD and thus selection of femoral fixation mode.

Future research

All the subjects in the RCT will continuously be followed, aiming for long-term follow-up on
the cohort for as long as the group size allows for statistical power. Next up is 5-year DEXA
and RSA. Will the groups diverge at some point, or will we continue to see matching results?

And if so, will it be the end of the EBM?

It could also be both exciting and clinically relevant to design and complete a trial of cemented

versus cementless THA for a group of patients with T-score<-2.5.

Further, from May 2020, the new EU regulations on implant security and traceability requires
more evidence on implant safety. Elements include “stricter criteria for designating and
monitoring notified bodies, adaptation of thelassification rules, and streamlining of the
different assessment procedureg38). This will probably result in a requirement for more and
standardized RCTs and generally more surveillance like the Danish Hip Arthroplasty Register.
Perhaps the day will come when all patients nationwide will get eight to10 tantalum beads

inserted together with their THA.
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No difference in migration pattern of the uncemented Echd Bi-Metric ® and Bi-Metric ® THA
stem: a prospective randonmsed controlled RSAstudy involving 62 patients and 24months

follow-up

Abstract

Background and purpose

Despite the good results with total hip arthroplasty (THA), new implants are continuously being
developed to meet the demand for even longer durability. The Echo Bi-Metric (EBM) THA stem is
the successor to the Bi-Metric (BM) THA stem. The EBM stem uses many of the features of the
BM stem while incorporating new design attributes to augment the clinical performance.

The purpose of this study was to compare the migration behaviour with radiostereometric analysis
(RSA) of the EBM stem in comparison to the BM stem during the first 24 months and to evaluate
the clinical outcome.

Patients, materials and methods

We randomised 62 patients with osteoarthritis (mean age=64 years, Female/Male=28/34) scheduled
for an uncemented THA to receive either an EBM or a BM THA stem.

We performed RSA within a week after surgery and at 3, 6, 12 and 24 months. The clinical
outcome was evaluated using Harris Hip Score (HHS) and Oxford Hip Score (OHS).

Results

During the first three months both the EBM and the BM stems showed apparent subsidence (-2.53
mm and -2.22 mm respectively), and retroversion (2.51° and 2.24° respectively). From three to 24
months, however, there is only slight and both clinically and statistically insignificant migration
without any difference between the groups. The expected increase in HHS and OHS is observed
without statistically significant differences between the groups.

Interpretation

The EBM stem show similar migration pattern as the precursor, the BM stem, and both seem to
stabilise and osseointegrate after three months with satisfying clinical results measured up to 24

months.

Introduction

The total hip arthroplasty (THA) has shown to be a life-changing procedure (1).

74



Looking for increased durability of the prostheses, new designs are being developed, and they need
to be properly evaluated. This should be done by phased stepwise introduction as first described by
Malchau in 1995 (2) and later modified in 2011 (3). They recommend 2-year clinical
radiostereometric analysis (RSA) trials as the second step.

From previous RSA studies of uncemented THA, we know that some subsidence is accepted until
three months, but after that osseointegration should have occurred, thus further migration should be
minimal. Mean subsidence of up to 1 mm has previously been reported (4-7).

The aim of this study was to investigate potential differences in migration pattern, especially
subsidence, between two different designs of porous-coated uncemented titanium alloy hip
prosthesis; the Bi-Metric® Full Proximal Profile THA stem (BM) and the Echo® Bi-Metric® (EBM)
stem (Zimmer Biomet, Warsaw, Indiana, USA) (Figure 1). To do this, we used RSA.

Both stems are press-fit titanium alloy stems with a proximal plasma spray porous titanium coating
and a distal part with a roughened titanium surface. The EBM is the successor to the BM and is now
in routine clinical use. The EMB has three theoretical design improvements: reduced neck geometry
to increase range of motion and simultaneously decrease the risk of neck impingement; a polished
bullet-shaped distal tip with the purpose to reduce distal stresses and thereby thigh pain; an
extended porous coating to support biological ingrowth proximally and diminish stress shielding.
Hypothesis: We expect the EBM stem to show a migration pattern with less total subsidence,
compared to the migration pattern of the BM stem.

Materials and methods

Design and participants

This study is a prospective randomised controlled trial, allocation ratio 1:1.

The inclusion criteria were: patients with primary osteoarthritis bound to undergo THA at the
Herlev-Gentofte Hospital, Department of Hip and Knee Surgery, age 30-75 years and informed
consent.

The exclusion criteria were: infection, diseases affecting the bone metabolism, pregnancy, inability
to cooperate, inability to understand, read or speak Danish, and medicine or alcohol abuse.
Secondary exclusion criterion: technical shortcomings, such as poor image quality.

Written informed consent was obtained from all the subjects before enroliment.

Randomsation and blinding
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Prior to the first operation, the randomisation code was generated by a web-based program and
envelopes with the individual allocation were sequentially numbered and kept securely stored. The
sequence was locked away at a different location (Rigshospitalet). The randomisation allocation
sequence and packaging of envelopes was done by a colleague outside the project. Screening and
enrollment were done by the primary investigator before surgery. The allocation was performed as
block randomisation with blocks of 10 and was done on the day of surgery using non-transparent
and closed envelopes, which were opened in the operation theatre, when the patient was ready for
surgery. The allocation was confirmed by all relevant staff at the “time-out” (after disinfection and
draping but before the first incision).

Due to visual differences of the two prostheses, the surgeon and health personnel were not blinded.
The participants were all blinded.

Intervention- surgery

All patients received either an uncemented EBM THA stem or an uncemented BM THA stem. A
supplemental 32mm chrome-cobalt head and an Exceed™ ABT® RingLoc®-x acetabular shell with
a highly cross-linked polyethylene liner were implanted to match.

Surgery was performed with a posterolateral approach according to the standard procedure by 1 of 4
experienced hip surgeons, who each perform approximately 120 uncemented THA-operations a
year. Prior to each procedure and allocation, the surgeons templated both stems on the calibrated
radiographs to anticipate the size and position of the stem and cup.

Surgery was performed under spinal or general anaesthesia. On the day of surgery, the patients were
mobilised with full weight-bearing using crutches and physiotherapy began. All patients were given
oral anticoagulants according to the praxis of the department and prophylactic antibiotics during the
first 24 hours. Local injection analgesics (LIA) were not used. To treat postoperative pain, patients
were given Paracetamol and Oxycodone Hydrochloride if needed. Neither Non-Steroidal Anti-
Inflammatory Drugs nor steroids were used.

RSA

During surgery, just before the final placement of the stem, eight t010 tantalum markers (0.8 mm)
were inserted in a well-scattered manner into the regions of the trochanter minor and trochanter
major, respectively. These serve as markers representing the bone. Instead of markers on the stems
we used CAD models from the implant manufacturer, giving us the possibility of model based-RSA
(MB-RSA). Within one week of discharge, and after mobilisation, the patients had their baseline
RSA X-rays taken at the Department of Diagnostic Radiology at Rigshospitalet, Copenhagen,
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Denmark (Mean days BM/EBM = 7/6). Here, the required set up with two ceiling-mounted X-ray
tubes was used together with a uniplanar calibration cage (RSA Biomedical cage 41) to take two
simultaneous digital X-rays in an angle of 42° apart. The patients were placed in a supine position
and the operated limp fixed in maximum external rotation to visualise as much as possible of the
trochanter minor. The subsequent follow-up examinations were scheduled at 3, 6, 12 and 24
months. All RSA pictures were analysed at the Biomechanics and RSA-laboratory at Skane
University Hospital, Lund, Sweden (Figure 2).

A total of 55 double examinations were performed with total reposition of the patients, to estimate
the precision of the RSA set-up, i.e. the random deviation. Precision error (PE), defined as two
standard deviations, was calculated for the rotational and translational segment motions. PE for X-,
Y- and Z-translation was 0.15mm, 0.27mm and 0.54mm, respectively. For the X-, Y- and Z-rotation
PE was 0.82°, 2.32° and 0.25°, respectively.

Mean error of rigid body fitting was limited to 0.35 mm. The condition number limit was set at 150.
Software: Model-based RSA software (version 4.1; RSAcore, Department of Orthopaedic Surgery,
LUMC, the Nederlands).

Clinical outcome

We used Harris Hip Score (HHS) and Oxford Hip Score (OHS) (8-11) preoperatively and at 6, 12
and 24 months to evaluate the clinical outcome. HHS is an objective outcome measure and has a
maximum score of 100 points (as the best possible outcome) covering pain (1 item, 0—44 points),
function (7 items, 0-47 points), absence of deformity (1 item, 4 points), and range of motion (2
items, 5 points). The OHS is a subjective outcome measure to assess pain, functional ability and
daily activities. It produces overall scores running from 0 to 48, with 48 being the best outcome
possible.

Outcomes
Primary outcome measure:

Y-migration (translation and rotation) at the time intervals 3, 6, 12 and 24 months to see if there
were any statistically significant differences between the groups.

Secondary outcome measures:

X-and Z-movements at the time intervals 3, 6, 12 and 24 months to see if there are were

statistically significant differences between the groups.
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Clinical outcome monitored with Harris Hip Score (HHS) and Oxford Hip Score (OHS)
(postoperatively and at 6, 12 and 24 months). Minimally important difference estimate for the HHS
is 18.0 (12), for the OHS it is 5 (8).

Sample size

Our power analysis estimated a minimum of 23 hips in each group based on a minimal relevant
difference of 0.6 mm, type I error of 5% and type Il error of 15%. We included 31 in each group to
accommodate future dropouts.

Statistics

Data were tested for normality by histograms, QQ-plot and Kolmogorov-Smirnov, and found not
normally distributed. For evaluation of potential differences between the mean migrations, we used
a Mann-Whitney U test.

All data are presented as mean (SD) unless otherwise reported.

95% confidence intervals = CI.

The statistical software SPSS (IBM) version 24 was used.

Ethics, registration, funding, and potential conflicts of interest

This randomised controlled trial was approved by the local Regional Ethics Committee (H-4-2014-
079), by the Danish Data Protection Agency (GEH-2015-079, I-Suite no. 03764) and registered at
ClinicalTrials.gov (NCT02656771) prior to enrollment. The study was carried out in accordance to
the principles of the Helsinki declaration and data are presented in accordance with the CONSORT
statement and The guidelines for standadition of radiostereometry of implarity Valstar et al.
(13).

This study was partly funded by Zimmer Biomet (grant number C004287X). Dr. Michael Mgrk
Petersen reports grants from Zimmer Biomet during the conduct of the study. All other authors have

no conflict of interests related to the manuscript.

Results

From February 2016 to September 2017 we enrolled and randomized 62 patients (mean
age=64(range 49-74) years, Female/Male=28/34) to receive either an EBM (n=31) or a BM (n=31)
THA stem (Figure 3). In the EBM group, one patient was lost to follow-up due to unknown reasons
(did not respond to contact attempts). In the BM group, four patients were lost to follow-up; two
were revised before three months (one periprosthetic fracture and one undersized stem), and two

died of causes unrelated to the surgery.
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Recruitment period: 02-04-2016 to 09-13-2017.
Follow-up period: 03-03-2016 to 06-20-2018.
Baseline demographics show comparable groups with regards to age, sex, BMI, operated side as

well as cup- and stem size (Table 1).
Primary outcome:

Subsidence (Y-translation) for both the BM and the EBM stem is seen with a decline from 0-3
months (Table 2, Figure 4). At three months the stems have subsided -2.53 mm for the EMB and -
2.22 mm for the BM stem, and there are no statistically significant differences between the groups
at three months or any of the measure points from 3 to 24 months. There were no statistical outliers

with regards to y-translation.

The ante-retroversion (Y-rotation) for both groups is found with matching curves between the
groups; from 0-3 months an incline and then stabilisation at close to 2,5° of retroversion (Table 2,
Figure 5).

From 3 to 24 months we found 3 consequent outliers in Y-rotation. Outliers are presented in Table 3
and are all included in the analysis in Table 2.

Secondary outcomes:

The varus-valgus tilt (Z-rotation) shows similar movements for both groups, with a little valgus tilt
and no statistically significant differences (at 24 months BM=1.96°, EBM=2.03°, p=0.87) (Table 2).

Likewise, the mediolateral migration (X-rotation) as well as X- and Z-translation is seen with early

maximum movement and the stabilisation after three months (Table 2).

Regarding the clinical outcome monitored with the HHS and the OHS, we found an increase in both
groups for both parameters from the preoperative scores to the 24-months scores, as seen in Table 4.
At 24 months the HHS score increased 38 points in the BM group and 31 points in the EBM group.
In both groups, the OHS score increased by 23 points. We found no statistically significant

differences between the groups at any time.

Discussion
In this randomised controlled trial comparing the EBM to the BM, we found similar migration

patterns and no statistically significant differences in clinical outcome.
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Stem subsidence and retroversion of uncemented hip prostheses is well-known, and it is overall
satisfying, that we can add confirmation to this knowledge. We do not find any differences between
the stems, which have subsided in the range of approximately 2.5 to 3 mm at 24 months. The
occurrence of full osseointegration can be assumed if stable migration values are present in an RSA
study like the present. Nevertheless, the subsidence is higher than reported in other recent studies,
where Y-translation is between -0.03 mm and -0.99 mm at 24 months (4-7,14-17). In fact, in the
study from 2016 by Nebergall et al. (6)(the Taperloc® stem), they report a single outlier at -0.9 with
the rest of the cohort in a range of -0.1 mm to -0.2 mm. Hence, they found more than a tenth less
migration. However, they also report a median of the postoperative follow-up of 14 days (range O-
43) which may mean that their postoperative value is relatively closer to the value at stabilisation
leaving the comparison more difficult.

In the study by Sgballe et al. from 1993 (18) of the Bi-Metric with or without hydroxyapatite (HA)
coating, a subsidence of 0.07-0.09 mm is reported at 12 months; again, around a tenth of our
findings. But, their cohort is of 15 patients in total, making the study somewhat underpowered.
Hoornenborg et al. reported in 2018 (15) the migration and clinical outcome of the Zweymiiller®
with or without HA coating and found Y-translation in mm (range) = -0,46 (-2.17;0.05) with HA
coating and -0.73 (-2.49;0.12) without HA coating. These findings support that we in the present
study have migration with stabilisation at a higher absolute value than in the studies we compare to.
It has been estimated by Kérrholm et al in 1997 that subsidence for cemented stems should be less
than 1.5 mm at 24 months (19), however in recent years it has been proposed that for uncemented
stems it is not the exact value of the subsidence, but instead the migration pattern that anticipates
the fate of the arthroplasty (20). Accordingly, if a pattern of early subsidence is only followed by
stabilisation at the 3-months-follow-up, one should not worry about stem failure. This seems to be
true for this cohort. However, to investigate if the surgeons could have tended to underestimate the
femoral components, a post hoc evaluation of each templated x-ray compared to the actual stem size
together with a classification of Dorr type were made (21). Only in a single case was a stem with a
smaller size than templated selected (templated to EBM 13, actual EBM 12). No femurs were Dorr
type C. Some of the explanation of the level of subsidence might be explained by the relatively

early postoperative baseline RSA examination.
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We have three outliers (in the Y-rotation segment) with retroversion up to approximately 14.3° in
participant number 6 (Table 3). All three scored maximum points (or close to) in the clinical
outcome measurements at 24 months.

Number 6 is an otherwise healthy man with a BMI of 25, and he received a standard EBM stem size
12. When reviewing and comparing the regular x-rays postoperatively (before mobilisation) with
the RSA about a week after we can see an actual subsidence with the naked eye, although he is not
statistically an outlier with regards to subsidence. It seems the stem has subsided and rotated at
mobilisation and the stem might have been chosen a little small. This had no clinical consequences;
he confirms ‘no complaints at all’ at a telephone call just before submission of this article
(approximately three years postoperatively). We have no continuous migrators.

Concerning the varus-valgus tilt (Z-rotation), stems typically go into a slight varus. However, we
surprisingly find the stems going into valgus. We find no other possible explanation to this other
than when preparing the trochanter major for the stem, to counteract the expected varus-tendency, a
thorough surgeon might achieve the observed slight valgus migration. This could also explain some
of the subsidence. Nevertheless, we have no obvious explanation for this phenomenon.

On the subject of the clinical outcomes, we find the results very satisfying with scores very close to
the maximum for both groups at 24 months. In the study by Klein et al. (16) in which the Corail
stem was evaluated prospectively, they reported the median (range) HHS at 24 months as 100 (44-
100) and the median (range) for OHS at 24 months as 45 (15-48), compatible with our results.

Compared to other studies, our precision error, measured by double examinations, is comparable to
the Nebergall et al. study mentioned above. Still, we find that it is up for improvement and this
could be explained by our manual set-up with no automatic setting of x-ray tubes or fixed position
of the calibration cage. Firstly, the calibration cage was placed on the floor, followed by placement
of the x-ray tubes, and finally, the examination bed was rolled in to cover the calibration cage. To
reduce bias, only the primary investigator handled the RSA set-up.

A limitation of the present study might be the use of MB-RSA and a phantom trial to determine the
accuracy of our MB-RSA compared to marker-based RSA would have been ideal. Still, the
advantage of not having to produce new adjusted stems with attached markers, and in some way
changing the design, is desirable. Another limitation of this study is the rather small sample size.
Although we included 11 persons more than calculated by the power calculation, it is not a large

cohort and a non-inferiority/equality study would be interesting. Still, this requires an even larger
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cohort and is a slow process for a single hospital. We find the above to be the optimal solution when
weighing time, investment and results.

Regarding the quality of data, we cannot escape a certain level of selection bias since the people
who accept to participate in this type of study are probably the most resourceful of all eligible. The
generalizability for this study is rather narrow because the results apply only to the population of
otherwise healthy people who need a THA. Yet, within this growing group, the generalizability is
good.

Conclusively, the BM and the EBM stem show comparable migration and they are both performing
well clinically. Our hypotheses of the EBM stem showing a migration pattern with less total
subsidence, compared to the migration pattern of the BM stem is rejected since we did not find any
differences between the 2 study groups. Furthermore, the added design features do not seem to have
any consequences concerning segment motion or clinical outcome, suggesting negligible
differences. Of course, striving for a result as close to the truth as possible, more studies are
advisable; if we follow the recommended stepwise introduction larger multi-centre studies is the
next move.

We continue to follow this patient cohort.
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Tables and figures
Figure 1 The stems
The Bi-Metric stem to the left and the Echo Bi-Metric stem to the right

Figure 2 Model-based RSA

Screenshot while using the RSAcore software

RSA 2 ar

83



Figure 3 Flowchart
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Table 1 Baseline demographics of the two groups

Bi-Metric Echo Bi-Metric
Age in years (mean/range) 66/49-74 63/50-74
Sex (male/female) 17/14 17/14

Height in meters (mean/range)

1.77 (1.6-1.96)

1.76 (1.61-1.91)

Weight in kg (mean/range)

84 (50-124)

83 (54-122)

BMI (mean/range)

26.6 (17.9-38.3)

26.7 (20.1-35.6)

Operated side (right/left) 18/13 15/16
Cup size (mean/range) 56/50-62 56/50-62
Stem size (mean/range) 12/9-16 11/7-16
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Table 2 Segment motion of the Bi-Metric (BM) and the Echo Bi-Metric (EBM) stems at follow-up until 24 months

¢ proximal (+), distal (-)

* anteversion (-) retroversion (+)

& varus (-) valgus (+)

3 months 6 months 12 months 24 months
(BM n=29) (EBM n=31) | (BM n=29) (EBM n=31) | (BM n=28) (EBM n=31) | (BM n=27) (EBM n=30)
Mean | ClI | P [Mean| CI [ P [Mean| CI [ P |[Mean| CI [ P
Stem translation, segment motion, millimetres
Y -translation ¢

BM 2.2 -2.3;-1.7 -2 -2.5;-1.6 2.1 -2.6;-1.6 -2.3 -3;-1.7
EBM -2.5 -3.2;-1.9 08 -2.4 -3;-1.7 06 -2.4 -3;-1.7 07 2.7 -3.5;-2 06
X-translation

BM -1.1 -0.5,-0.1 -0.4 -0.7;-0.1 0.1 -0.3;0 -0.4 -0.6;-0.1
EBM -0.5 -0.7;-0.3 04 -0.6 -0.9;-0.4 04 -0.3 -0.4;-0.1 04 -0.5 -0.8;-0.3 05
Z-translation

BM -0.8 -1;-0.5 -0.5 -0.7;-0.3 -0.9 -1.2;-0.6 -0.7 -1.1;-0.4
EBM -0.8 -1;-0.6 08 -04 -0.6;-0.2 03 -0.9 -1.2;-0.7 09 -0.9 -1.1;-0.6 0.7
Stem rotation, segment motion, degrees
Y-rotation*

BM 2.2 1.5;5 0.9 2.4 1.7;3.2 0.8 2.5 1.7;3.2 0.6 25 1.6;3.3 1
EBM 25 1.8;3.5 2.6 1.9;35 2.7 1.9;3.7 2.7 1.9;3.8
X-rotation

BM -0.6 -0.9;-0.3 0.9 -0.2 -0.5;0.1 0.6 -0.6 -1;-0.2 0.6 1.2 0.7;1.6 1
EBM -0.4 -0.8;-0.03 ' 0 -0.2;0.3 ' -0.8 -1.2;-0.5 ' 1.1 0.7;1.6
Z-rotation &

BM 1.7 1;2.5 1.7 0.9;2.5 1.8 1;2.7 2 1.1;2.8
EBM 1.7 0.9;24 1 1.8 1:2.5 0.7 1.8 1.1;2.6 0.7 2 1.2;2.8 0.7
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Figure 4 Mean Y-translation at each follow-up for the two different stems (in millimetres with

standard error of mean bars)
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Table 3 Outliers Y-rotation

Presented in degrees at the different time points and with their 24-months clinical score

ID (group) 3 months | 6 months | 12 months | 24 months | OHS | HHS
6 (Echo Bi-Metric) | 12.8 13.4 14 14.3 48 100
8 (Bi-Metric) 6.9 7 7.1 8 43 100
23 (Bi-Metric) -3.3 -4.2 -4.8 -5.2 48 100

Table 4 Clinical outcome

Harris Hip Score (HHS) an objective clinical outcome score (maximum score is 100);

Oxford Hip Score (OHS) a subjective clinical outcome score (maximum score is 48)

Mean (range)

HHS

OHS

BM

EBM

BM

EMB

Preoperative

61 (38-82)

67 (31-85)

0.1

24 (10-35)

23 (9-40)

0.7

6 months

92 (61-100)

91 (70-100)

0.2

43 (29-48)

44 (27-48)

0.5

12 months

97 (81-100)

95 (73-100)

46 (31-48)

44 (26-48)

0.3

24 months

99 (91-11)

98 (49-100)

0.6

47 (43-48)

46 (21-48)

0.9
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Abstract

Purpose

Total hip arthroplasty (THA) has proven to be a successful procedure. New implants are
continuously developed to increase the longevity of the prostheses.

The purpose of this study was to evaluate how two different THA stems compares regarding
adaptive bone remodelling.

Methods

We randomized 62 patients, 1:1 (mean age=64 years, Female/Male=28/34), scheduled for a primary
uncemented THA to receive either an Echo Bi-Metric (EBM) or a Bi-Metric (BM) THA stem.

We performed dual-energy x-ray absorptiometry (DEXA) scans within a week after surgery and at
3, 6, 12 and 24 months with measurements of bone mineral density in the 7 Gruen zones (region of
interest (ROI) 1-7). The clinical outcome was evaluated using Harris Hip Score and Oxford Hip
Score.

Results

We found a decrease in bone mineral density between the postoperative and the 24-months values
in all ROIs for both stems. The greatest decrease over time was seen for both groups in the ROI1
(BM =-8.4%, p=0.044, and EBM=-6.5%, p=0.001) and ROI7 (BM =-7%, p=0.005, and EBM=-
8.6%, p<0.0005).

We found a tendency in ROI12-4 towards different early bone remodelling pattern between the
groups with a higher degree of bone loss in the EBM group. However, this difference only
continued beyond 6 months in ROI4 (24 months: BM=-1.2% and EBM =-2.8%, p=0.001).
Conclusion

Both stems show similar adaptive bone remodelling as well as clinical results.

Registered at ClinicalTrials.gov 01/13/2016 (NCT02656771).

Keywords

Total hip arthroplasty, adaptive bone remodelling, DEXA, coxarthrosis, Gruen zones.
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Introduction

Total hip arthroplasty (THA): heralded in 2007 as the operation of the century (1). From one day to
another, patients can walk again, go skiing again and play golf again. THA is a life-changing
procedure.

But what happens in the bone? From previous studies we know that the bone mineral density
(BMD) (g/cm?) decreases directly after surgery in response to the operative trauma and post-
operative immobilization, later on because of stress-shielding and finally, in some patients, because
of foreign body reaction (2,3). A decrease in BMD is not beneficial in general but even less so when
an uncemented joint replacement is performed.

However, the human body has a defence. Post-operatively adaptive bone remodelling will begin.
Previous studies of adaptive bone remodelling after uncemented primary THA have shown an

initial decrease in BMD followed by a slow rise toward baseline values. At 12 months post-
operatively stabilization is seen at a new and either lesser or equal BMD compared to baseline; this
phenomenon has been proven most pronounced in the regions corresponding to Gruen zones one,
four and seven (4-6).

The aim of this study was to investigate the regional adaptive bone remodelling between two
different designs of porous-coated uncemented titanium alloy hip prosthesis; the Bi-Metric® Porous
Primary (BM) stem and the Echo® Bi-Metric® Full Proximal Profile (EBM) stem. To do this, we
used dual-energy x-ray absorptiometry (DEXA), which has shown to be a precise and accurate tool

with low-dose radiation (7,8).

Material and Methods
In this randomized controlled trial, we enrolled and randomized 62 patients one-to-one, planned for
an uncemented primary THA to receive either an EBM (n=31) or a BM (n=31) THA stem, both

from Zimmer Biomet (Warsaw, Indiana).

Eligibility criteria

The inclusion criteria were: Patients with primary osteoarthritis bound to undergo THA, age 30-75
years and informed consent.

The exclusion criteria were: Infections, diseases affecting the bone metabolism, pregnancy, inability

to cooperate, inability to understand, read or speak Danish, and medicine or alcohol abuse.
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Secondary exclusion criterion: Technical shortcomings, such as poor image quality.

Sample size
Our power analysis estimated a minimum of 20 people in each group based on a minimal relevant
difference at 7.5% (BMD change between the two groups), SD=8%, Type one error=5% and type

two error=15%. We included 31 to accommodate future dropouts.

Randomization and surgery

Allocation was performed as block randomization on the day of surgery using a closed, non-
transparent envelope opened in the operation theatre.

All operations were performed by one of four senior hip surgeons. Surgery was performed
according to standard procedure with a posterolateral approach and following the manufacturers’
recommendations.

All patients received a 32 mm chrome-cobalt head and an Exeed ABT ringloc-x acetabular shell
with a highly cross-linked polyethylene liner. Surgery was performed under spinal or general
anaesthesia. Patients were mobilized with full weight-bearing using crutches on the day of surgery.
No Non-Steroidal Anti-Inflammatory Drugs or steroids were used. Due to visual differences of the
two prostheses, the surgeon and health personnel were not blinded. The participants were all
blinded.

Implants

Both stems are press-fit titanium alloy stems with a proximal plasma spray porous titanium coating.
The distal part of the stems has a roughened titanium surface for bone on-growth. The EBM stem is
a development of the BM stem and uses many of its features while integrating new design features
to further enhance the clinical performance: reduced neck geometry to allow for increased range of
motion and decreased risk of neck impingement; a polished neck to reduce debris should
impingement occur; a polished bullet-shaped distal tip to reduce distal stresses. In addition, the
proximal porous coating has been extended distally (Fig. 1).

Dual-energy xray absorptiometr{DEXA)

DEXA-scans were done within a week of surgery and at three, six, 12 and 24 months after surgery.

We scanned the operated hip, from the level of the acetabulum to a minimum of two cm distal to the
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tip of the stem, and both proximal tibiae. Sandbags secured correct rotation of the leg. A Norland
XR-46 bone densitometer (Norland Corp, Fort Atkinson, WI) was used for measurements of BMD
(g/cm?). It has customized software with an adjustable threshold for metal exclusion, allowing
BMD measurements of the bone adjacent to the implants (this is called “high-density point
exclusion”). Scan speed was set at 45 mm/s and the pixel size at 1.0 X 1.0 mm. Quality control of
the machine was performed using daily calibration before the first scan. Precision of the BMD
measurements was evaluated by double measurements of 11 participants.

Seven regions of interest (ROI) were placed manually on the femur scans to represent the seven

Gruen zones as in an anteroposterior x-ray (Fig. 2).

DEXA scans of both the proximal tibiae were made for comparison with bone metabolism in other
parts of the body. On these scans, a single ROI was placed just distal to the subchondral plates of
the tibial condyles.

Outcomes
Primary outcome measure:

The percentage change of mean BMD (ABMD) in the seven Gruen zones after 24 months

(compared with the first scan), with comparisons between the groups.

Secondary outcome measures:
Adaptive bone remodelling measured by the ABMD in the proximal tibiae bilaterally at 24 months
(compared with the first scan).

Clinical outcome monitored with Harris Hip Score (HHS) and Oxford Hip Score (OHS) (9-12).

Compliance with Ethical Standards

The study was approved by the local Ethical Committee (H-4-2014-079), by the Danish Data
Protection Agency (GEH-2015-079, I-Suite no. 03764) and prospectively registered at
ClinicalTrials.gov (NCT02656771). The study was carried out in accordance with the principles of
the Helsinki declaration.

All patients were informed orally and in writing as prescribed in the recommendations and
requirements from the local Scientific Committees. Written informed consent was obtained from all

the subjects before enrolment.
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Statistics

Data were tested for normality by histograms, QQ-plot and Kolmogorov-Smirnov, and found
normally distributed.

For the evaluation of potential differences between the mean BMD changes of each group, we used
an independent t-test. A t-test for paired data was performed for comparison of the immediate
postoperative BMD value and the value after 24 months. Furthermore, repeated measurements
ANOVA was made for evaluation of within-group changes in BMD over time.

The Mann Whitney U test was used to compare the groups with regards to clinical scores.

All data are presented as mean with SD or 95% confidence intervals (Clgs) unless otherwise
reported.

All analyses were supervised by a statistician at the University of Copenhagen, and the statistical
software SPSS version 24 (IBM Corp. New York, USA) was used.

Results

Of 116 people assessed for eligibility, 66 were included, four as pilot-patients and consequently, 62
were randomized (Fig. 3) (mean age=64(range 49-74) years, Female/Male=28/34). In the BM
group, two participants died due to other reasons before 24 months had passed; two participants
were re-operated, one due to periprosthetic fracture and one due to excessive subsidence.

In the EBM group, one participant did not want to proceed in the study beyond 12 months and in
one case, we had to exclude the patient from the study at 24 months because of technical
difficulties. Data for these patients are included in the study for as long as they individually have
participated. The groups were similar with respect to patient characteristics and perioperative data
(Table 1).

Primary oucome

At 24 months we saw the most marked decrease in BMD in both groups in the ROI1 (BM =-8.4%,
p=0.044, and EBM=-6.5%, p=0.001) and ROI17 (BM =-7%, p=0.005, and EBM=-8.6%, p<0.0005)
followed by ROI12 (BM =-4%, p=0.007, and EBM=-5.2%, p<0.0005) (Table 2). Statistically
significant differences between the immediate post-operative BMD and the 24-months BMD values
were found in most ROIs for both stems; however, not in the BM group ROI4+5 and in the EBM
group ROI5.
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When comparing the BMD changes over time between the two different stems, we found a
tendency in ROI2-4 towards different early bone remodelling patterns, within the first six months,
with a higher degree of bone loss in the EMB group (with p-values between 0.01 and 0.129).
However, this difference in bone remodelling pattern only continued beyond six months in ROI4,
where it was statistically significant 24 months postoperatively (p=0.001).

Over time, using repeated measures ANOVA, we could not identify any statistically significant

changes in BMD in any of the ROI for any of the groups.

Secondary outcomes

We divided the knee DEXA scans into the tibia on the operated side and the tibia on the not-
operated side (Table 3). Initially, there was an increase in the BMD in the EMB and BM group on
the operated side (BM=4.7% and EBM=1.2%, p=0.079) and a decrease in both groups on the not-
operated side (BM=-0.02% and EBM=-0.6%, p=0.733). At 24 months, no significant differences
were found between the groups, but a decrease in both groups in both tibiae, with a slightly more
substantial loss of BMD in the EBM group was seen (BM =-1.4% on the operated side and -5.1%
on the not-operated side. EBM=-5.4% on the operated side and -7.3% on the not-operated side).
The HHS score increased from 61 (preoperative) to 99 points (24 months) in the BM group and
from 67 (preoperative) to 98 points (24 months) the EBM group. In both groups, the OHS score
increased by 23 points. We found no significant differences between the groups at any time

Discussion

Our main findings were that the two different prostheses have almost similar medium-term patterns
of adaptive bone remodelling in all ROIs except in ROI4.

Not surprising, ROI1 and ROI7, with most trauma during surgery, most cancellous bone and with
the highest risk of stress-shielding, had the lowest levels of BMD. For both stems, we saw a slight
decrease in BMD in ROI1 initially and a further decline in the period 3-12 months. In ROI17 the
decline was even larger. We believe this is caused by stress-shielding in the area, consistent with
current knowledge and theory (13).

Several factors may influence the change in BMD in the femur after THA, either physiological or
iatrogenic. In ROI4 the BM group always seemed to have a better adaptive bone remodelling.
Maybe this could be explained by the differences of the tip-design, i.e. the “polished bullet-shaped
distal tip”-design of the EBM, designed to reduce the distal stress. There have been speculations
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regarding the effects of sex and age on BMD in different ROIs, but there seems only to be
consensus that stem design and fixation are the main influencers on periprosthetic bone
remodelling, especially in ROI4 and ROI7 (14-16). It could be proposed that the design of the EBM
IS not advantageous for adaptive bone remodelling in ROI4. However, the differences found were
very small, and we do not find any clinical evidence to back this up, as our clinical outcome scores
show similar and very satisfying progression at 24 months. Generally, there is a higher loss of BMD
in the EBM group (represented by the distal tibiae scans) indicating that other factors contribute to
the BMD loss (e.g. age, genetics, movement etc.).

Compared to other studies of adaptive bone remodelling after THA, we found similar values of the
BMD and similar patterns of the BMD over time. Van der Wal et al. (17) found a 24 months
BMD% difference ranging from -14.5% in ROI7 and -11.3% in ROI1 to 2.8% in ROIG,
correspondent our findings of BMD differences being greatest in ROI1 and ROI7.

Venesmaa et al. reported (18) a general decrease in all ROIs until six months and mostly in the
calcar region. After six months, they reported only minor changes (follow-up was 60 months). This
is in line with our results, but in general, we see a decrease over the 24 months. Nevertheless, the
BMD change that we report with a maximum of -10.1% (in ROI7) is somewhat less than their
maximum reported bone loss of approximate -25% (12 months). However, in both studies, the
greatest bone loss was in ROI7. In 1996 Kiratli et al. presented a BMD curve with a drop until six
months and then stabilization with a continued small decrease up to 24 months (19), in accordance
with the Venesmaa et al. and our study, although their ROIs were differently placed.

When comparing the BMD over time in the periprosthetic hip regions with the tibiae BMD over
time, we can conclude that there is a general drop in BMD from the post-operative measurements to
the 24 months measurements. This emphasizes that the explanation of a decreasing BMD over time
lays not just in the THA, but it is also a matter of other systemic factors—such as progression of
age. Interestingly, we observe an early increase in BMD in the tibiae on the operated side,
suggesting a return to normal after a period of immobilization before the operation. After 24 months
the tendency is that the tibiae on the non-operated side have a lower BMD, proposing this to be the

‘new’ inferior hip.

Limitations to be mentioned are the rather small sample size; even though we included 11(35.5%)
persons more than calculated by the power calculation it is not a large cohort, and a non-
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inferiority/equality study would be interesting. Furthermore, we have a blinding-regimen in which

only the patients were blinded.

In conclusion, both the BM and the EBM stems are clinically performing well and show

comparable adaptive bone remodelling.
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Figures and Tables
Figure 1 The stems
The Bi-Metric stem (BM) to the left and the Echo Bi-Metric stem (EBM) to the right

Figure 2 Regions of interest (ROIs) of the periprosthetic BMD measurements
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Figure 3
Flowchart
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Table 1 Baseline demographics

Bi-Metric | Echo Bi-Metric

Age (mean) 65.5 62.8

Sex (male/female) 17/14 17/14
Height (m) 1.77 1.76
Weight (kg) 84 83

BMI (kg/m?) 26.6 26.7
Operated side (right/left) 18/13 15/16

Cup size (median/range) | 56/50-62 56/50-62
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Table 2 Periprosthetic bone mineral density (BMD)
BMD in the 7 Gruen zones from postoperatively to 24 months after surgery

BMD Postoperative 3 months 6 months 12 months 24 months 0-24 months t-test ANOVA
p-value p-value
EBM BM EBM BM EBM BM EBM BM EBM BM EBM BM EBM BM
(n=30) (n=31) (n=30) (n=30) (n=30) (n=28) (n=30) (n=28) (n=29) (n=27)
ROI1
Mean 1.214 1.219 1.186 1.252 1.16 1.225 1.14 1.195 1.122 1.125 0.001 0.044 0.609 0.546
SD (0.17) (0.15) (0.18) (0.19) 0.2) (0.24) (0.17) (0.29) (0.15) (0.24)
ABMD% -1.1 -0.16 -3.8 -0.16 -5.6 -2 -6.5 -8.4
Clgs (-3.6;1.7) (-0.1;5.8) (-1.2;8.2) (-7.9:6.1) (-8.6;-2) (-7.5;8.3) (-9.7;-2.9) (-16.4;-1.7)
p-value 0.094 0.348 0.461 0.659
ROI2
Mean 1.993 1.935 1.916 1.915 1.925 1.886 1.934 1.884 1.884 1.847 <0.0005 0.007 0.725 0.587
SD (0.28) (0.19) (0.28) (0.21) (0.29) (0.21) (0.3) (0.23) 0.3) (0.23)
ABMD% -3 -0.24 -3.4 -1.4 -3.1 -2 -5.2 -4
Clgs (-4.3;-1.5) (-1.7;1.3) (-5.4;-1.6) (-3.2,0.5) (-5.1;-1.2) (-3.9;-0.05) (-7.1;-3.2) (-6.7;-1.5)
p-value 0.014 0.129 0.408 0.459
ROI3
Mean 2.117 2.180 2.019 2.128 2.046 2.107 2.072 2.116 2.046 2.094 <0.0005 <0.005 0.771 0.063
sD (0.29) (0.26) (0.29) (0.25) (0.28) (0.24) (0.29) (0.25) (0.28) (0.23)
ABMD% -4 -1.7 -3.4 -2 -2.3 -1.7 -3 -2.3
Clgs (-5.3;-2.8) (-2.7;-0.7) (-4.;-2.5) (-3;-0.9) (-3.3;-1.4) (-2.8;-0.4) (-4.2;-2) (-3.3;-1.3)
p-value 0.01 0.059 0.46 0.32
ROI4
Mean 1.943 2.003 1.88 1.948 1.877 1.956 1.9 1.984 1.888 1.985 <0.0005 0.2 0.729 0.629
SD (0.29) (0.31) (0.28) 0.3) (0.29) (0.29) (0.31) 0.3 (0.31) (0.31)
ABMD% -3.2 -1.5 -3.4 -0.7 -2.5 0.8 -2.8 -1.2
Clgs (-4.3;-2.3) (-3;-0.1) (-4.7;-2.4) (-2;0.8) (-3.9;-1.3) (-1.4;3.1) (-4.3;-1.6) (-0.6;3)
p-value 0.053 0.009 0.021 0.001
ROI5
Mean 2.118 2.167 2.059 2.129 2.083 2.126 2.116 2.133 2.104 2.134 0.306 0.857 0.762 0.097
SD (0.27) (0.26) (0.28) (0.26) (0.28) (0.25) (0.29) (0.26) 0.3) (0.23)
ABMD% -2.3 -0.8 -1.6 -0.5 -0.1 0.06 -0.85 0.19
Clgs (-3.6;-1.2) (-2.1,0.4) (-3.1;-0.3) (-1.5;0.6) (-1.8;1.5) (-1.3;1.3) (-2.5;0.5) (-1.9;1.9)
p-value 0.119 0.229 0.915 0.375
ROI6
Mean 1.943 1.924 1.88 1.846 1.887 (0.26) 1.861 1.901 1.844 1.907 1.855 0.015 0.042 0.750 0.702
sD (0.25) (0.21) (0.26) (0.24) (0.22) (0.27) (0.22) (0.26) (0.24)
ABMD% -2.7 -3.7 -3 -3 -2.1 -4.1 -1.7 -3.3
Clgs (-4.2;-1.5) (-5.9;-1.7) (-4.2;-1.8) (-4.1;-1.7) (-3.6;-0.8) (-5.6;-2.5) (-3;-0.3) (-5.7;-0.9)
p-value 0.464 0.973 0.057 0.273
ROI7
Mean 1.675 1.791 1.542 1.686 1515 1.671 1.498 1.605 1.517 1.61 <0.0005 0.005 0.732 0.464
sD (0.21) (0.23) 0.2) (0.26) (0.22) (0.26) (0.22) (0.25) (0.22) (0.26)
ABMD% -6.8 -1.5 -9 -4 -10.1 -7.7 -8.6 -7
Clgs (-8.8;-5) (-7.3;9.3) (-11.1;-6.8) (-9.3;6.4) (-12.3;-7.9) (-13.5;2.3) (-11.3;-5.8) (-12.9;3.9)
p-value 0.37 0.364 0.577 0.711




Table 3 Bone mineral density (BMD) in the tibiae from postoperatively to 24 months after surgery

BMD Postoperative 3 months 6 months 12 months 24 months 0-24 months t-test ANOVA
p-value p-value
EBM BM EBM ‘ BM EBM BM EBM BM EBM BM EBM BM EBM BM
(n=30) (n=31) (n=30) (n=30) (n=30) (n=28) (n=30) (n=28) (n=29) (n=27)
ROl tibia on the operated side
Mean 0.798 0.837 0.804 0.849 0.787 0.847 0.772 0.820 0.75 0.804 <0.0005 0.078 0.581 0.304
SD (0.18) (0.23) (0.19) 0.2) (0.19) 0.22) (0.17) 0.22) (0.18) 0.2)
ABMD% 1.2 4.7 -1.2 0.4 -2.8 -1.5 -5.4 -1.4
Clgs (-0.8;3.1) (1.6;8.2) (-4.3,1.9) (-1.6;2.2) (-5.3;-0.4) (-4.8,1.2) (-8.3;-2.8) (-4.9;1.9)
p-value 0.079 0.384 0.503 0.079
ROl tibia the not operated side
Mean 0.84 0.893 0.834 0.876 0.806 0.89 0.797 0.846 0.777 0.832 <0.0005 0.001 0.746 0.588
SD (0.17) (0.22) (0.18) (0.21) (0.18) (0.23) (0.18) (0.21) (0.18) (0.21)
ABMD% -0.6 -0.02 -4.3 -0.2 -5.3 -4.2 -7.3 5.1
Clgs (-3.2;1.9) (-2.1;2.2) (-6.6;-2.2) (-2.2;1.7) (-8.1;-3.1) (-6.2;-2) (-10.5;-4.1) (-8.2;-2.2)
p-value 0.733 0.011 0.5 0.327
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Table 4 Clinical scores

Harris Hip Score (HHS) (maximum score is 100)
Oxford Hip Score (OHS) (maximum score is 48)

HHS OHS
Mean (range)
BM EBM p-value* BM EMB p-value*
Preoperative 61 (38-82) 67 (31-85) 0.147 24 (10-35) 23 (9-40) 0.667
6 months 92 (61-100) 91 (70-100) 0.221 43 (29-48) 44 (27-48) 0.490
12 months 97 (81-100) 95 (73-100) 0.959 46 (31-48) 44 (26-48) 0.029
24 months 99 (91-11) 98 (49-100) 0.601 47 (43-48) 46 (21-48) 0.901

*Mann Whitney U-test
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Abstract

It is believed that in uncemented primary total hip arthroplasty (THA) the anchorage of the stem is
dependent on the level of bone mineral density (BMD) of the femoral bone. Likewise, the risk of
fracture increases with decreasing BMD. This is the reason for the widely accepted agreement that a
cemented solution should be selected for people with osteoporosis or age >75 years, since BMD
will drop with age.

Aim/purpose

To evaluate if preoperative BMD of the trochanteric area and/or the femoral shaft is related to
femoral stem migration in uncemented THA.

Materials and methods

We enrolled 62 patients (mean age=64 years (range 49-74), Female/Male=28/34) scheduled for an
uncemented total hip arthroplasty. Before surgery we made DEXA scans of the proximal femur
(trochanter area and femoral shaft) and standard hip DEXA scan with calculation of the T- and Z-
scores for the femoral neck. During surgery tantalum beads were inserted and evaluation of stem
migration by radiostereometric analysis (RSA) was performed with 24 months of follow-up. In 56
patients both preoperative DEXA data and RSA data were available with 24 months of follow-up.
Results

Linear regression analysis showed no statistically significant relation between preoperative BMD
and femoral stem subsidence after 3 or 24 months.

When comparing the average femoral stem subsidence between two groups with T-score >-1 and T-
score <-1, respectively, we found no statistically significant difference between subsidence in the
groups after neither 3 nor 24 months. None of the patients in our material had T-score below -2.5.
Conclusion

In a cohort of people <75 years of age and with T-score >-2.5 we found no relationship between

preoperative BMD and postoperative femoral stem subsidence of a cementless THA.
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Introduction

Early migration of total hip arthroplasty (THA) femoral stems is always expected to some extent
(1). Cemented stems migrate less than uncemented do, because the initial stabilization is secured
artificially with bone cement, but both migrate in a similar pattern (2—4) (at least for shape closed
stems). The fixation of the stem and the risk of fracture are believed to rely on the density of the
surrounding bone, why it is considered rational to fixate THASs in elderly and/or people with
osteoporosis (or other disorders affecting the bone) by using bone cement (5-7). Additionally, we
know that the bone mineral density (BMD) usually decreases directly after surgery for example as a
response to the trauma and immobilization (8,9) making the immidiate postoperative period
vulnerable. Nonetheless, cementless technique is now widely used for all ages (10).

The BMD of the hip is the most reliable estimate, when it comes to predicting hip fracture risk and
is interpreted by using the World Health Organizations’ definition of T- and Z-score (11,12). The T-
score is a calculation of a person’s BMD matched for sex and ethnicity and expressed as the
difference relative to the young adult population. There are 3 groups defined as T>-1.0; -2.5<T<-
1.0; T<-2.5 to represent the groups normal, osteopenia and osteoporosis, respectively. Z-score, on
the other hand, is a calculation of a person’s BMD matched for sex and ethnicity and expressed as
the difference relative to the age matched population in standard deviations.

Radiosteriometric analysis (RSA) has proven a very accurate method to measure the migration of an
implant relative to the surrounding bone and is increasingly used to monitor new implants when
introduced on the market (13-16). On the subject of THA, the migration of interest is primarily
translation along the Y-axis (Y-translation), where a negative value is distal migration, i.e.
subsidence (17-19).

There are very few studies comparing the BMD or quality of the femoral bone to the migration of
an uncemented THA stem, and some studies show, that lower BMD leads to increased subsidence
(20-22), while other studies could not demonstrate such a relation (23).

The present study is partly based on secondary endpoint data from a randomized controlled trial
(RCT) (24), and the main aim of the study was to evaluate, if preoperative BMD of the trochanteric
area and/or the femoral shaft is related to femoral stem migration in uncemented THA.
Furthermore, we aimed to determine if a standard hip dual-energy X-ray absorptiometry (DEXA)

scan for diagnosis of osteoporosis could be used for the above purpose.
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We hypothesised that low preoperative BMD is related to higher femoral stem subsidence and that a
standard osteoporosis DEXA scan of the hip can predict the BMD of the trochanter and shaft region

of the femur bone.

Funding
This work was supported by Zimmer Biomet, but they did not take part in the planning, data

collection, analysis, interpretation of the results, or in writing the manuscript.

Material and methods
The study is a cohort study with 24-months of follow up after primary THA.

The inclusion criteria were: patients with primary osteoarthritis bound to undergo THA, age 30-75
years and informed consent.

The exclusion criteria were: Infections, diseases affecting the bone metabolism, pregnancy, inability
to cooperate, inability to understand, read or speak Danish, and medicine or alcohol abuse.
Secondary exclusion criterion: technical shortcomings such as poor image quality. ‘Diseases
affecting the bone metabolism’ was defined as disorder of the structure of bone (osteoporosis,
osteomalacia and Paget’s disease) or disorders of bone mineral metabolism (hypo- or
hyperparathyroidism, vitamin D deficiencies or cancer).

All patients included took part in a prospective randomized clinical RSA trial with two-year follow-
up, where the patients were randomly allocated to receive one of two uncemented femoral stems
(24).

Outcomes

Primary outcome:

Is there a linear relation between the preoperative BMD in the femur and the degree of
postoperative subsidence of the femoral component in primary uncemented THA?

Secondary outcomes:

Is there a linear relation between the preoperative BMD in the femoral neck and BMD of the
trochanter region or the shaft region of the femur, respectively?

Can a preoperative standard osteoporosis DEXA scan be used in predicting the preoperative BMD
of the whole trochanter area and the shaft region, respectively?
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Because our primary outcome hypothesis later was rejected, we went on a little further and asked:
could there be a possible relation between the postoperative stem migration at 3 and 24 months and
the preoperative BMD when data is dichotomized into subgroups of T-score>-1 or <-1 and Z-

score>0 or <0?

Dual EnergyX-ray Absorptiometry (DEXA)

DEXA-scans were performed before surgery at the Department of Orthopaedic Surgery,
Rigshospitalet, Denmark. The hips to be operated were first scanned using the research scan option
starting from the level of the acetabulum and ending 25 cm distally. Sandbags secured a stable and
neutral rotation of the leg. Additionally, we made a preoperative standardized osteoporosis scan of
the hip, with calculation of BMD of the femoral neck and the corresponding T- and Z-scores
(normal population: Fem Neck Caucasian Copenhagen 93 v 2.3) (Figure 1). For these scans we
used the manufacturer’s special fixation device to fixate the pelvis and lower limbs to ensure a
reproducible hip BMD measurement. The results of these scans were not used to exclude any

patient for inclusion in the RSA study.

The research scans were not analysed until after 24 months of follow-up had been completed for all
patients. Two regions of interest (ROI) were placed manually on the computerised scan plots to
represent the trochanteric region (ROI(t)) and the shaft region (ROI(s)), respectively (Figure 2). All
ROI-markings were performed starting with the marking of ROI(s) beginning just distal to the
trochanter minor and ending 10 cm more distal. Then the placement of ROI(t) beginning proximal
to the ROI(s) and including both trochanters up until a line representing the cut-off angle 1 cm
proximal to the trochanter minor (45°). In these two separate regions the local BMD was
automatically calculated by the software.

A Norland XR-46 bone densitometer (Norland Corp, Fort Atkinson, WI) was used for
measurements of BMD (g/cm?). For the research scans, scan speed was sat at 45 mm/s and the pixel
size at 1.0x1.0 mm and as to the standard osteoporosis scans, scan speed was sat at 90 mm/s and the
pixel size at 1.0x1.0 mm. Quality control of the machine was performed using daily calibration

before the first scan. All the DEXA-scans were carried out by trained health professionals.

Implants
Al patients received either an uncemented Echo® Bi-Metric® Full Proximal Profile THA stem or an

uncemented Bi-Metric® Porous Primary THA stem, a 32 mm chrome-cobalt head and an Exceed
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ABT ringloc-x acetabular shell with a highly cross-linked polyethylene liner (Zimmer Biomet Inc.,
Warsaw, Indiana, USA).

Both stems are press-fit titanium alloy stems with a proximal plasma spray porous titanium coating
designed for bone ingrowth and proximal load and weight bearing. The distal part of the stems has a
roughened titanium surface for bone ongrowth. None of the implants were coated with
hydroxyapatite (HA).

Radiostereometric analysis (RSA)

During THA surgery 8 to10 tantalum markers (8=0.8 mm) were inserted into the regions of both
the trochanter major and minor. After mobilization, the patients had their baseline RSA X-rays
taken at the Department of Diagnostic Radiology at Rigshospitalet, Copenhagen, Denmark
(median=6 days postoperatively). All RSA pictures were analysed at the Biomechanics and RSA-
laboratory at Skane University Hospital, Lund, Sweden, and with 24 months of follow-up the Y-
translation (subsidence) was evaluated (Figure 3).

Precision error (PE), defined as two standard deviations, for the Y-translation was 0.27 mm
(measured by 55 double examinations performed with total reposition of the patients). Mean error
of rigid body fitting was limited to 0.35 mm. The condition number limit was set at 150.
Software: Model-based RSA software (version 4.1; RSAcore, Department of Orthopaedic Surgery,
LUMC, the Nederlands).

Ethics and Registration

The study was approved by the local Ethical Committee (H-4-2014-079), by the Danish Data
Protection Agency (GEH-2015-079, I-Suite no. 03764) and registered at ClinicalTrials.gov
(NCT02656771). The study was carried out in accordance to the principles of the Helsinki
declaration.

All patients were informed orally and in writing as prescribed in the recommendations and

requirements from the local Scientific Ethical Committees.
Statistics

Demographic data were found to be normally distributed. From the RSA study we know that there
is no statistically significant difference between the two groups with regards to migration of the
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stem (24) (Figure 4), hence we consider them as one group and no stratification for implant was
done.

We used linear regression analysis to evaluate if preoperative BMD of the femoral neck from a
standard osteoporosis DEXA scan could be used to predict the preoperative BMD of the specially
designed regions ROI(t) and ROI(s), respectively. Additionally, we analysed for a potential relation
between BMD measured in the femoral neck region, the ROI(t) or ROI(s) and femoral stem
migration expressed as the numeric value of the Y-translation at 3 and 24 months. We present the
Y-translation in numeric value because we find that any movement, whether distal or proximal, is
undesirable. But, since the Y-translation is predominantly negative, i.e. distal migration, we refer to
Y-translation as subsidence unless otherwise stated.

All data are presented as mean with range or 95% confidence intervals (Clgs) unless otherwise
reported and results of the regression analysis are presented graphically with a scatter plot and the
regression line with both Clgs and the 95% prediction limits, the p-value and the coefficient of
correlation (R).

To test if a possible non-linear relation between stem migration and BMD existed; the Y-translation
data were divided into subgroups based upon two clinically relevant parameters from the
preoperative standardized osteoporosis scan of the hip:

T-score>-1 or <-1 and

Z-score>0 or <0.

A possible difference in subsidence between groups of dichotomised data was evaluated using
unpaired t-test.

The statistical software Rstudio version 1.0.136 was used for all calculations.

Results

From February 2016 to September 2017 we enrolled 62 patients (mean age=64(range 49-74) years,
Female/Male=28/34) (Figure 5). Of the 116 patients assessed for eligibility, 2 were excluded due to
diseases affecting bone metabolism; 1 due to treatment with bisphosphonate and 1 due to newly
discovered cancer (after primary enrolment, but before DEXA scan). Six patients were lost to
follow-up; 2 were revised before 3 months (one periprosthetic fracture and one undersized stem), 2
died of causes unrelated to the surgery and 1 patient was lost to follow-up due to unknown reasons

(did not respond to contact attempts). One patient was excluded from the analysis due to a

122



suboptimal ROI(s)-scan ending only 8 cm more distal to the trochanter minor (instead of 10 cm).
Thus 56 patients were included for analysis (Table 1), and in Figure 4 the pattern of mean
subsidence is shown.

Femoral stem subsidence expressed as the numerical value of the numeric average value of the Y-
translation was 1.24 mm (0.00-5.76 mm) and 1.21 mm (0.01-5.83 mm) after respectively 3 and 34
months of follow-up (Figure 4 and Table 1). Linear regression analysis showed no statistically
significant relation between subsidence (both after 3 or 24 months) and preoperative BMD
measured of the femoral neck region, ROI(t) or ROI(Ss), respectively (Figure 7).

We found a highly statistically significant relation between the preoperative BMD of the femoral
neck region measured by standard osteoporosis DEXA scan and BMD measured by research DEXA
scans of the ROI(t) (p<0.001) and the BMD of the ROI(s) (p<0.001) (Figure 6).

None of the patients in the study could be classified as suffering from osteoporosis with a T-score
below -2.5 (based on the preoperative standard osteoporosis DEXA scan of the femoral neck
region), but 21 of 56 had a T-score below -1, and consequently could be classified as suffering from
osteopenia. Ten of 56 had BMD of the femoral neck region on the average or below individuals of
the same age and sex (Z-score <0) (Table 1). When comparing the average femoral stem
subsidence between the two groups with T-score >-1 and T-score <-1, we found no statistically
significant difference between subsidence in the groups after 3 (p=0.92) or 24 months (p=0.96).
Likewise, when dividing the material based upon the Z-score (Z-score >0 and Z-score <0) no
statistically significant difference was found between groups after 3 (p=0.58) or 24 months (p=0.31)
(Table 2).

Discussion

The main aim of this cohort study was to evaluate if preoperative BMD of the trochanteric area
and/or the femoral shaft was related to femoral stem migration in uncemented THA up to 24 months
after surgery. No statistically significant linear relationship was found between BMD and
subsidence, and when dividing BMD into clinically relevant groups of either normal or osteopenic
bone no difference in subsidence between groups was found.

Previous RSA studies have shown, that uncemented THA femoral stems subside more than
cemented ones, however in a comparable pattern with the subsidence occurring within the first three
months followed by a relative stabilization with minimal subsidence afterwards (3). Both cemented

and cementless fixation of THA femoral stems report good long-term survivorship, nevertheless,
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the use of uncemented fixation method is increasing in many countries (25). The 2019 annual report
from The Danish Hip Arthroplasty Register (10) shows that for people of all ages having surgery
due to primary osteoarthritis, uncemented THASs shows better implant survival when the endpoint is
revision due to aseptic loosening. Additionally, for patients <70 years of age, the cementless THAs
shows better implant survival when the endpoint is “all revision causes”. This may be explained by
the increased risk of dislocation of the THA or increased risk of periprosthetic fracture for patients
>70 years of age operated with an uncemented THA (26).

In a study by Troelsen et al. from 2013 (6), registry data from Australia, New Zealand, Denmark
and England-Wales suggests that cemented fixation for patients older than 75 years result in the
lowest risk of revision. This age limit is in accordance with the finding from the National Health
And Nutrition Examination Study (NHANES), which shows that the mean T-score of the hip for
healthy females is -2.5 at the age of 75 years (11). The results of the present study, with no
influence of BMD on migration in patients with age below 75 and a T-score of the femoral neck
above -2.5, is considered in good agreement with results of the above-mentioned register study.

In a cadaver study by Mears et al. (22) it is reported that cementless stems in osteoporotic bone
subside more and fail significantly more frequent than cementless stems in normal, non-
osteoporotic bone, and we know that age and osteoporosis reduce the mechanical strength of the
bone, lower the bone mass and affect the regulation of biological factors important for healing (27).
Although the latter is not fully understood, it is believed that bone cells in osteoporotic bone are
likely to have an altered responsiveness to mechanical stimuli and that physical strength exercise
can prevent declining BMD or even lead to an increase in BMD (28). When people with
osteoporosis need a total hip prosthesis (or any other implant surgery) the anchorage of the implant
is impaired and there is a longer period of healing probably because of a slower bone metabolism
and cell turnover (29). However it seems from our results that the threshold for this is T-score <-2.5,
since we do not find any linear association suggesting that osteopenic bone have inferior quality to

support an uncemented THA.

Moritz et al. reported in 2011 (23) that local intertrochanteric cancellous bone architecture is not a
good predictor for RSA migration of anatomically designed cementless femoral stems. This was
rather surprising since the rational expectation was that patients with impaired quality of
intertrochanteric cancellous bone would reveal more implant migration than patients with normal

cancellous bone. Our research group have previously identified a relation between low preoperative
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BMD and high postoperative migration of the tibia component in patients with uncemented total
knee arthroplasty (30) and Aro et al. (20) reported in 2012 that women with low systemic BMD
(T<-1) showed higher subsidence of an uncemented femoral stem than women with normal
systemic BMD. However, they also included patients with T-score<-2.5 in their group of patients
with low BMD, thus making a relation more probable. Recently, Christiansen et al. (31) found that
there is a statistically significant negative relation between migration after 24 months of follow-up
of a stemless femoral component for uncemented THA and BMD measured in a ROl including the
lesser trochanter and the medial most proximal part of the femoral shaft. However, they reported no
data regarding the patients’ preoperative general bone mineral status, and the design of the stem is
very different form the ones we have used. Our results with no relation between preoperative hip
BMD and femoral stem migration in patients with non-osteoporotic BMD was not so surprising
when compared to the above-mentioned studies (30,31) since they did not examine the patients for

osteoporosis (no relevant T-scores are provided).

Often there is no evaluation of bone quality before THA surgery even though the advantages of an
enhanced focus make sense (27). In our study, it seems there is no influence of preoperative local
BMD on migration and no threshold of T-scores at which cemented fixation should be considered
to avoid excessive migration (still, providing the T-score is >-2.5). But, if in doubt, an osteoporosis
DEXA scan of the hip prior to surgery could be the answer; it takes less than 10 minutes and gives a
good visualization of the quality of the bone since it compares the individual patient to a larger
number of people. And if the T-score is measured to be more than -2.5 cementless fixation probably
is the way to go. We find proof that the femoral neck region BMD obtained by the fast osteoporosis
DEXA scan is closely related to the BMD of both the trochanters (where porous surfaces of femoral
components are often located) and the shaft of the femoral bone (where the stem is fixed). This
means that for the future we can be satisfied with the standard osteoporosis DEXA scan of the
femoral neck for preoperative evaluation of BMD and thus selection of femoral fixation mode,
when needed.

It is a limitation that this study is conducted only on the Bi-metric and the Echo Bi-Metric
uncemented THA stems and larger it could be argued that RCT studies with greater power and
different design are needed to make more confident conclusions that could be used for other
uncemented hip stems. The question is, if we need to. Furthermore, it is also a limitation that our

study population did not include patients with hip T-scores below -2.5. Therefore, we cannot
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identify if there is an even lower hip BMD threshold for safe use of uncemented hip stems. That
would be an interesting future randomized controlled trial.

In conclusion, we found no association between bone quality and 24-months’ subsidence of an
uncemented primary THA femoral stem in a non-osteoporotic population (T-score>-2.5) and age

<75 years.
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Implant (Bi-Metric/Echo Bi-Metric) 27129
Sex (Male/Female) 29/27
Height (m)

Mean (range) 1.76 (1.6-1.97)
Weight (kg)

Mean (range) 83 (50-124)
BMI

Mean (range) 26.7 (17.9-38.3)
Age

Mean (range) 64 (49-74)
T-score

Mean (range) -0.32 (-2.26-3.50)
Z-score

Mean (range)

1.15 (-1.32-4.46)

BMD femoral neck (g/cm?)
Mean (range)

0.94 (0.65-1.48)

BMD femoral shaft (g/cm?)
Mean (range)

1.78 (1.15-2.40)

BMD trochanter region (g/cm?)
Mean (range)

1-0 (0.67-1.43)

Y-translation (numeric value) at 3 months
Mean (range) (mm)

1.24 (0.00-5.76)

Y-translation (numeric value) at 24 months
Mean (range) (mm)

1.21 (0.01-5.83)

T-score (>-1/<-1)

35/21

Z-score (>0/<0)

46/10

Table 1 Baseline data and results of DEXA and RSA data
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Figure 6 Linear regression analysis of BMD of the femoral neck region versus BMD of ROI(t) and
ROI(s), respectively. The shaded area represents the 95% confidence limits and the broken red lines

the 95% prediction limits.
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Figure 7 Linear regression analysis of BMD in the femoral neck region, the ROI(s) and ROI(t)
versus subsidence at 3 and 24 months, respectively. The shaded area represents the 95% confidence
limits and the broken red lines the 95% prediction limits.
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BMD Femoral neck

Subsidence 3 months

Subsidence 24 months

Variable
Mean (range) | p-value | Mean (range) | p-value | Mean (range) | p-values

>1: n=35 1.03 1.25 1.2

T-score (0.82-1.48) <0.001 (0.04-4.66) 0.92 (0.01-4.68) 0.96
<1 n=21 0.79 1.22 1.22
- (0.65-0.88) (0.00-5.76) (0.03-5.83)
S0 n=46 0.97 1.27 1.27

7_score (0.65-1.48) 0.01 (0.00-5.76) 0.58 (0.01-5.83) 0.31
<0: =10 0.81 1.08 0.91
- (0.77-0.88) (0.03-2.4) (0.83-1.79)

Table 2 P-values for comparison between groups divided by clinically relevant T- and Z-scores
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