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Background and purpose — Little is known about the
long-term migration pattern of cementless stems in total
hip arthroplasty (THA). Furthermore, the role of bioactive
coatings in fixation, and thus migration, remains uncertain.
Hydroxyapatite (HA) is the most commonly used bioactive
coating. However, delamination of the coating might induce
loosening. Alternatively, fluorapatite (FA) has proved to be
more thermostable than HA, thereby potentially increasing
longevity. We assessed the long-term migration of cement-
less stems with different coatings using radiostereometric
analysis (RSA), thereby establishing a reference for accept-
able migration.

Patients and methods — 61 THAs in 53 patients were
randomized to receive either a HA, FA, or uncoated Mallory-
Head Porous stem during the years 1992 to 1994. Primary
outcome was stem migration measured using RSA and sec-
ondary outcome was the Harris Hip Score (HHS). Evaluation
took place preoperatively and postoperatively on the second
day, at 6, 12, 25 and 52 weeks, and annually thereafter. At
the 25-year follow-up, 12 patients (17 THAs) had died and
1 patient (1 THA) was lost to follow-up. Due to the high
number of missing second-day postoperative RSA radio-
graphs, the 1-year postoperative RSA radiograph was used
as baseline for the comparative analyses.

Results — Mean follow-up was 17 years (SD 6.6). All
stems showed initial rapid migration with median subsid-
ence of 0.2 mm (-0.1 to 0.6) and median retroversion of
0.9° (=3.2 to 2) at 12 months, followed by stable migration
reaching a plateau phase. No stem was revised, albeit 1 stem
showed continuous subsidence up to 1.5 mm. Comparing
the different coatings, we could not find a statistically sig-
nificant difference in overall 25-year migration (p-values
> (0.05). Median subsidence at 15-year follow-up was for
HA -0.1 mm (-0.4 to 0.2), for FA 0 mm (-0.1 to 0.2), and
for uncoated stems 0.2 mm (=0.1 to 0.5). Median internal

rotation at 15-year follow-up was for HA not available, for
FA 1.1° (-0.5 to 2.6), and for uncoated stems 0° (-0.5 to
0.4). HHS were also comparable (p-values > 0.05), with
at 15-year follow-up for HA 85 points (41-99), for FA 76
points (61-90), and for uncoated stems 79 points (74—90).

Interpretation — The long-term migration pattern of
cementless stems using different bioactive coatings has not
previously been described. No beneficial effect, or side effect
at long-term follow-up of bioactive coatings, was found.
The provided migration data can be used in future research
to establish thresholds for acceptable migration patterns
cementless stem designs.

Long-term migration data on cementless femoral stems in
total hip arthroplasty (THA) is scarce, with only a few studies
reporting migration measured with radiostereometric analy-
sis (RSA) with follow-up beyond 10 years (Sesselmann et al.
2018, Critchley et al. 2020). In a prior meta-analysis we were
unable to establish a threshold for acceptable early subsidence
for cementless stems, because of the lack of long-term sur-
vival and migration data (Van der Voort et al. 2015). As the
number of THAs being performed is still on the rise, as well
as the number of relatively young patients receiving mostly
cementless THAs, the burden of future failure and subsequent
revision is expected to increase (Kurtz et al. 2009). Hence lon-
gevity of implants is paramount and should be scrutinized.
Although bioactive coatings for cementless stems are
widely employed, their beneficial effect remains question-
able (Hailer et al. 2015, Inacio et al. 2018). Pooled data from
randomized and cohort studies showed no clinical benefit of
hydroxyapatite (HA)-coated implants (Gandhi et al. 2009,
Goosen et al. 2009, Li et al. 2013, Chen et al. 2015) and large
registry studies found no difference in risk of revision surgery
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(Paulsen et al. 2007, Lazarinis et al. 2011, Hailer et al. 2015).
A recent registry study found an overall lower risk of revision
of HA-coated stems, but this was not consistent among differ-
ent implant types, suggesting a significant influence of distinct
design features on longevity (Inacio et al. 2018).

Bioactive coatings were introduced in the 1980s to enhance
fixation by osseointegration, with HA used as the most common
coating (Geesink 1989, Furlong and Osborn 1991). However,
retrieval studies have shown resorption and delamination
of the HA coating from the implant, which raised concerns
regarding the induction of osteolysis and, ultimately, failure of
the implant (Bloebaum et al. 1994, Bauer 1995). Fluorapatite
(FA) was introduced as an alternative to HA with comparable
biocompatibility and osteoconductive properties (Dhert et
al. 1993), but with better thermostability (Lugscheider et al.
1989). Hence, FA might adhere better to the implant during
the application process using a plasma-spraying technique,
thereby possibly reducing resorption and delamination of the
coating (Klein et al. 1994).

HA-coated implants have shown reduced migration in com-
parison with their uncoated counterparts (Sgballe et al. 1993,
Kirrholm et al. 1994b). To our knowledge, FA has not been
investigated in RSA studies, or in clinical trials.

In 1991, we initiated a trial to investigate the influence of
different coatings on migration of cementless stems, the first
RSA study performed at our facility. Despite teething prob-
lems, patient follow-up was continued to provide long-term
migration data on cementless stems in general, and bioactive
coatings specifically.

Patients and methods

Study design

This study was initially designed in 1991 as a multi-center,
single blinded, randomized controlled trial comparing the
influence of different coatings on the migration and clinical
outcome of cementless THA. During the pilot phase of this
study logistical problems were encountered with regard to
obtaining RSA radiographs at the different participating hos-
pitals, as this was (at that time) possible at only 1 institute
(Leiden University Medical Center). Subsequently, it was
decided to continue as a single-center study performed at the
Leiden University Medical Center. From May 1992 to May
1994, all consecutive patients scheduled to receive a cement-
less primary THA for osteoarthritis, either primary or second-
ary to a systematic inflammatory disease and younger than 65
years of age, were approached for participation in a random-
ized, clinical RSA study.

Included patients were randomized to 2 intervention groups
receiving either an HA- or FA-coated implant and the control
group received an implant without a bioactive coating. Treat-
ment allocation was randomized with the use of a computer-
generated randomization scheme and bilateral cases were

Figure 1. Mallory-Head Porous stem, with a
porous coating on the proximal third, a grit-
blasted surface on the middle third, and a
smooth satin-textured surface on the distal
third.

allowed. The study design was single-blind; surgeons were
aware of the coating used; clinical observers were blinded to
the type of coating. The study was performed in compliance
with the Helsinki Declaration, approval of the institutional
medical ethical board was obtained, and all patients gave writ-
ten informed consent.

Surgical technique

All THAs were implanted by experienced hip surgeons, or
under their direct supervision. Surgeries were performed
through a direct lateral approach in the lateral decubital posi-
tion, except for 2 posterolateral approaches. For RSA mea-
surements, 1-mm tantalum markers were inserted into the
proximal femur during surgery. All patients received the same
rehabilitation program starting with passive and controlled
active movements on the first postoperative day and mobiliza-
tion with full weight-bearing on the second postoperative day,
after the first RSA radiograph was obtained.

Implants

All patients received a Mallory-Head Porous stem with a
dual tapered design with a round cross-sectional geometry
(Biomet, Warsaw, IN, USA). The stem is characterized by an
anterior and posterior flange and wide lateral fin. It is made
of a titanium alloy (Ti-6A1-4V), with a porous coating on the
proximal third, a grit-blasted surface on the middle third, and
a smooth satin-textured surface on the distal third (Figure 1).
The implants with a bioactive coating received either HA or
FA plasma-sprayed onto the proximal porous coated surface.
All patients received a 28 mm cobalt-chromium head and a
cementless Mallory-Head finned Ringloc acetabular cup
(Biomet, Warsaw, IN, USA).
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Table 1. Precision of RSA measurements (upper limits of 95% zero
motion confidence interval)

Transverse  Longitudinal Sagittal
(x-axis) (y-axis) (z-axis)
Translation, mm 0.22 0.17 0.54
Rotation, ° 0.80 1.13 0.31
Follow-up

Patients were evaluated preoperatively and postoperatively at
6 weeks, 3 months, 6 months, 1 year, and annually thereafter.
At each evaluation, RSA radiographs were obtained and the
Harris Hip Score (HSS) was determined. Conventional antero-
posterior and lateral radiographs were acquired preoperatively,
at 6 weeks, and at 2, 5, 10, 20, 25 years postoperatively, and
on indication (e.g., pain or suspected failure). On the 6-week
postoperative radiographs the stem orientation (i.e., varus,
neutral, or valgus) was determined. Patients unable to attend
follow-up moments were contacted to check implant status
and whether implant-related problems had arisen.

RSA technique

RSA radiographs were obtained using a uniplanar setup with
the patient in supine position and the calibration cage under-
neath the examination table. During follow-up, in 2002, the
initial calibration box (Large Reference Box, Leiden, The
Netherlands) was replaced by a new box (Carbon Box, Leiden,
The Netherlands). Furthermore, in 2004 digital radiography
was introduced. Both changes had no effect on the accuracy
of the RSA measurements (Pijls et al. 2012). A marker-based
analysis was carried out to calculate migration over time
(Model-Based RSA software, version 3.34; RSAcore, The
Netherlands), using 4 stem markers: 3 markers attached to
the stem (performed by the manufacturer) and the center of
the head acted as a fourth marker. Migration was expressed
as translations along and rotation about 3 axes (longitudinal,
transverse, and sagittal) of a right-handed orthogonal coordi-
nate system. Since the failure mechanism of stems consists of
subsidence and retroversion (Kirrholm et al. 1994a), the pri-
mary effect variables were translation along and rotation about
the longitudinal axis. The accuracy of RSA measurements was
determined by obtaining double examinations of 29 stems.
Assuming zero migration in the brief time interval between
these double examinations, the limits of the 95% prediction
interval of accuracy of zero migration were determined (Table
1) (Ranstam et al. 2000). For all examinations, the mean error
of rigid body fitting of the RSA markers in the femur was
below 0.35 mm; the mean condition number of the RSA mark-
ers was 37 (SD 22; range, 13—111) in the femur. Bone markers
were defined as unstable when they moved more than 0.5 mm
with respect to the other bone markers. Unstable markers were
excluded from the analyses. These values satisfy the marker

stability and distribution criteria of the RSA guidelines and
the ISO guideline (ISO 16087:2013) (Valstar et al. 2005).

Statistics

Measured values of normally distributed data are reported as
the mean (SD); measured values of non-normally distributed
data are reported as the median (range). Estimates are reported
as the mean and the 95% confidence interval (CI). Reported
analyses were performed according to the per-protocol prin-
ciple to reflect the genuine effect of treatment (i.e., HA vs. FA
vs. uncoated). To safeguard for attrition bias, all analyses were
repeated according to the intention-to-treat principle and com-
pared with the outcomes of the per-protocol analyses. Migra-
tion and increase in HHS throughout the follow-up period
were analyzed with use of a linear mixed model (LMM) with
subject as a random effect. This model deals effectively with
repeated measurements, missing values, and variation in dura-
tion of follow-up (DeSouza et al. 2009). Differences between
the stems were assessed by estimating the main treatment
effect and the stem type x time interaction, both as an over-
all effect over the entire follow-up period taking the repeating
measurements into account. The assessment of the interac-
tion term allows for the investigation of possible time-varying
mean differences. At the 5- and 15-year follow-up point, the
mean differences were assessed using ANOVA. As a sensitiv-
ity analysis, separate adjusted analyses were carried out with
age, sex, BMI, and diagnosis (primary or secondary osteoar-
thritis) as covariates. A p-value of <0.05 was considered to
be significant (SPSS version 20.0; IBM Corp, Armonk, NY,
USA).

Ethics, funding, and potential conflicts of interest

Approval from the institutional medical ethics committee was
obtained and all the patients gave written informed consent.
The Department of Orthopaedics of the LUMC received a
single unrestricted grant from Biomet. In addition, funding
from the European Information and Communication Technol-
ogies Community Seventh Framework Program (FP7/2007-
2013) (grant agreement number 248693) and the Dutch
Arthritis Association (project number LLP13; 08-1-300) were
received in support of this study. None of these sponsors took
part in the design or performance of the study, neither in the
collection, management, analysis, nor in the interpretation of
the data; or in preparation, review, or approval of the manu-
script. None of the authors has any potential financial conflict
of interest related to this manuscript.

Results
Patients

From May 1992 to May 1994, 75 consecutive THAs in 67
patients were assessed for inclusion and 61 THAs in 53
patients were randomized (Figure 2). In 19 THAs (19 patients)
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ENROLLMENT

Patients assessed for eligibility

n =67

Excluded
— Patients who declined participation
n=14

Patients randomized
n =53 (61 THAs)

HA coated
n=15

FA coated
n=18

Uncoated
n=28

Excluded (n = 3):

— - no bone markers, 2
ALLOCATION - no RSA radiographs, 1
intention-to-treat

Excluded (n = 4): Excluded (n = 12):
— - no bone markers, 2 — - no bone markers, 6
- no RSA radiographs, 2 - no RSA radiographs, 6

Allocated to HA coating (n = 12):
- received HA coating, 7
- received unknown coating, 4

Allocated to FA coating (n = 14):
- received FA coating, 6
- received unknown coating, 8

Allocated to uncoated (n = 16):
- received uncoated, 10
- received unknown coating, 6

ALLOCATION - received uncoated implant, 1 — I |
per-protocol | | |
I 1
‘ HA coating (n = 7) | | Unknown coating (n = 4) | ‘ FA coating (n = 6) | ‘ Unknown coating (n = 8) | ‘ Uncoated (n = 11) | ‘ Unknown coating (n = 6) |
Follow-up: Follow-up: Follow-up: Follow-up: Follow-up: Follow-up:
—mean 11.4 (SD 6.3) years —mean 17.5 (SD 10.7) years —mean 18.4 (SD 7.4) years —mean 18.3 (SD 7.9) years —mean 18.1 (SD 4.1) years - mean 17.4 (SD 3.8) years
- died, 4 - died, 1 (3 year FU) - died, 3 - died, 4 - died, 4 - died, 1 (17 year FU)

(4,6,14,17 year FU)
- lost to follow-up, 1
(5 year FU)
- revisions, 0

- lost to follow-up, 0
- liner revisions, 2
(11,13 year FU)
- cup revision, 1
(23 year FU)

(5,17, 18, 19 year FU)
- lost to follow-up, 0
- liner revisions, 2

(11, 14 year FU)

RSA reference scene:
- postoperative, 1
-1year, 5

RSA reference scene:
- postoperative, 0
—1year, 4

RSA reference scene:
- postoperative, 2
—1year, 7

(3,11, 18, 20 year FU)
- lost to follow-up, 0
- liner revisions, 2

(12, 13 year FU)

(11,17, 17, 17 year FU)
- lost to follow-up, 0
- liner revisions, 5
(13,13, 15,17, 18 year FU)
- cup revisions, 2’
(1 THA, 17 year FU)
RSA reference scene:
- postoperative, 3
-1 year, 10

- lost to follow-up, 0
- liner revisions, 2
(13, 15 year FU)
- Cup revision (9 year FU)

RSA reference scene:
- postoperative, 2
-1 year, 5

RSA reference scene:
- postoperative, 2
—1year, 7

Figure 2. CONSORT flowchart of patient recruitment, allocation and follow-up. THA = total hip arthroplasty; HA = hydroxyapatite; FA = fluorapatite;

FU = follow-up; SD = standard deviation.

Table 2. Group characteristics at baseline. Values are count unless
otherwise specified

Hydroxy-  Fluor-
apatite  apatite  Uncoated Unknown

Characteristic (n=7) (n=6) (n=11) (n=18)
Sex

Male 3 1 5 7

Female 4 5 6 11
BMI @ 23(5.6) 28(2.7) 24 (4.5) 25(3.3)
Age at surgery @ 58 (15) 57 (13) 50 (14) 53(9)
Diagnosis

Osteoarthritis 5 2 4 6

Rheumatoid arthritis 1 2 4 9

Hip dysplasia 0 1 1 1

Ankylosing spondylitis 1 1 1 0

Osteonecrosis 0 0 0 2

Perthes disease 0 0 1 0
Side

Left 4 5 5 6

Right 8 1 6 12
Surgeon

Consultant 7 6 10 14

Resident 0 0 1 4
Stem orientation

Varus 0 1 0 1

Neutral (< 3°) 7 5 10 16

Valgus 0 0 1 1
Preoperative HHS 2

min 0—max 100 points 33 (18) 34 (4.5) 32 (14) 37 (15)

2Values are mean (SD).

RSA analyses could not be performed due to absence of either
bone markers (n = 10) or RSA radiographs (n = 9). These 19
patients were comparable to the analyzed group with respect
to sex, BMI, age at surgery, surgeon, stem orientation, and
preoperative HHS (post-hoc chi-square test and unpaired Stu-
dent’s t-test; p-values > 0.05). Thus, 34 patients (42 THAs)
were analyzed with a mean follow-up of 17 years (SD 6.6). 7
stems were HA-coated, 6 stems were FA-coated, and 11 stems
were uncoated (Table 2). 1 patient was randomized for an HA-
coated stem, but instead received an uncoated stem. In 18 stems
the coating was unknown due to missing implant stickers in 9
cases, missing coating details on the implant sticker in 4 cases,
and missing medical (paper) records in 5 cases. 12 patients (17
THAS) died during follow-up and 1 patient (1 THA) emigrated
and was subsequently lost after 5 years of follow-up.

Migration

Second-day postoperative RSA radiographs were available in
only 10 out of 42 stems, whereas RSA radiographs at 1-year
follow-up were available in 38 out of 42 stems (Figure 3). As
the number of available second-day postoperative RSA radio-
graphs was not sufficient to make meaningful comparative
analyses between different coatings, the 10 stems available for
direct postoperative migration measurement were analyzed
as a single cohort, independent of coating, showing relatively
rapid subsidence during the first postoperative year with a
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Figure 3. Bar graph showing number of RSA
radiographs available for analysis per follow-
up point. Line graph showing number of THAs
in follow-up (i.e., total minus deceased and
lost to follow-up).

Y-translation (mm)

012345678910 12 14 16 18 20 22 24

Years from index operation
Figure 4. Median Y-translation (i.e., translation
along the longitudinal axis) with interquartile
ranges of the complete cohort during the 25
years of follow-up, using both the second-day
(n = 10) and the 1-year (n = 38) postoperative
RSA radiograph as a baseline.

Y-translation (mm)

0.5 0.5
- HA - HA
0.4 —FA 0.4 ~FA
-~ Uncoated - Uncoated
0.3 0.3
0.2 0.2
0.1 0.1
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-0.5 -0.5
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-0.7 —
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Years from index operation

Figure 6. Median Y-translation (i.e., translation
along the longitudinal axis) with interquartile
ranges during the 25 years of follow-up of the
HA, FA, and uncoated stems, using intention-
to-treat analysis (i.e., all included stems as
per randomization group) and the 1-year post-
operative RSA radiograph as a baseline (i.e.,
unknown initial migration).

012345678910 12 14 16 18 20 22 24

Years from index operation
Figure 7. Median Y-translation (i.e., translation
along the longitudinal axis) with interquartile
ranges during the 25 years of follow-up of the
HA, FA, and uncoated stems, using per pro-
tocol analysis (i.e., only stems with verified
coating) and the 1-year postoperative RSA
radiograph as a baseline (i.e., unknown initial
migration).

012345678910 12 14 16 18 20 22 24

Years from index operation
Figure 5. Median Y-rotation (i.e.,internal rota-
tion about the longitudinal axis) with inter-
quartile ranges of the complete cohort during
the 25 years of follow-up, using the both the
second-day (n = 6) and the 1-year (n = 17)
postoperative RSA radiograph as a baseline.

Y-translation (mm)

0.5+
- 1-year-postoperative baseline
- Outlier
0 _+[ B IR A I ]
-0.5
-1.0
-1.5
-2.0

012345678910 12 14 16 18 20 22 24

Years from index operation
Figure 8. Median Y-translation (i.e., translation
along the longitudinal axis) with interquartile
ranges of the complete cohort during the 25
years of follow-up with the influential outlier
excluded and shown separately.

median subsidence of 0.2 mm (0.1 to 0.6) at 12 months, fol-
lowed by stable subsidence during the remaining follow-up
period (Figure 4). During the period of initial subsidence there
were also relatively large rotations of these stems in the hori-
zontal plane, which stabilized after 1 year (Figure 5).

The 38 stems available for migration measurement using the
1-year postoperative RSA radiograph as baseline were ana-
lyzed both as a single cohort, and in a comparative manner
using different coatings. Migration of the overall cohort showed
rather stable subsidence and rotation until 14 years’ follow-up,
after which the migration patterns began to show large variabil-

ity (Figures 4 and 5). Also, from this time period onward the
number of patients attending the RSA outpatient clinic began
to decline (Figure 3). For the comparative migration analyses
(i.e., HA vs. FA vs. uncoated stems), both intention-to-treat
(ITT) and per-protocol (PP) analyses were performed. The ITT
analyses reflect the best-case scenario, using allocation as per
randomization group of 42 THAs (including both 24 THAs
with verified and 18 THAs with unknown coating) (Figure 6),
whereas per-protocol (PP) analyses reflect the genuine effect of
the different coatings, including only the 24 THAs with veri-
fied coating and excluding the 18 THAs with unknown coating
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Table 3. Stem migration during 25 years of follow-up: per-protocol analysis (i.e., only stems with
verified coating), using the 1-year postoperative RSA radiograph as a baseline (i.e., unknown initial

migration). Values are count, median (range)

Subsidence in 1 stem did not
stabilize (Figure 8). This stem
was randomized for no coating,

FU year Hydroxyapatite Fluorapatite

but as the implant sticker was

Longitudinal translation, mm 2

2 7 0.04 (-0.19t0 0.32) 5 0.20 (-0.02 to 0.27)
5 2 -0.06 (-0.07 to —0.04) 5 0.09 (-0.16 to 0.44)
10 2 0.04 (0.02 to 0.06) 4 0.07 (-0.08 t0 0.12)
15 3 0.07 (-0.16 to 0.44) 3 0.04 (-0.15t0 0.13)
20 0 - 1 -
25 0 - 1 -
Internal rotation, degrees
2 3 -0.21 (-1.35t0 0.24) 2 -1.02 (-1.23 to —0.81)
5 1 - 2 -0.53 (-0.74 to —0.32)
10 1 - 2 -0.14 (-0.22 to —0.05)
15 0 - 2 1.08 (-0.46 to 2.62)
20 0 - 0 -
25 0 - 0 -

—“ 20N 0

oMW

" R missing this could not be veri-

fied. At the last available radio-

-0.03(-0.16t00.12)  0.1®  graph after 17 years’ follow-up

CODIELIB B0, e there was evidence of subsid-
-0.07 (-0.41 to 0.37) :

-0.18 (-0.52100.12)  0.5°¢ ence, and around the tip of the

- stem radiolucencies and pedes-

- tal formation were noticeable.

-0.50 (-0.76 10 0.25)  0.5P However, the HHS remained

~0.10 (~0.48 to 0.28)
-0.33 (~0.52 to —0.13)
-0.02 (-0.45 t0 0.42)

higher than 90 points during
follow-up.

Clinical outcome

2 Negative values correspond to subsidence (i.e., distal migration).
b Main effect, per protocol
¢ Prespecified time point, per protocol

Table 6. Harris Hip Score (min 0 — max 100 points) during 25 years of follow-up: per-
protocol analysis (i.e., only stems with verified coating). Values are count, median

We could not find a significant
difference in HHS among the
groups during follow-up in both
the PP and ITT analyses (LMM,;
p-values > 0.05; Table 6; Tables
7 and 8 in Supplementary data). Between-group
differences did not change significantly over

(range) R . . . .
time (coating type X time interaction; LMM;
. _ p-values > 0.05; Tables 7 and 8 in Supplemen-
Hydroxyapatite Fluorapatite Uncoated p-value tary data). Adjusted analyses for age, sex, diag-
Preoperative 5 35 (8-57) 3 34 (30-39) 9 37(8-54) 062 nosis, BMI, and postoperative HHS gave similar
iearg g 10801 Egg—?gz)) g S;g ggg—glg g gg Egg—}gg; results. Furthermore, comparing the HHS at the
ear — = = S . .
Year 10 4 86(72-94) 5 73 (62-90) 7 86 (61-98) 1.5—year follpw—up p91nt did not yield any statis-
Year 15 4 85 (41-99) 5 76 (61-90) 6 79 (74-90) 09Pb tically significant differences (1-way ANOVA;
Year 20 0 = 2 63(57-69) 2 83 (82-83) p-values > 0.05; Table 6).
Year 25 0 = 1 = 1 =

2 Main effect, per protocol
b prespecified time point, per protocol

(Figure 7). Post-hoc verification revealed adequate randomiza-
tion in both ITT and PP analyses as the 3 different coatings
coating groups were comparable with respect to sex, BMI, age
at surgery, surgeon, stem orientation, and preoperative HHS
(post-hoc chi-square test and 1-way ANOVA; p-values > 0.05).
Overall 25-year migration did not reveal a significant differ-
ence among the 3 different coatings in both the ITT and PP
analyses (LMM; p-values > 0.05; Table 3; Tables 4 and 5 in
Supplementary data). Furthermore, we could not find a signifi-
cant difference in time to stabilization and subsequent migra-
tion, that is, no evidence of interaction (coating type x time
interaction; LMM; p-values > 0.05; Tables 4 and 5 in Supple-
mentary data). Migration of the stems was comparable among
the 3 coatings at the prespecified time points of 5 years and 15
years postoperatively (1-way ANOVA; p-values > 0.05; Table
3). The results of the adjusted analyses were comparable to the
results from the unadjusted analyses and age, sex, diagnosis,
and BMI did not significantly influence migration.

Survival

None of the stems were revised during follow-

up. There were 13 liner revisions in 13 THAs

due to wear. In 1 THA (uncoated) with a liner
revision 13 years after follow-up, the cup was revised due to
aseptic loosening 20 years after follow-up and subsequently
re-revised a couple weeks later due to malpositioning. In addi-
tion, 2 more cups in 2 THAs (coating unknown) were revised
due to aseptic loosening. During follow-up, 12 patients (17
THASs) died due to causes unrelated to the THA. One patient
(1 THA) was lost to follow-up due to emigration, the fate of
this THA could not be determined.

Discussion

We found stable migration and thus fixation of the cement-
less Mallory-Head Porous stem over a period of 25 years.
After initial migration, all but 1 of 42 stems stabilized after
I-year follow-up and there were no stem revisions. 4 cups
were revised due to aseptic loosening and 13 liners were
revised due to wear. Comparative analyses did not yield a dif-
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ference in migration and clinical scores among HA, FA, and
uncoated cementless stems. Furthermore, there was no dif-
ference in time to stabilization between coated and uncoated
stems, thus excluding a delamination problem occurring later
in follow-up.

To our knowledge, this is the first long-term RSA study with
over 20 years’ follow-up, and the first RSA study comparing
migration of HA, FA, and uncoated stems. Only a few RSA
studies describe migration beyond 10-year follow-up. Sessel-
man et al. (2018) reported migration of 26 cementless Cerafit
stems with a follow-up of 10 years. They found a median sub-
sidence of 0.01 mm at 2-year and 0.09 mm at 10-year follow-up,
with most of the subsidence occurring during the first 6 post-
operative weeks. Critchley et al. (2020) reported migration of
30 cementless Corail stems with a follow-up of 14 years. They
found a mean subsidence of 0.62 mm at 2-year and 0.7 mm at
14-year follow-up, with initial rapid subsidence over 6 weeks
and subsequent stabilization. In our study subsidence was 0.15
mm at 2-year, 0.3 mm at 10-year, and 0.1 mm at 14-year fol-
low-up, with most of the subsidence occurring during the first
2 postoperative years. These studies, using different cementless
stem designs, all show initial migration of different magnitude
with subsequent stabilization, emphasizing the influence of
design features on migration, and thus fixation.

Sgballe et al. (1993) and Kérrholm et al. (1994b) performed
RSA studies comparing the migration of HA-coated stems with
stems without bioactive coating. Sgballe et al. (1993) found
more migration (MTPM) of uncoated titanium stems compared
with HA-coated stems, although subsidence was comparable
after 1-year follow-up with a mean of 0.09 mm for the HA-
coated stems. Kérrholm et al. (1994b) compared migration of
HA-coated stems with cemented and cementless stems over
a 2-year period. They found a median of 0.05 mm proximal
migration of HA-coated stems compared with 0.12 mm subsid-
ence of cemented and 0.1 mm of cementless stems. As these
differences were statistically significant both authors concluded
that HA seems to enhance early fixation. In our study we could
not find a benefit of HA on long-term fixation. There might be a
benefit of HA during the first postoperative year. However, due
to insufficient data we were unable to find such a difference.
Our study shows that once a stem has stabilized there is no dif-
ference in migration among the different coatings.

Several reviews have been published comparing HA-
coated implants with uncoated implants. Gandhi et al. (2009)
reported no difference in aseptic loosening, or in HHS.
Goosen et al. (2009) reported no difference in HHS, endosteal
bone ingrowth, and radiolucent lines. Li et al. (2013) could
not find a difference in HHS, or radioactive lines, and Chen et
al. (2015) reported no benefit of HA in terms of survivorship,
but HA-coated implants showed better postoperative HHS and
less femoral osteolysis during follow-up.

A recent registry study found an overall lower risk of stem
revision for any reason for HA-coated stems compared with a
non-HA coated stem; however, the rate for stem revision for

HA-coated Mallory-Head stems was higher compared with the
non-HA-coated counterpart (0.11% vs. 0.02%) (Inacio et al.
2018). This study suggests that longevity of implants might be
related more to specific implant design than to type of coating.

Except for 1 study performed at our institution, there are
no RSA studies evaluating the migration of the Mallory-Head
Porous stem. Van der Voort et al. (in submission) showed
median subsidence of 0.2 mm (range 0.4—4.8) at 5 years’ fol-
low-up of uncoated stems. In the current study we found the
same median subsidence at 5 years’ follow-up but the range in
this study was considerably smaller, with the largest subsid-
ence being only 0.4 mm. Insufficient data on initial migration
during the first postoperative year in this study might explain
this difference.

The cementless Mallory-Head Porous stem has an excellent
10-year survival record with 48 stem revisions of 5,932 pri-
mary THAS in the Dutch Arthroplasty Register (LROI 2019)
and 27 stem revisions of 3,303 primary THAS in the Australian
Orthopaedic Association National Joint Replacement Registry
(AOANIJRR 2019).

All stems in our study showed stable subsidence, except
for 1. This stem, with an untraceable coating, was inserted
because of severe osteoarthritis at the age of 61 years. There
was no preoperative template available but the postoperative
radiograph showed a varus position of the stem with insuffi-
cient contact with the lateral cortex at the metaphysis, suggest-
ing undersizing. Albeit that initial subsidence was unknown,
the stem showed progressive subsidence from the 1-year fol-
low-up onwards. On the 17-year follow-up radiograph there
was obvious subsidence visible, next to radiolucencies and
pedestal formation. Remarkably, this patient never scored less
than 90 points on the HHS scale and at the 17-year follow-
up moment the patient was asymptomatic, although, aged 78
years, she walked only about 200 meters.

Overall, there was rather stable migration up to 14 years
reaching a plateau phase, but thereafter migration patterns
began to show greater variability, which especially holds for
subsidence. From then onwards, patient attendance for regular
follow-up also decreased dramatically, resulting in only 5 stems
being available for analysis at 20 years’ follow-up. This low
number of available, analog RSA radiographs in combination
with relative low precision compared with the modern RSA
technique are the most probable reasons for the great variability
in stem migration patterns (Valstar et al. 2000). Furthermore,
as most stems available for analyses beyond 20 years were
FA coated, it could be reasoned that in this selected group of
patients either overall subsidence increased or the FA coating
broke down after more than a decade, leading to increased sub-
sidence. However, the latter cannot be substantiated as no data
on the non-coated control group was available. Additionally, the
increasing retroversion, together with to increasing subsidence,
might be related to a more sedentary lifestyle of these slightly
older patients. For that matter, standing up from a chair creates
a retroversion force at the neck of the femoral stem.
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This was the first RSA study performed at our institution,
therefore it gave some insights into initial study set-up logis-
tics. There was experience neither with inserting tantalum
markers in periprosthetic bone, nor with the validity of the
instrument used at that time to insert markers, which turned
out to skip 1 out of 4 markers. This was noticed only after RSA
radiographs were evaluated in too late a postoperative period.
For that reason a novel tantalum marker inserter was devel-
oped. Additionally, there was a lack of the expertise needed
for optimal logistics concerning RSA radiographs. Initially, a
single researcher (RN) took care of study logistics and RSA
radiograph analyses without secretarial assistance. Hence,
patients missing a follow-up moment were noticed only weeks
later. These technical and logistical shortcomings resulted in
the exclusion of 19 THAS. Furthermore, stem allocation to the
randomization groups was not adequately documented and
implant stickers of the manufacturer were missing or lacking
essential information. The latter might have been related to
the distinctive manufacturing process for stems in the current
study; the attachment of 3 RSA markers and applying 3 dif-
ferent coatings might have interfered with regular application
of implant stickers.

This study has several limitations. First, there were too
few migration measurements available during the first
postoperative year to make meaningful analyses using the
second-day postoperative radiograph as baseline, which is
the conventional manner to calculate migration over time.
However, as stems susceptible to failure will typically show
progressive migration, using the 1-year postoperative RSA
radiograph will also detect stems prone to failure. Second,
the given coating could not be verified in 18 stems due to due
to missing or insufficient implant stickers. To overcome this
problem of unknown coatings, both per-protocol and inten-
tion-to-treat analyses were performed. The latter reflects the
base case scenario, assuming all stems received the coat-
ing as per randomization. This is a plausible assumption as
only 1 of 24 known coatings received a different coating as
per randomization. Third, the Mallory-Head Porous stem is
nowadays seldom used, limiting the clinical applicability of
this study.

In conclusion, this study could not establish a beneficial
effect at long-term follow-up of bioactive coatings on migra-
tion, and thus fixation, in this type of stem. Neither could
delamination of the less thermostable HA coating be proven.
This study provides value migration data that can be used to
establish an acceptable migration pattern of cementless stems
with which new stem designs can be compared.

Supplementary data

Tables 4-5 and 7-8 are available as supplementary data in the
online version of this article, http://dx.doi.org/10.1080/17453
674.2020.1840021
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tial draft manuscript. Critical revision of the manuscript was done by all
authors. Edward Valstar passed away in the analysis phase of this study but
was significantly involved in data collection. We remember Edward Valstar
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Acta thanks Leif Ryd and Stephan Maximilian Rohrl for help with peer
review of this study.

AOANJRR. Australian Orthopaedic Association National Joint Replacement
Registry, Annual Report 2019. https://acanjrr.sahmri.com/.

Bauer T W. Hydroxyapatite: coating controversies. Orthopedics 1995; 18(9):
885-8.

Bloebaum R D, Beeks D, Dorr L D, Savory C G, DuPont J A, Hofmann A
A. Complications with hydroxyapatite particulate separation in total hip
arthroplasty. Clin Orthop Relat Res 1994; (298): 19-26.

Chen Y-L, Lin T, Liu A, Shi M-M, Hu B, Shi Z-1, Yan S-G. Does hydroxy-
apatite coating have no advantage over porous coating in primary total hip
arthroplasty? A meta-analysis. J Orthop Surg Res 2015; 10(1): 21.

Critchley O, Callary S, Mercer G, Campbell D, Wilson C. Long-term migra-
tion characteristics of the Corail hydroxyapatite-coated femoral stem: a
14-year radiostereometric analysis follow-up study. Arch Orthop Trauma
Surg 2020; 140(1): 121-7.

DeSouza C M, Legedza A T, Sankoh A J. An overview of practical approaches
for handling missing data in clinical trials. J Biopharm Stat 2009; 19(6):
1055-73.

Dhert W, Klein C, Jansen J, Van der Velde E, Vriesde R, Rozing P, De Groot
K. A histological and histomorphometrical investigation of fluorapatite,
magnesiumwhitlockite, and hydroxylapatite plasma—sprayed coatings in
goats. J Biomed Mater Res 1993; 27(1): 127-38.

Furlong R, Osborn J. Fixation of hip prostheses by hydroxyapatite ceramic
coatings. J Bone Joint Surg Br 1991; 73(5): 741-5.

Gandhi R, Davey J R, Mahomed N N. Hydroxyapatite coated femoral stems
in primary total hip arthroplasty: a meta-analysis. J Arthroplasty 2009;
24(1): 38-42.

Geesink R. Experimental and clinical experience with hydroxyapatite-coated
hip implants. Orthopedics 1989; 12(9): 1239-42.

Goosen J, Kums A, Kollen B, Verheyen C. Porous-coated femoral compo-
nents with or without hydroxyapatite in primary uncemented total hip
arthroplasty: a systematic review of randomized controlled trials. Arch
Orthop Trauma Surg 2009; 129(9): 1165-9.

Hailer N P, Lazarinis S, Mikeld K T, Eskelinen A, Fenstad A M, Hallan G,
Havelin L, Overgaard S, Pedersen A B, Mehnert F. Hydroxyapatite coating
does not improve uncemented stem survival after total hip arthroplasty! An
analysis of 116,069 THAs in the Nordic Arthroplasty Register Association
(NARA) database. Acta Orthop 2015; 86(1): 18-25.

Inacio M C, Lorimer M, Davidson D C, De Steiger R N, Lewis P L, Graves
S E. What is the risk of revision surgery in hydroxyapatite-coated femoral
hip stems? findings from a large national registry. Clin Orthop Relat Res
2018;476(12): 2353.

Kérrholm J, Borssen B, Lowenhielm G, Snorrason F. Does early micromotion
of femoral stem prostheses matter? 4—7-year stereoradiographic follow-up
of 84 cemented prostheses. J Bone Joint Surg Br 1994a; 76(6): 912-7.

Kérrholm J, Malchau H, Snorrason F, Herberts P. Micromotion of femo-
ral stems in total hip arthroplasty: a randomized study of cemented,
hydroxyapatite-coated, and porous-coated stems with roentgen stereo-
photogrammetric analysis. J Bone Joint Surg Am 1994b; 76(11): 1692-
705.



668

Acta Orthopaedica 2020; 91 (6): 660668

Klein C, Wolke J, de Blieck—Hogervorst J, De Groot K. Calcium phosphate
plasma—sprayed coatings and their stability: an in vivo study. J Biomed
Mater Res 1994; 28(8): 909-17.

Kurtz S M, Lau E, Ong K, Zhao K, Kelly M, Bozic K J. Future young patient
demand for primary and revision joint replacement: national projections
from 2010 to 2030. Clin Orthop Relat Res 2009; 467(10): 2606-12.

Lazarinis S, Kédrrholm J, Hailer N P. Effects of hydroxyapatite coating on sur-
vival of an uncemented femoral stem: a Swedish Hip Arthroplasty Register
study on 4,772 hips. Acta Orthop 2011; 82(4): 399-404.

Li S, Huang B, Chen Y, Gao H, Fan Q, Zhao J, Su W. Hydroxyapatite-coated
femoral stems in primary total hip arthroplasty: a meta-analysis of random-
ized controlled trials. Int J Surg 2013; 11(6): 477-82.

LROL Dutch Arthroplasty Register, Annual Report 2019. http://www.Iroi-
rapportage.nl/.

Lugscheider E, Weber T F. Production of biocompatible coatings of hydroxy-
apatite and fluorapatite. In: Thermal Spray Technology, Proceedings of the
National Thermal Spray Conference; 1989. p. 337-43.

Nelissen R, Kaptein B, Veeger D. Edward Valstar (1970-2017). Acta Orthop
2017; 88(6): 701.

Paulsen A, B Pedersen A, Johnsen S P, Riis A, Lucht U, Overgaard S. Effect
of hydroxyapatite coating on risk of revision after primary total hip arthro-
plasty in younger patients: findings from the Danish Hip Arthroplasty Reg-
istry. Acta Orthop 2007; 78(5): 622-8.

Pijls B G, Valstar E R, Kaptein B L, Fiocco M, Nelissen R G. The beneficial
effect of hydroxyapatite lasts: a randomized radiostereometric trial com-

paring hydroxyapatite-coated, uncoated, and cemented tibial components
for up to 16 years. Acta Orthop 2012; 83(2): 135-41.

Ranstam J, Ryd L, Onsten 1. Accurate accuracy assessment. Acta Orthop
2000; 71(1): 106-8.

Sesselmann S, Hong Y, Schlemmer F, Hussnaetter I, Mueller L A, Forst R,
Tschunko F. Radiostereometric migration measurement of an uncemented
Cerafit® femoral stem: 26 patients followed for 10 years. Biomed Tech
(Berl) 2018; 63(6): 657-63.

Sgballe K, Toksvig-Larsen S, Gelineck J, Fruensgaard S, Hansen E, Ryd L,
Lucht U, Bunger C. Migration of hydroxyapatite coated femoral prosthe-
ses: a Roentgen stereophotogrammetric study. J Bone Joint Surg Br 1993;
75(5): 681-7.

Valstar E, Vrooman H, Toksvig-Larsen S, Ryd L, Nelissen R. Digital auto-
mated RSA compared to manually operated RSA. J Biomech 2000; 33(12):
1593-9.

Valstar E R, Gill R, Ryd L, Flivik G, Borlin N, Kérrholm J. Guidelines for
standardization of radiostereometry (RSA) of implants. Acta Orthop 2005;
76(4): 563-72.

Van der Voort P, Pijls B G, Nieuwenhuijse M J, Jasper J, Fiocco M, Plevier J
W, Middeldorp S, Valstar E R, Nelissen R G. Early subsidence of shape-
closed hip arthroplasty stems is associated with late revision: a systematic

review and meta-analysis of 24 RSA studies and 56 survival studies. Acta
Orthop 2015; 86(5): 575-85.





