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Cemented and cementless dual mobility cups show
similar fixation, low polyethylene wear, and low serum
cobalt-chromium in elderly patients: a randomized
radiostereometry study with 6 years’ follow-up
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Background and purpose — Dual mobility (DM) articu-
lation total hip arthroplasty (THA) is used increasingly to
reduce dislocation risk. We investigated cup fixation, poly-
ethylene (PE) wear, serum chromium and cobalt ions, and
their correlation to physical activity in patients with DM
cups at 6-year follow-up.

Patients and methods — In a patient-blinded RCT, 60
patients with hip osteoarthritis at a median age of 74 years
(70-82) were randomly allocated to cemented (n = 30) or
cementless hydroxyapatite-coated (n = 30) fixation of Avan-
tage DM THA with a highly-crosslinked vitamin-E PE liner.
Cup migration and PE wear were measured with radioste-
reometric analysis (RSA), chromium and cobalt ions were
measured in serum, and physical activity was measured with
accelerometers.

Results — At 6-year follow-up, proximal cup migration
was similar: 0.14 mm (95% CI 0.01-0.28) for cemented
cups and 0.21 mm (0.02-0.39) for cementless cups. The PE
wear rate from 1- to 6-year follow-up was also similar: 0.06
mm/year (0.04—0.09) for cemented cups and 0.07 mm/year
(0.04-0.11) for cementless cups. Serum metal ion levels
were undetectable or very low. Physical activity was mainly
low intensity and did not correlate to PE wear rate or cup
migration.

Conclusion — Cemented and cementless DM cups with
highly crosslinked vitamin-E infused liners have similar cup
migration and PE wear when used for primary THA surgery.

Dual mobility cups (DMCs) in total hip arthroplasty (THA)
are used increasingly worldwide and have proven effective
in reducing the risk of dislocation, which is one of the most
common reasons for revision surgery (1,2). Registry studies
have shown that DMCs have an equal or lower long-term risk
of reoperation for any cause compared with single mobility
cups, despite DMCs often being used in patients at high risk
of hip dislocation (3-5). DMCs are designed with 2 articulat-
ing surfaces that may contribute to polyethylene (PE) wear
and ultimately osteolysis and implant loosening (6-8). The lit-
erature on DMCs and PE wear is sparse (9,10). Highly cross-
linked and vitamin-E diffused PE has generally shown low
wear rates in hip implants (11,12). Recently, concerns were
raised specifically for PE wear and metal debris of cementless
DMCs due to coating and metal debris particles found in the
instrumentation of cementless DMCs, which may be left in the
joint during surgery and cause third-body wear (13).

Chromium and cobalt ions can be detected in serum and indi-
cate the release of metal debris from the cup (14). PE wear of
THA and cup migration can be measured with high precision
and accuracy using radiostereometry (RSA) (15-17). PE wear
has been described as a function of use but may be affected by
several factors including the patient’s level of high-intensity
physical activity (PA), the implant fixation type, and coating,
where especially hydroxyapatite coating has been related to
third-body wear (10,18,19).

We compared DMCs that were either cemented or cement-
less regarding cup migration (2-year primary outcome, 6-year
secondary outcome), PE wear, and metal ion levels and inves-
tigated their association with physical activity (secondary out-
comes). We hypothesized that cementless DM implants have
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Figure 1. Consort flowchart.

increased PE wear and metal ion levels but similar fixation
compared with cemented DM implants after 6 years’ follow-up.

Patients and methods
Design and patients (Figure 1)

Between November 2014 and January 2018, we included 60
patients in this prospective randomized patient-blinded trial
following the Consort guidelines. Inclusion, exclusion, and
randomization have previously been described, along with the
2-year follow-up on cup migration and periprosthetic bone
mineral density (20).

Study design

The sample size was fixed at 30 patients per group to inves-
tigate the primary outcome of 2-year proximal cup migration
with a clinically important difference of 0.2 mm (SD 0.27)
(20). Here, we present the pre-specified secondary outcomes
of 6-year cup migration, polyethylene wear, and activity.

Implants

The patients were operated on using a posterolateral approach
and received an Avantage Reload cemented or cementless
DMCs (ZimmerBiomet, Warsaw, IN, USA) as per randomiza-
tion. Cementing was performed using Palacos R+G cement
(Heraeus Medical Gmbh, Wehrheim, Germany) with removal
of the subchondral bone and over-reaming of 4 mm. The
cementless cup was coated with titanium and hydroxyapatite
(150 = 50 pm) and implanted size to size (20). All patients
received cemented Exeter highly polished stems combined
with a 28-mm chrome-cobalt femoral head (Stryker Corpora-

Figure 2. RSA using computer-aided design (CAD) models for the
Avantage cup (cup migration) and elementary geometric shape (EGS)
models for the stem and head (PE wear analysis).

tion, Kalamazoo, MI, USA) and a highly cross-linked polyeth-
ylene liner (E1, ZimmerBiomet, Warsaw, IN, USA) machined
from compression-molded GUR 1050 rods. The rods were
gamma irradiated with 100 kGy, machined into liners, and
infused with vitamin E. The liners were then heated to 130°C
and gamma sterilized with a minimum of 25 kGy.

Radiography

RSA and plain radiographs were recorded with the patient in
supine position. RSA was recorded postoperatively, and at 1-,
2-, and 6-year follow-up including double-examination at 1
visit.

Initial RSA recordings were performed using digitalized
Fuji CR images and later follow-up recordings were per-
formed on the direct digital AdoraRSA Suite (Nordic X-ray
Technique, Hasselager, Aarhus, Denmark). 2 ceiling-mounted
X-ray tubes were angled at 40° to each other and we used
a standard calibration box (cb24, Medis Specials, Leiden,
Netherlands) and digital static detectors (CXDI-70C, Canon,
Tokyo, Japan) with a resolution of 4 Ip/mm. Analyses of PE
wear and cup migration were performed with Model-Based
RSA 4.2 (RSAcore, Leiden, The Netherlands). We used com-
puter-aided design (CAD) surface models of the cup provided
by the manufacturer (ZimmerBiomet, Warsaw, IN, USA), an
elementary geometric shape (EGS) model for the femoral
head, and bone markers in the acetabulum (Figure 2).

Cup migration was calculated as displacement and rotation
relative to acetabulum markers in the coordinate system of the
calibration box. The axes were adjusted to the anatomic coor-
dinates of a right-sided hip. The maximum rigid body error
was set to 0.35 mm. The average condition number (CN) was
81 (CI 72-89) and the maximum accepted CN was 154.

PE wear was measured indirectly using the femoral head
migration relative to the cup in the calibration box coordinate
system. Wear was calculated as proximal wear (y-migration),
2D wear (vectoral sum of x- and y-migration), and 3D wear
(vectoral sum of x-, y-, and z-migration). Femoral head pen-
etration was calculated as the displacement of the femoral
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head in the cup from baseline to final follow-up. Bedding-in
was calculated as femoral head displacement from baseline to
1-year follow-up. Wear rate (mm/year) was calculated based
on displacement from 1-year follow-up to final or 6-year fol-
low-up.

Plain AP radiographs from the final follow-up were evalu-
ated for radiolucency around the cup, i.e., lines exceeding 1
mm in the final radiograph without corresponding radiolucent
lines in the postoperative radiograph (21). Radiographic cup
loosening was presumed if the final radiograph presented a
circumferential radiolucency (22). Plain AP radiographs from
the final follow-up were also used to measure cup inclination
and lateral images were used for evaluation of cup antever-
sion. Cup inclination was compared with the safe zone (30°—
50°) suggested by Lewinnek et al. (23).

Serum metal ion measurements

Blood samples were collected at 6-year follow-up follow-
ing guidelines by MacDonald et al. (24) and analyzed using
inductively coupled plasma mass spectrometry at Vejle Hos-
pital, Denmark. Acceptance limits followed the hospital
guidelines. The detection limits were 10 nmol/L for both Co
(0.6 ug/L) and Cr (0.5 ug/L) and the upper acceptance limit
was 119 nmol/L (7 ug/L) for Co and 134.5 nmol/L (7 uG/L)
for Cr (25). Creatinine (limit: 60—105 umol/L) and estimated
glomerular filtration rate (eGFR) (upper limit: 60 mL/min)
were measured to account for infection and renal impairment.
Infection and renal impairment have been shown to correlate
with increased Co and Cr plasma levels (26).

Physical activity

Physical activity (PA) was measured objectively using com-
mercially available accelerometers (Ax3, Axivity Ltd, New-
castle upon Tyne, United Kingdom). The sensor was worn for
a week on the lateral part of the right thigh halfway between
the major trochanter and the lateral femoral condyle. Patients
were allowed to remove the sensor during nighttime and
water activities. Measurements were included if at least 8
hours per day were recorded. Binary data files were imported
to MatLab (version 2019b, The MathWorks Inc, Natick, MA,
USA) where they were split into separate days and converted
to comma-separated values (CSV) files before they were ana-
lyzed using a validated algorithm (27). PA was classified into
type of activity (e.g., resting, walking, etc.), and the intensity
was categorized based on the vertical acceleration as: very
low (sitting or standing), low (shuffling), medium (walk-
ing), high activity (fast walking), and very high (running and
jumping) (27).

Patient-reported outcomes

The Oxford hip score OHS is a 12-item patient-reported
questionnaire developed to assess hip pain and function in a
composite score ranging from 0 (worst) to 48 points (best).
The Harris Hip Score (HHS) combines patient-reported and

clinician-reported hip function on a scale from 0 (worst) to
100 (best). Pain was measured on a visual analogue scale from
0 (no pain) to 100 (worst pain), at rest (sitting or lying), and
during activity (walking) as a mean over 2-3 days.

Complications

All patients were asked about revisions, dislocations, and
signs of infections from the index operation at 2- and 6-year
follow-up.

Statistics

Distribution of variables was evaluated using qq-plots and
the hypotheses were tested using parametric tests if nor-
mally distributed, and non-parametric tests if non-normally
distributed. The effect of the fixation method on the proxi-
mal cup migration was tested using linear mixed models
with the interaction of time as a fixed effect. The effect of
cup fixation method on PE wear measures was tested using
Mann—Whitney 2-sample statistics. PE wear measures were
presented using mean and 95% confidence intervals (CI) for
comparability with the literature. The correlation between
PE wear measures and proximal migration and physical
activity was tested using Spearman’s rank correlation. The
effect of cup fixation method on improvements in clinical
endpoints (HHS, OHS, and pain) was tested using Stu-
dent’s t-test. A pre-specified strategy for confirmatory test-
ing addressing multiplicity issues on proximal cup migra-
tion, femoral head penetration, and PE wear rate by use of
Bonferroni correction was followed. Model estimates are
reported as means (CI).

Precision of RSA measurements was calculated based on
double examinations recorded 3 months after index operation.
Calculations of precision used the theory of no expected dif-
ference between the 2 recordings of the double examination
(zero migration) (28). PE wear precision, i.e., femoral head
translations relative to the cup, was 0.4,0.2, and 0.3 mm along
the x-, y-, and z-axes, respectively. Migration precision has
been published previously (20).

Patients were included in migration analyses until 6-year
follow-up or exclusion. All other analyses were calculated
for patients with 6-year follow-up. Statistics were calculated
using Stata/IC (version 17.0, StataCorp, College Station, TX,
USA) and the statistical significance level was set at 0.05.

Ethics, registration, data sharing plan, funding, and
disclosures

The study was conducted in accordance with the Helsinki II
declaration. Patients gave written informed consent before
entering the study. The study was approved by the Central
Danish Regional Committees on Biomechanical Research
Ethics (1-10-72-209-14) and the study was registered at Clini-
calTrials.gov (NCT02404727) as secondary outcomes. Sharing
raw data is not possible. However, we will try to accommodate
any reasonable request to share anonymized data. Zimmer-
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Table 1. Baseline demographics for 45 patients with 6 years’ follow-

up. Values are mean (Cl) unless otherwise specified

Cemented DMC

Cementless DMC

Table 3. Mean (Cl) bedding in (mm), femoral head penetration (mm),
and polyethylene wear rates (mm/year) of the dual mobility cups

Vector Cemented DMC  Cementless DMC
Factor (n =23) (n=22) p-value @
Proximal
Bedding in 0.13 (0.08-0.17)  0.42 (0.09-0.74)  0.04
Femoral head
penetration  0.20 (0.10-0.30)  0.52 (0.09-0.95) 0.2
Wear rate 0.03 (0.01-0.04)  0.04 (0.01-0.07) 0.5
2D
Bedding in 0.23 (0.15-0.31)  0.56 (0.20-0.93) 0.2
Femoral head
penetration  0.32 (0.20-0.44)  0.68 (0.20-1.16) 0.4
Wear rate 0.04 (0.02-0.06)  0.06 (0.02—0.09) 1.0
3D
Bedding in 0.37 (0.26-0.48)  0.81 (0.41-1.20) 0.08
Femoral head
penetration  0.50 (0.34-0.67)  0.90 (0.41-1.39) 0.2
Wear rate 0.06 (0.04-0.09) 0.07 (0.04-0.11) 0.6

Factor (n=23) (n=22)
Age, median (range) 74 (70-81) 74 (71-81)
Sex (male/female) 1113 9/13
T-score -1.2(-1.6t0-0.8) —1.1(-1.7to -0.5)
BMI, median (range) 28 (23-39) 28 (22-36)
Cup size, median (range) 48 (44-54) 52 (48-56)
Cup inclination 51 (48-54) 47 (43-52)
Side (right/left) 13/11 8/14
Oxford Hip Score 25 (23-28) 26 (23—29)
Harris Hip Score 56 (51-61) 57 (50-63)
Pain at rest (0—100) 31 (22-41) 30 (22-39)
Pain during activity (0—100) 69 (60—78) 53 (43-63)

Y-translation (mm)

0.4

Cementless
Cemented

0.3

0.2

0.1

0.0 ; r

0 1 2 6

Years from index operation

Figure 3. Proximal migration of cemented and cementless DMCs
shown as means with 95% confidence intervals.

Biomet Inc and the Danish Rheumatism Association supported
the study financially but did not influence the manuscript or
publication. The authors declare no conflicts of interest.

Results

Baseline patient demographics are outlined in Table 1. Of the
60 included patients, 45 completed the final follow-up.

Cup migration

Proximal migration at the 2-year follow-up was below the
0.2 mm threshold for safe implants for both cemented and
cementless DMCs (29). Migration for cemented and cement-
less DMCs was similar between 2- and 6-years’ follow-up
except for total rotation (Table 2, see Supplementary data),
which was 0.78° (CI 0.59-0.98) for cemented and 2.2°
(1.2-3.1) for cementless. At 6 years’ follow-up, the analyses
revealed 1.2° (0.4-2.0) more internal rotation for the cement-
less DMCs compared with the cemented. The difference in
proximal migration of 0.06 mm (-0.14 to 0.26) between DMC
groups was not statistically significant (Figure 3).

Bedding in = baseline to 1-year follow-up.

Femoral head penetration = baseline to 6-year follow-up.
Wear rate = 1-year to 6-year follow-up / 5.

a8 Mann-Whitney U-test.

Polyethylene wear

Proximal bedding in was higher for cementless DMCs than
for cemented implants (p = 0.04) (Table 3). As the liner is
mobile, bedding in and wear can occur in any direction. 3D
bedding in of the PE liner tended to be higher for cementless
compared with cemented DMCs with mean 0.81 mm (0.41—
1.20) and 0.37 mm (0.26-0.48), respectively. The femo-
ral head penetration of 0.50 mm (0.34-0.67) in cemented
DMCs was similar to 0.90 mm (0.41-1.39) in cementless
DMCs (p =0.2).

The mean wear rate of 0.06 mm/year (0.04—0.09) for
cemented DMCs was similar to 0.07 mm/year (0.04-0.11) for
cementless DMCs. Results from 1- and 2-dimensional calcu-
lations showed similar PE wear patterns (Table 3).

There was no correlation between proximal cup migration
at 6-year follow-up and PE bedding in (tho = -0.06, p =0.7)
or PE wear rate (tho =0.04, p =0.8).

Radiographic evaluation

The inclination was higher in the cemented DMCs (51°, CI
48-53) compared with the cementless DMCs (47°, CI 43-50)
(p = 0.04). Inclination was higher than 50° in 17 cemented
and 8 cementless DMCs. Inclination below 30° was found
in only 1 cementless DMC (23). 2 cemented and 6 cement-
less DMCs were anteverted. At final follow-up, none of the
DMCs showed signs of radiographic loosening. Radiolucent
lines were recorded in 4 cemented and none of the cementless
DMCs. The radiolucent lines were located in 1 or 2 zones of
the cement—bone interface and were 1 mm wide. Cup inclina-
tion did not correlate with wear rate (tho =0.1, p=0.4) or with
6-year proximal migration (tho =0.04, p = 0.8).
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Table 4. Clinical outcomes at 6-year follow-up. Values are mean (Cl)
unless otherwise specified.

Factor Cemented DMC Cementless DMC
Harris Hip Score 94 (89-99) 85 (76-93)
Oxford Hip Score 45 (43-48) 44 (41-47)
Pain, at rest (0—100) 2 (0-6) 6 (0—-15)
Pain, during activity (0—100) 8 (0-17) 6 (0-14)
Total wear time, hours/day 17 (17-18) 17 (17-18)
Time as percentage

Resting 68 (63—74) 68 (62—73)

Standing 9 (7-12) 8 (6-9)

Walking 22 (18-26) 24 (19-28)
Complications (dislocation + infection/

aseptic loosening) 0/0 1/0
Radiolucent lines 4 0

Hours of activity
18

15

12

;E;

Verylow Low Medium High Very high

Figure 4. Distribution of the intensity (very low to very high) of the phys-
ical activity shown in hours per day 6 years after THA.

Blood samples

Cr serum values were below the detection level for all patients
at 6-year follow-up. Co values between 10 and 15 mol/L (0.6—
0.9 pg/L) were measured in 2 patients with cemented cups
and in 1 patient with a cementless cup at 6-year follow-up.
For these patients, creatinine levels ranged from 68 to 117
umol/L, eGFR levels ranged from 50 to 74 mL/min/1.73 m2,
and 2 of them had also a contralateral THA in situ at the time
of follow-up.

Physical activity

Physical activity was recorded for a mean of 17 hours/day
(CI 17-18) and was distributed as 68% (64—72) resting, 9%
(7-10) standing, and 23% (20-26) walking (Table 4). High-
intensity physical activity was sparse in both groups and PA
consisted mainly of shuffling or walking (Figure 4). The mean
daily accumulated walking was 98 (CI 75-120) minutes in
patients with cemented DMCs and 79 (CI 64-95) minutes in
patients with cementless DMCs. The extent of walking and
standing did not correlate with the PE wear rate (p > 0.4).

Patient-reported outcome
HHS and OHS increased for both DMC groups with no statis-

tically significant difference between the groups. Pain scores
also improved similarly in both DMC groups (Tables 1 and 4).

Complications and revisions

3 months after index THA, 1 patient with a cementless DMC
had a revision for intra-prosthetic dislocation and infection as
described previously (20). Until the 6-year follow-up, there were
no further dislocations, infections, or revisions in the study.

Discussion

The key findings were similar, and low cup migration, PE
wear rate and serum metal ions for both cemented and cement-
less DMCs at 6 years’ follow-up with no correlation to PA.

Cup migration

Proximal cup migration at 2-year follow-up was low for both
cemented and cementless DMCs, and also within the accepted
threshold of 0.2 mm as described by Pijls et al., indicating a
well-fixed implant (29). This is similar to reported results for
a different cementless DMC with proximal cup migrations at
2-year follow-up of 0.18 mm and 0.26 mm (9,30). The migra-
tion pattern at 6-year follow-up of both the cementless and
cemented Avantage cups in our study show continued good
fixation.

PE wear

We found PE wear rates for cemented and cementless DM
implants below the 0.1 mm/year threshold (7) with no correla-
tion to physical activity level and implant position.

In cementless ADM cups, Laende et al. found a 3D wear
rate of 0.09 mm/year with 3 years’ follow-up and Jgrgensen
et al. found a 3D wear rate of 0.07 mm/year with 5 years’
follow-up, which corresponds well with the 3D wear-rate of
0.07 mm/year found in the patients with 6 years’ follow-up in
our study (9,30). The same studies both reported PE bedding-
in of 0.3 mm in the 1st year, which is similar to the cemented
implants in our study (0.4 mm) but less than for the cement-
less implants (0.8 mm). The reason for the higher non-partic-
ulate deformation of the PE liner in the cementless Avantage
DM articulation compared with the cemented DM articulation
is speculative. Debris from the instrumentation used during
implant surgery with cementless DM implants has been sug-
gested to influence PE wear and the production of metal ions
(13). We found a low PE wear rate after the bedding-in period
and unmeasurably low Cr and Co ions in serum for both
cemented and cementless DM implants, which does not sug-
gest that debris which may occur from the surgical instrumen-
tation has long-term consequences.

Physical activity

PA declines with age and in THA with ultra-high molecular
weight PE (UHMWPE) a correlation between PA and wear
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has been established among slightly younger (mean 72 years)
patients than in our study (mean 75 years) (19,31). In our
cohort, the patients had little PA of high intensity and there
was no correlation between PA and cup migration or wear of
highly crosslinked PE. In support thereof, a recent study found
PA to have no predictive value for wear on highly crosslinked
vitamin-E diffused PE (32).

Metal ions

Most metal ion measurements were below the detection limit
for Cr and Co, and a few measurements had detectable but
very low Co concentrations well below the acceptable limits.
The low Cr and Co levels in serum are in concordance with
findings by Hjorth et al., who reported low serum levels of
Cr 0.98 (0.59-6.90) pg/L. and Co 1.14 (0.59-5.90) pg/L in
patients with PE liners at mid-term follow-up (33).

Strengths and limitations

The RSA methods used for measurements of cup migration,
PE wear, and the accelerometer-based PA measurement are
the gold standards and have high accuracy. The randomized
study design and patient blinding add to the strengths. The fol-
low-up is sufficiently long to measure PE wear and describe
implant migration patterns. However, the longer the follow-up
the greater the risk of loss of participants — especially when
the patients are old at the time of surgery. However, with
increasing life expectancy, knowledge of implant survival has
become increasingly important for all age groups. The gener-
alizability of the results applies only to older patients with hip
osteoarthritis treated with a primary THA.

In conclusion, we found similar and low cup migration,
PE wear rate, and serum metal ions at 6-year follow-up in
cemented and cementless DMCs. Neither migration of the
cups, PE wear rates, nor serum metal ions were correlated
to the level of PA. The findings support that cemented and
cementless DMCs with highly crosslinked vitamin-E infused
liners have similar cup migration and PE wear when used for
primary THA surgery.

STJ, TBH, and MS designed the study, MH operated on the patients, STJ
and PBJ collected the data, MH and PBJ evaluated the radiographs, PBJ
wrote the manuscript draft and performed the data analyses. All contributed
to the data interpretation and critical revision of the manuscript.

Handling co-editors: Bart Swierstra and Jonas Ranstam
Acta thanks Johan Kérrholm and Nanna Sillesen for help with peer review
of this study.
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Supplementary data

Table 2. Translations (mm) along the x-axis (+ medial/- lateral), y-axis (+ proximal/- distal),
and z-axis (+ anterior/- posterior) and rotations (°) about the x-axis (+ anterior/- posterior
tilt), y-axis (+ internal/- external rotation), and z-axis (+ decreased /- increased inclina-

tion) for cemented and cementless cups presented as mean (95% CI)

Factor Cemented DMC n Cementless DMC n
0-1 year
X-migration —0.07 (-0.23 to 0.09) 28 0.17 (-0.18 t0 0.52) 24
Y-migration 0.11 (0.02 to 0.21) 28 0.15 (0.02 to 0.28) 24
Z-migration 0.15 (-0.01 to0 0.31) 28 0.39 (0.01 to 0.77) 24
X-rotation 0.52 (0.15 to 0.90) 28 0.59 (-0.16 to 1.34) 24
Y-rotation 0.29 (—0.26 to 0.84) 28 1.37 (0.40 to 2.34) 24
Z-rotation —0.45 (-0.78to -0.11) 28 —0.28 (-0.86 t0 0.31) 24
Total translation 2 0.49 (0.32 to 0.66) 28 0.89 (0.47 to 1.31) 24
Total rotation P 1.71 (1.27 to 2.15) 28 2.92 (2.09 to 3.75) 24
MTPM ¢ 1.22 (0.92 to 1.52) 28 2.22 (1.54 t0 2.90) 24
0-2 years
X-migration —0.06 (-0.24 t0 0.12) 28 0.17 (-0.16 to 0.49) 24
Y-migration 0.13 (0.02 to 0.23) 28 0.14 (0.02 to 0.27) 24
Z-migration 0.16 (—0.03 to 0.34) 28 0.36 (—0.03 to 0.74) 24
X-rotation 0.36 (0.06 to 0.67) 28 0.03 (—0.70 to 0.76) 24
Y-rotation 0.18 (-0.35 t0 0.72) 28 0.84 (0.02 to 1.67) 24
Z-rotation —0.43 (-0.79t0 -0.08) 28 —0.03 (-0.54 t0 0.47) 24
Total translation 2 0.54 (0.35t0 0.74) 28 0.87 (0.46 to 1.27) 24
Total rotation P 1.58 (1.16 to 2.00) 28 2.35 (1.59 to 3.11) 24
MTPM ¢ 1.22 (0.87 to 1.57) 28 1.93 (1.27 to 2.60) 24
0-6 years
X-migration —0.13 (-0.36-0.10) 22 —0.08 (—0.38-0.22) 20
Y-migration 0.14 (0.01 to 0.28) 22 0.21 (0.02 to 0.39) 20
Z-migration 0.21 (-0.02 to 0.43) 22 0.31 (-0.21 t0 0.82) 20
X-rotation 0.67 (0.15 t0 1.18) 22 0.54 (-0.42t0 1.50) 20
Y-rotation 0.42 (—0.09 to 0.93) 22 1.48 (0.73 to 2.22) 20
Z-rotation —0.45 (-0.82t0 -0.08) 22 —0.31 (-1.01 to0 0.39) 20
Total translation 2 0.64 (0.41 t0 0.87) 22 0.98 (0.53 to 1.43) 20
Total rotation P 1.69 (1.21 t0 2.18) 22 2.82 (1.97 to 3.68) 20
MTPM ¢ 1.35 (0.95 to 1.75) 22 2.26 (1.55 t0 2.97) 20
2—6 years
X-migration —0.01 (-0.10 to 0.07) 22 —0.29 (-0.69 to 0.11) 20
Y-migration 0.02 (—0.04 to 0.07) 22 0.05 (—0.09 to 0.18) 20
Z-migration 0.06 (—0.02 to 0.13) 22 —0.11 (-0.34 t0 0.12) 20
X-rotation 0.06 (—0.24 to 0.36) 22 —0.06 (-0.86 t0 0.74) 20
Y-rotation —0.07 (-0.29 to 0.15) 22 —0.03 (—0.95 to 0.88) 20
Z-rotation 0.00 (—0.16 to 0.16) 22 —0.05 (-0.71 t0 0.61) 20
Total translation 2 0.26 (0.20 to 0.31) 22 0.47 (0.03 to 0.92) 20
Total rotation P 0.78 (0.59 to 0.98) 22 2.15(1.22 t0 3.07) 20

¢ MTPM = maximum total point motion.
b total translation = V(x-translation? + y-translation? + z-translation?).

atotal rotation = V(x-rotation? + y-rotation2 + z-rotation?).



