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The tibial components in 143 patients with total knee
replacements performed before 1988 were assessed for
micromotion using roentgen stereophotogrammetric
analysis (RSA) over a period of 13 years. The fixation of
the prostheses remained clinically sound in all cases,
although revision had been required for other reasons
in seven.

In a second group taken from all cases with RSA
available on our full database to 1990, 15 tibial
components had been followed by RSA from the
insertion until, 1 to 11 years after the initial
arthroplasty, they were revised for mechanical
loosening of the tibial component; 12 of these comprised
all the loosenings in the base group, thus making a total
of 155 consecutive cases, while an additional three were
inserted after the base material had been compiled.

The mean migration in the first group was about
1 mm at one year, but subsequent migration was slower,
reaching a mean of about 1.5 mm after ten years. About
one-third migrated continuously throughout follow-up,
while two-thirds ceased to migrate after one to two
years.

In the revision group, 14 components had migrated
continuously and at one year significantly more than
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those in the first group. One revision case lacked the
crucial one-year follow-up and could not be classified.

These findings suggest that mechanical loosening
begins early in the postoperative period. Clinical
symptoms which necessitate revision, seen at this stage
in 20% of abnormally migrating tibial components,
may not appear until up to ten years after the
operation. RSA can be used at one to two years to
identify prostheses ‘at risk’ of loosening with a
predictive power of about 85%.

J Bone Joint Surg [Br] 1995.77-B:377-83.
Received 16 June 1994; Accepted 14 September 1994

The fixation of joint implants to bone remains a clinical and
scientific challenge. Clinically. prosthetic components con-
tinue to loosen (Rand et al 1987; Albrektsson and Herberts
1988; Nafei et al 1992) and rescarch to improve prosthetic
fixation continues (Miller et al 1979; Lidgren, Bodelind and
Moller 1987: Cook and Thomas 1988; Geesink, De Groot
and Klein 1988; Ranawat, Rawlins and Harju 1989; Miura
et al 1990; Toksvig-Larsen, Ryd and Lindstrand 1990;
Seballe et al 1991).

The shortcomings of conventional radiography have
made monitoring of the fixation of prostheses and of the
effects of implementation of new techniques of fixation
difficult and imprecise (Ahlberg and Lindén 1977; Blaha et
al 1982; Ryd et al 1983; Tibrewal, Grant and Goodfellow
1984; Albrektsson and Herberts 1988). In recent years,
studies on prosthetic fixation using roentgen stereophoto-
grammetric analysis (RSA) have been published (Ryd et al
1983, 1990; Mjoberg et al 1985; Snorrason and Kirrholm
1990; Nilsson et al 1991). Although of theoretical interest,
these have not yet established that observations made by
RSA correlate with the clinical evidence of mechanical
loosening. It has been noted that virtually all tibial compo-
nents migrate during the initial period but in most cases this
movement ceases after one year. Some prostheses continue
to migrate; such continuous migration may indicate future
loosening (Ryd et al 1990).

To establish the role of RSA in the study of this problem
we have compared the migratory pattern of well-function-
ing prostheses with that of a group which had eventually to
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be revised for mechanical loosening. We also tried to
determine whether RSA at two years could serve as a
predictive test for future loosening (Ryd et al 1990).

PATIENTS AND METHODS

We identified two groups of patients from approximately
450 with knee arthroplasties who had been marked with
tantalum beads for RSA in Lund since 1978 and in Gote-
borg between 1982 and 1990.

The first group, the base material, consisted of 175
patients in whom arthroplasty had been performed between
1979 and 1983 in Lund and between 1982 and 1988 in
Goteborg. All these cases had been entered into the RSA
database from the onset up to the time when new projects
were started at both centres. At the time of assessment 37
patients had died; none had experienced any problem with
the prostheses and data for these cases were included up to
the time of death. Patients followed up for less than two
years were excluded, as were a number in whom technical
difficulties, such as faulty placement of the tantalum mark-
ers, unstable tantalum markers, or technically inadequate
radiographs, were encountered. In all, 32 cases were exclu-
ded, leaving 143 in this group for the final analysis. None
had had mechanical loosening of the tibial component,
although seven had been revised for wear (3), loosening of
the femoral component (2) and contralateral arthritis (2). In
all these patients the tibial component had been found to be
securely bonded to the bone at revision and no movement
of the prosthesis could be induced. The histological fea-
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tures of three of these interfaces have been published
previously (Ryd and Linder 1989). No further cases were
excluded from this consecutive series and the mean follow-
up was seven years.

The second group, the revision group, consisted of the 15
cases in the RSA database which had been revised for
mechanical loosening of the tibial component. Of these, 12
had been inserted during the period of compilation of the
larger first group and would have belonged there had they
not loosened. The three other cases had their prostheses
inserted later. In all cases mechanical loosening was con-
firmed at revision, |1 to 11 years after the initial
arthroplasty.

Of the 158 cases studied, 109 had been operated on in
Lund and 49 in Géteborg. The prostheses which were used
represent the evolution of knee arthroplasty during the 15
years of the study. The diagnosis, age and gender distribu-
tions were similar in both groups (Table I).

RSA, as described by Selvik (1974), was used to study
micromotion. At operation, the tibial component and the
tibia were each labelled with four to six tantalum markers.
Soon after operation, before the patients were mobilised, a
reference RSA examination was carried out and stereo-
grams obtained with the knee inside a calibration cage.
Subsequently, RSA examinations were undertaken at 6 to
12 weeks, 6 months, 1 year, 2 years and then at intervals of
2 years. The stereograms were digitised using a high-
precision tablet (Hasselblad Engineering, precision
< 20 pm). Transformation from 2-D to 3-D co-ordinates
and subsequent kinematic analysis were done by computer

Table I. Details of the two groups of patients and the prostheses used

Diagnosis*

Prosthesis Mean age (yr) Male:female 0OA RA
Base group
Total condylar 71 5:22 27 0
(n=27)
Kinematic 75 1:6 7 0
(n=17)
PCA total 68 6:27 20 13
(n = 33H)
Freeman-Samuelson 66 6:26 15 17
(n = 323)
Marmor (n = 23) 69 2:21 23 0
Lund prototype (n = 14) 71 2:12 14 0
Miller-Galante (n = 7) 68 2:5 7 0
Total = 143 69 24:119 113 30
Revision group
PCA total 64 3:1 3 1
(n=4)§
Freeman-Samuelson 63 2:8 4 6
(n =10
Marmor (n = 1) 64 0:1 | 0
Total = 15 63 5:10 8 7

* OA. osteoarthritis; RA, rheumatoid arthritis

+ 20 cemented, 13 non-cemented

i 6 cemented. 26 non-cemented, 16 all-polyethylene, 16 metal-backed

§ all cemented

9 1 cemented. 9 non-cemented, 5 all-polyethylene, 5 metal-backed
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data processing using Euler rigid body kinematics. The data
were obtained as rotation and translation along the three
cardinal axes which coincided with the principal anatom-
ical planes of the body. The 3-D vector of the prosthetic
marker which moved the most, the maximum total point
motion (MTPM), was also given. This value is a three-
dimensional vector without a direction representing the
magnitude of the migration only, and it must be emphasised
that MTPM is not equivalent to subsidence. The accuracy
of RSA as applied to knee arthroplasty has been determined
to be 0.2 mm (Ryd 1986).

To analyse the pattern of migration, the material was
subdivided into categories of stable and migrating pros-
theses according to two different criteria. Any patient with
a nominal MTPM > 200 wm at any follow-up after one
year was allocated to the group showing strict continuous
migration (SCM), while prostheses not fulfilling this criter-
ion were stable. A prosthesis showing fast migration after
the one-year follow-up was allocated to the modified con-
tinuous migration (MCM) group while cases continuing to
migrate only slowly were classified as stable. The criterion
for fast migration was set to greater than the mean minus
Isp of all the cases in the revision group. Analysis of the
revision group showed this value to be approximately
0.2 mm/2 years. Thus, cases migrating at a higher rate
fulfilled the MCM criteria while those migrating at a lower
rate were classified as stable. A total of 909 RSA examina-
tions form the basis of this study. Technical difficulties with
RSA and the failure of patients to attend for follow-up
resulted in the loss of 118 potential RSA recordings.

Conventional radiography using whole-leg films was
used to determine the mechanical axis of the leg (Oden-
bring, Berggren and Peil 1993). A value of < 180° denoted
a varus knee. The position of the tibial component relative
to the long axis of the tibia in both the anteroposterior and
the lateral views was also assessed (Ryd et al 1983).

RESULTS

In the base material every tibial component, except one of
the Miller-Galante type, showed some migration, mostly
during the first year. Using the SCM criteria. 48% ceased to
migrate after one year. while 52% continued to do so.
Using the more lenient definition of MCM, 33% continued
to migrate while 66% remained stable after one year
(Fig. 1). The mean MTPM for the group showing initial
migration was smaller at six months than that for the group
showing continuous migration, whether defined as SCM
(Mann-Whitney U test, p < 0.02) or as MCM (p < 0.004).

Further analysis showed a difference between cemented
and non-cemented components, with the latter migrating
significantly more during the first year, rcaching a mean of
about 1.7 mm. The cemented components had a mean
migration of 0.7 mm (Mann-Whitney U test. p < 0.0001:
Fig. 2).

The direction of migration was erratic. The entire base
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Fig. |

Diagram showing migration (mean + sem) of 143 tibial
components which were not revised for mechanical loosen-
ing. Triangles represent continuously migrating prostheses,
circles stable ones. Open characters denote the SCM criter-
ia. filled characters the MCM criteria (see text). (Few
prostheses were followed for more than ten years and these
data were excluded.)
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Fig. 2

Diagram representing the migration of 97 cemented (open
circles) and 46 non-cemented (filled circles) tibial compo-
nents which were not revised for mechanical loosening.
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Fig. 3

Direction of the migration (mean % seM) for 97 cemented (black bars) and
46 non-cemented (grey bars) tibial components which were not revised for
mechanical loosening. The axis is transverse and a + sign denotes anterior
tilt or lateral translation. The Y-axis is vertical and + sign denotes outward
rotation or upward translation. The Z-axis is sagittal and a + sign denotes
varus tilt (peripheral tilt for unicompartmental cases) and anterior
translation.

Migration MTPM (mm)

Time (years)

N= 151 147 132 102 7 65

Fig. 5

Diagram representing the migration of 143 tibial components (open
squares) which were not revised and 15 tibial components (filled squares)
which were revised for mechanical loosening. Arrows indicate the point in
time when the arthroplasty became symptomatic. Each of the revisions
was performed within a year from this time.

material showed some outward rotation about the vertical
axis and subsidence along the vertical axis, but with con-
siderable scatter in both directions. Subsidence, of a mean
of 1.0 mm, occurred almost exclusively in the non-cemen-
ted group, while cemented components seldom subsided
(Mann-Whitney U test; p<0.001). Varus tilt was sig-
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Fig. 4

Direction of the migration for 106 total (black bars) and 37 unicompart-
mental (grey bars) tibial components.

nificantly larger for non-cemented components than for
cemented, 0.7° as compared with 0° (Mann-Whitney U test,
p <0.03; Fig. 3).

Unicompartmental tibial components tilted backwards by
a mean of 0.7° while total tibial components tilted forwards
by a mean 0.5° (Mann-Whitney U test. p < 0.002). Uni-
compartmental components migrated away from the tibial
eminence by a mean of 0.5 mm while total components did
not migrate significantly in a mediolateral direction (Mann-
Whitney U test, p < 0.02; Fig. 4).

In the revision group migration was significantly larger
with a mean of 2.7 mm at | year and 3.3 mm at 2 years
(Mann-Whitney U test, p < 0.001; Fig. 5). The direction of
the migration was greater in varus tilt, outward rotation.
anterior tilt, subsidence and anterior translation. There was
no difference in mediolateral translation between the two
groups.

Fourteen cases had been revised between 2 and 11 years
after the initial arthroplasty: continuous migration was
found in 13 of them. In the 14th case, the crucial one-year
assessment was missing and this case could not be properly
assessed. The knee of the 15th patient was revised during
the second year and thus could not be classified. At one
year, however, the non-cemented prosthesis had migrated
3 mm, twice the mean for non-cemented implants. The
difference in migration between the base and revision
groups was also significant when they were split into
cemented and non-cemented prostheses. The differences in
the proportions of initially and continuously migrating
components in the base and the revision materials were also
highly significant, p < 0.0012 using the SCM criteria and
p < 0.0001 using the MCM criteria (Fisher's exact test).
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From both groups a total of 131 cases were followed for
at least four years and had complete data to allow analysis
as to whether long-term migratory behaviour could be
identified early. Using the SCM criteria, long-term migra-
tion was present in 69 cases; 29 of these had migrated at
between one and two years and were identified by RSA at
this early stage for a sensitivity of 42%. Sixty-two cases
were stable and of these 60 were classified as stable by
RSA between one and two years, for a specificity of 97%.
The use of MCM criteria for migration increased the
sensitivity to 58% but lowered the specificity to 93% (Table
D).

Table I1. Long-term migration using SCM and MCM criteria

in 131 cases.

RSA "~ Long-term migration SCM (MCM)
1 to 2 years Migrating Stable
Migrating (n = 31)  29(25) 2(6)

Stable (n = 100) 40(18) 60(82)

Total 69(43) 62(88)

With a prevalence of continuous migration in the entire
material of 36%, a sensitivity of 58% and a specificity of
93%, the predictive power, that is the chance that any one
individual who is identified by the test at two years will
suffer from clinical loosening, was calculated at 82%.
Using RSA between 6 months and | year as the test, the
predictive power was less than 50%.

For 12 of the revisions, the magnitude of the migration at
two years was lsp above the mean for cemented and non-
cemented cases, respectively, in the base material. Using
RSA between one and two years combined with the magni-
tude of the migration, 12 of the 14 revision cases (86%)
occurring after the two-year follow-up would have been
identified at two years.

When analysing both base and revision groups together,
patients with rheumatoid arthritis showed a greater tend-
ency (p > 0.05) for continuous migration than those with
osteoarthritis. This tendency was significant for continuous
migration of more than 0.5 mm after the one-year follow-
up (chi-squared test, p = 0.02). With a threshold of 1 mm
the significance was stronger (p <0.0001). Uncemented
prostheses showed a similar tendency compared with
cemented (chi-squared test; p = 0.04). Age was also related
to continuous migration, but only in migration exceeding
| mm (Student’s r-test, p =0.014). A two-factor ANOVA
test using migration after one year as the dependent varia-
ble and age as a covariate factor revealed diagnosis as an
independently significant variable (p < 0.01) while the type
of fixation and age were not. The type of prosthesis was
unrelated to migratory pattern (chi-squared test), but pair-
wise comparison showed the Freeman-Samuelson pros-
thesis to migrate more after one year. Gender, weight, type
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of arthroplasty (unilateral or bilateral) and the presence of a
stem or metal backing did not affect movement. Of the
radiological parameters the hip/knee angle after the opera-
tion was linked to continuous migration; a varus knee
migrated continuously more often than a knee in valgus
(Student’s t-test, p < 0.02). Other deviations from the ideal
straight leg were not found to be statistically significant.

DISCUSSION

The most important finding was that all the prostheses
which were revised for mechanical loosening could be
identified by RSA one to two years after operation, before
the onset of symptoms. Mechanical loosening occurred
exclusively in prostheses which migrated continuously and
of a total of 60 identified in the two groups 12 (20%)
became clinically loose. Four other cases have been descri-
bed which have been revised for loosening, and all migrat-
ed continuously (Brostrom, Goldie and Selvik 1989;
Nilsson et al 1991). These prostheses have been of many
different types, uncemented and cemented.

Loosening is initiated very early after the arthroplasty,
and should not be thought of as a sudden event occurring a
number of years after operation, leading to a rapid break-
down of fixation. It represents a prolonged adverse biolog-
ical process established very early and which after a period,
sometimes spanning ten years, becomes of clinical sig-
nificance. This concept has been suggested in larger patient
groups (Grewal, Rimmer and Freeman 1992) and can now
be established for individual patients.

Our findings suggest that continuous migration repre-
sents defective fixation which becomes established very
early, possibly during the operation. In 12 out of 60 cases
(20%) it developed into clinical loosening after a mean of
eight years. It is important to establish how soon after
arthroplasty continuous migration can be established.

We encountered problems in defining continuous migra-
tion in our studies. We used the SCM critenia as the strict
standard, but in our earliest cases we had technical prob-
lems such as unstable tantalum markers, unstable pros-
theses, and occasionally missing markers due to faulty
radiological projections. We therefore introduced the MCM
criteria to represent a more lenient definition, yet one which
could differentiate between the two migratory patterns. In
this study, the one-year follow-up emerged as an important
cut-off point and migration occurring between one and two
years proved prognostic. With the SCM criteria the sensi-
tivity was a low 41% with, however, a high specificity of
97%. Using the MCM criteria, the sensitivity was raised to
58%, while the specificity was lowered to 93% and the
addition of the absolute magnitude of the migration raised
the sensitivity to around 85%. Using the MCM data, which
is probably more accurate from a practical point of view,
RSA between one and two years was established as a test
with a reasonable sensitivity and predictive power.

From a technical point of view, segment motion, being a
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composite of a number of point motions, is better defined
than point motion. A comparison between point motion and
segment motion to differentiate between initial and con-
tinuous migration showed agreement in 80% of the cases.
In 10% segment motion showed stable conditions whereas
point motion showed migration, and this was to be expec-
ted. In the remaining 10%, point motion showed stable
conditions and segment motion showed motion. This is
surprising but indicates the difficulty encountered in any
measuring system when attempting to find a cut-off point
between noise and a true signal. A large number of markers
should be used in RSA studies to give high redundancy.

The initial migration occurring during the first year
probably represents bone remodelling (Willert, Ludwig and
Semlitsch 1974; Vernon-Roberts and Freeman 1976; Drae-
nert 1981). This initial process depends on the mode of
fixation and on design factors but appears to be unrelated to
future loosening or continuous migration. After one year a
large proportion of cases, in which a number of techniques
had been used such as cement, non-cement with porous
coating, non-cement with immediate interlocking and non-
cement with titanium mesh and additional screws, remained
perfectly stable. It therefore seems that the fixation of these
prostheses can function well over long periods of time but
with a variable success rate. Cementless immediate inter-
locking fixation of all-plastic tibial components did
poorly.

Other factors may influence continuous migration. Rheu-
matoid arthritis showed an increased incidence, perhaps
due to fatigue exhaustion of the soft rheumatic bone (Hvid
1988). Malalignment has been regarded as an important
factor for longevity of knee prostheses (Bargren, Blaha and
Freeman 1983; Ecker et al 1987). In this study malalign-
ment in the varus direction proved prognostic while valgus
malalignment was rather protective of continuous migra-
tion. This finding is somewhat surprising but may be
compatible with the fact that the medial condyle is more
loaded in the dynamic situation (Morrison 1968). A knee in
valgus will counteract this medial overload. Recently, the
protective effect of valgus alignment has been shown in a
large clinical series (Ritter et al 1994). Age was also
prognostic in line with previous studies showing a higher
incidence of loosening in younger and presumably more
active individuals.

The factors which are responsible for continuous migra-
tion and hence loosening are established in the immediate
postoperative period. Probably the most decisive time is the
operation itself, when a number of factors relating to the
patient, the prosthesis and the surgeon are brought to bear
on the arthroplasty in a unique combination on each occa-
sion. The fixation problem has recently been thoroughly
reviewed (Huiskes 1993) and the contemporary views on
the mechanisms of failure condensed into six different
patterns, none of which can fully explain the results of our
study (Fig. 6).
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Fig. 6

Hypothetical migratory pattern for prosthetic components failing accord-
ing to the six scenarios as delineated by Huiskes (1993).

The influence of wear products is of current interest
(Goodman, Fornasier and Kei 1988; Howie and Vernon-
Roberts 1988; Willert, Bertram and Buchorn 1990; Good-
man and Lidgren 1992; Jones et al 1992), but the evidence
in favour of this factor is circumstantial since such debris is
also found in the membranes around stable implants (Mal-
oney et al 1990) and it is hard to envisage its presence in
sufficient amounts so soon after operation. A multifactorial
actiology for loosening is probable, and wear products may
play their role at a later stage than represented in this study.
Previous RSA data (Albrektsson et al 1990; Ryd and
Toksvig-Larsen 1993) show considerable cyclical motion
by which wear products gain access to the interface accord-
ing to the ‘effective joint space’ theory (Schmalzried, Jasty
and Harris 1992).

We have found that mechanical loosening occurs exclu-
sively in the minority of cases which migrate continuously,
and is established within a short time of operation. We do
not know if these findings can be applied to implants in
other joints, but it has been suggested that loose compo-
nents in the hip also migrate early and continuously (Mjo-
berg, Franzén and Selvik 1990; Freeman and
Plante-Bordeneuve 1994; Kirrholm et al 1994).
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