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Markus P. Arnold • Niklaus F. Friederich •
Michael T. Hirschmann

•

Received: 8 June 2010 / Accepted: 19 November 2010 / Published online: 11 December 2010
Ó Springer-Verlag 2010

Abstract
Purpose Excessive varus and valgus stress forces during
arthroscopy might exceed minimal compressive strength of
cancellous bone. In extreme cases, this could lead to postarthroscopic osteonecrosis. It was our purpose to measure
the valgus and varus stress forces during arthroscopy and
draw conclusions on the development of osteonecrosis.
Methods On 24 consecutive patients undergoing
arthroscopy, the maximum varus and valgus stress forces
(N) were measured in vivo using a strain gauge mounted to
a leg holder. The forces (N) and contact stresses (kPa) on
the femoral condyles were calculated based on the measured acting lateral force at the femur fixation based on the
lever principle.
Results The maximum contact stress during varus on the
medial condyle was significantly lower in patients with
intact meniscus (mean ± standard error of the mean:
243 ± 29 kPa) than in patients with meniscus-deficient
knees (520 ± 61 kPa; P \ 0.01). A similar finding was
obtained for the maximum contact stress during valgus on
the lateral condyle: 630 ± 72 kPa in patients with intact
meniscus compared to 2,173 ± 159 kPa in patients with
meniscus-deficient knees (P \ 0.01). In 19 patients (79%),
the maximum contact stress was higher during valgus than
during varus. The maximum contact stress on the lateral
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condyle during valgus was significantly higher for more
experienced surgeons (P = 0.01).
Conclusion The maximum contact stresses in knees with
intact menisci did not exceed the critical threshold of the
compressive strength in cancellous bone. However, the
maximum contact stresses in meniscus-deficient knees
were frequently higher than the threshold. However, these
stresses were much lower than those during daily activities
and therefore unlikely to lead to post-arthroscopic
osteonecrosis.
Level of evidence Diagnostic study, Level II.
Keywords Post-arthroscopic osteonecrosis  Knee
arthroscopy  Biomechanics  Joint forces  Varus stress 
Valgus stress

Introduction
Spontaneous osteonecrosis of the knee was first described
by Ahlbäck et al. [2]. It predominantly occurs in patients
over 60 years of age, is three times more common in
women than in men and mostly affects the medial femoral
condyle.
Spontaneous post-arthroscopic osteonecrosis of the knee
has rarely been described [18]. Its aetiology is still under
debate [17, 18]. Besides predisposing metabolic factors
such as corticosteroid therapy, chronic alcoholism, systemic lupus erythematosus or hemoglobinopathies, a traumatic genesis has been discussed [1, 12].
In theory, microfractures of the subchondral bone lead
to a partial bone collapse and allow synovial fluid to
infiltrate [18, 25]. Along with this, the intra-osseous pressure of the femoral condyle increases and osteonecrosis
might then develop [13, 25].
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Performing varus and valgus stress manoeuvres during
arthroscopy could cause high contact stresses on the femoral condyles, eventually leading to post-arthroscopic
osteonecrosis of the knee. Considering the fact that postarthroscopic osteonecrosis has been rarely reported, the
contact stresses were not expected to be higher than
1,000 kPa, which is known as minimal compressive
strength of cancellous bone [20]. Hence, we aimed at
investigating the applied varus and valgus forces during
arthroscopy in vivo and at calculating the resultant contact
stresses on the femoral condyles.

Materials and methods
Twenty-four consecutive patients undergoing arthroscopic
knee surgery, 15 women and 9 men (mean 40 ± 18 years),
were included in the present study. In 12 patients the right
knee and in another 12 patients the left knee were treated.
The body mass index was 25 ± 6 kg/m2. Arthroscopy was
performed for a meniscal lesion (n = 15), instability in
case of a torn anterior cruciate ligament (n = 7), instability
for other reasons (n = 1) or diagnostically (n = 1). The
arthroscopy was carried out either by a consultant while the
registrar performed the varus and valgus stress manoeuvres
(n = 13) or by the registrar under assistance of the consultant (n = 11).
A custom-made measuring unit was attached to a
commercially available knee joint holder (Arthrostress,
Sodemsystems, Geneva) without making any changes to
the knee joint holder itself. The measuring unit, containing
a strain gauge and a thigh constraint device with linear
bearing, was able to mechanically differentiate lateral
forces from torque, dorsal–ventral and proximal–distal
forces. Using this thigh constraint device, only the lateral
forces were registered (Fig. 1). The amplified signals were
digitized using a data collection system (DAQCard-700
and Measurement Studio, National Instruments, Austin
TX). Before the measurements, the system was calibrated
with precision load cells. During arthroscopy, the performed varus and valgus stress manoeuvres were noted in
relation to the time axis. The measurements were carried
out exclusively during the diagnostic arthroscopy.
After positioning the patient on the operating table, the
following patient-related distances (in centimetres) were
measured using a measuring tape (Fig. 2):
lf) greater trochanter to knee joint
lt) knee joint to lateral malleolus
lh) knee joint holder to knee joint.
On standardized radiographs in anteroposterior view, the
following distances (in millimetres) were measured:
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Fig. 1 Illustration of knee joint holder with attached measuring
device (marked with arrow) on the bottom of the platform

Fig. 2 Morphologic data: Patient-based distances: greater trochanter
to knee joint (lf), knee holder to knee joint (lh), knee joint to medial
malleolus (lt). Force Fo was measured with the knee holder and used
to calculate force Fof at the malleolus. Distances measured on
radiographs: epicondyle to epicondyle (de), condyle to condyle (dc),
lateral epicondyle to lateral condyle (dl), medial epicondyle to medial
condyle (dm). Force F on the medial/lateral condyle and the tibial
plateau was calculated from the measured force during varisation/
valgisation

dc) lateral to medial condyle
de) lateral to medial epicondyle
dl) lateral condyle to lateral epicondyle
dm) medial condyle to medial epicondyle.
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The forces measured on the leg holder were displayed in
dependency of the elapsed time during arthroscopy. Negative values indicated varus stress, and positive values
valgus stress forces (Fig. 3).
To calculate the forces applied on the medial (Fm, 1) and
lateral (Fl, 2) condyles, the following formulae (see Fig. 2
for explanation of variables), according to the lever principle, were used:
Fm ¼
Fl ¼

lt F0 ðlf  lh Þ
ðde  dm Þ ðlf þ lt Þ

lt F0 ðlf  lh Þ
ðde  dl Þ ðlf þ lt Þ

ð1Þ
ð2Þ

The force applied on the foot (Fof, Fig. 2) was
calculated using the leg holder force (Fo, Fig. 2) and the
distances measured on the leg (Fig. 2). The resultant force
was considered to be equivalent to the distracting force on
the lateral side of the knee (Fig. 2). The force arising on the
condyle (F, Fig. 2) was then again calculated by the lever
principle, using the distances measured on the radiographs
(Fig. 2).
To calculate the contact stresses, the forces (Fm and Fl)
were divided by the contact areas (Am and Al). The contact
areas were calculated according to Fukubayashi and Kurosawa [5] assuming two clinical scenarios (scenario A—
normal loading pattern with intact menisci (?) Men; scenario B—a knee without menisci (-) Men). A linear
regression analysis was used to extrapolate the contact
areas.

Statistical analysis
The data were checked whether the linear-model assumptions of homoscedasticity and normality were fulfilled [16].
This was the case for all the models fitted. Parametrical
tests were used for statistical analysis. The influence of the
different patient covariables (sex, age and body mass
index) on the calculated contact stresses during varus and
valgus manoeuvres was analyzed using multiple linear
regression [16]. The differences between scenario A and B
and between registrar and consultant (experience of the
surgeon) were tested with analysis of variance (ANOVA)
[16]. The critical level of statistical significance was set at a
P value of 0.05 in both regression and ANOVA.

Results
The mean measured maximum force was 62.8 N (±standard error of the mean: ±8.0 N) during varus stress
manoeuvres and 131.7 N (±21.5 N) during valgus stress
manoeuvres. The resulting mean force on the femoral
condyles was 100.4 N (±12.8 N) and 202.1 N (±33.3 N),
respectively.
The mean maximum contact stress on the medial condyle during varus manoeuvre was 243 kPa (±29 kPa) for
scenario A and 520 kPa (±61 kPa) for scenario B
(P \ 0.001). The mean maximum contact stress on the
lateral condyle during valgus manoeuvre was 630 kPa
(±72 kPa) for scenario A and 2,173 N (±159 kPa) for
scenario B (P \ 0.001). In 19 out of 24 patients (79%), the
maximum contact stress on the lateral condyle during
valgus manoeuvre was higher than the maximum contact
stress on the medial condyle during varus manoeuvre.
The maximum contact stresses on the lateral condyle
during valgus manoeuvres were higher when arthroscopy
was performed by consultants (1,700 ± 225 kPa) than by
registrars (1,126 ± 156 kPa; P \ 0.01). Furthermore, the
maximum contact stresses during varus and valgus
manoeuvres showed no relation to sex, age or body mass
index of patients (n.s.).

Discussion

Fig. 3 Example of force graph: force plotted against time for patient
9. The maximum forces reached during valgisation (?) and varisation
(-) are marked with black arrows

The most important finding of the present study is that
varus and valgus stress manoeuvres during arthroscopy are
in the range of contact stresses during daily activities and
therefore unlikely to cause osteonecrosis.
The aetiology and pathophysiology of osteonecrosis
after arthroscopy is not fully understood. Due to its rarity,
only a few case series including a small number of often
heterogenous groups of patients have been described [17,
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18]. In the most recent study, Bonutti et al. presented a
retrospective case series of 19 patients suffering from
osteonecrosis of the knee after arthroscopic surgery [3]. In
six patients, the development of post-arthroscopic osteonecrosis was attributed to laser treatment, in ten to radiofrequency treatment and in three to microfracturing.
In a cadaveric pig study, Fukuda et al. showed that an
intact meniscus is of crucial importance for compressive
load transmission within the knee joint [6]. The intact
meniscus prevents point loading by distributing the load on
a broader contact area. Fukuda et al. further found a two- to
fivefold increase in the compressive subchondral stress
after meniscectomy [6]. Hence, meniscectomy might play a
role in the pathogenesis of post-arthroscopic osteonecrosis
of the knee. Prues-Latour et al. presented nine cases of
osteonecrosis following arthroscopic meniscectomy [19]
and hypothesized that altered load distribution after partial
meniscectomy could lead to microtrauma in the subchondral bone and subsequently to osteonecrosis.
Generally, there are two traditional schools of thought
regarding the pathogenesis of spontaneous osteonecrosis of
the knee [1, 12].
One school believes that altered microcirculation and
subsequent subchondral bone ischaemia are the main cause
of spontaneous osteonecrosis [4]. Pape et al. hypothesized
that in knees with damaged cartilage, arthroscopic fluid
permeates into the subchondral bone, causing higher
pressure and thus compromising microcirculation [18].
The other school accuses subchondral insufficiency
fractures due to altered knee mechanics (e.g. after meniscectomy) as leading cause for development of osteonecrosis after arthroscopy [13, 14, 25].
Taking the second theory into consideration led us to
think about possible mechanical triggers during arthroscopic surgery. To our knowledge, the present study is the
first to analyze the contact stress on the femoral condyles
generated during valgus and varus manoeuvres when performing an arthroscopy. The most important findings of the
present study are threefold:
Firstly, our measurements and calculations clearly show
that the maximum contact stresses during arthroscopy in
knees with intact menisci (scenario A) did not exceed the
critical threshold of the compressive strength in cancellous
bone. In contrast, the maximum contact stresses in
meniscus-deficient knees (scenario B) were frequently
higher than the threshold.
Secondly, the calculated contact stress on the lateral
condyle was consistently higher during valgus than on the
medial condyle during varus.
Thirdly, the higher the level of the surgeon’s experience,
the higher the resultant contact stress on the femoral
condyles.
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Based on the first and second finding of the present
study, it is unlikely that varus stress and valgus stress
manoeuvres during arthroscopy lead to the development of
post-arthroscopic osteonecrosis in normal knees. Rohlmann
et al. [20] reported that the minimal compressive strength
of the cancellous bone in the femoral condyle is approximately 1,000 kPa. Only in meniscus-deficient knees,
higher contact stresses and forces than this threshold were
found, but these were still low when compared to forces
and contact stresses generated during activities of the daily
living. Tibiofemoral forces during level walking or
downhill walking are known to reach approximately 3.9–8
times body weight, meaning for a body weight of 70 kg
forces of 2,730–5,600 N [10, 22, 23]. These values are at
least 10 times higher than the forces measured on the
condyles during arthroscopy in the present study, which
were in the range of 21–824 N.
However, in meniscus-deficient knees, the measured and
calculated forces on the femoral condyles were significantly higher, which is in accordance with Fukuda et al.
who found that the compressive stress in cadaveric pig
knees after meniscectomy was two to four times higher
than in meniscus-intact knees. They further highlighted the
fact that the compressive stress in the subchondral bone
after meniscectomy was significantly influenced by the
mechanical frontal plane alignment (varus vs. valgus
knees).
If the mechanical varus or valgus stress during arthroscopy would be a decisive factor causing post-arthroscopic
osteonecrosis, one could speculate that the incidence of
post-arthroscopic osteonecrosis should reflect the force
pattern found in our study. The calculated contact stresses
were higher for valgus on the lateral femoral condyle than
for varus on the medial femoral condyle, which is in
contrast to the current literature, where post-arthroscopic
osteonecrosis of the knee is more common medially than
laterally [17, 18].
In summary, some of our findings are rather paradoxical.
Intra-operative contact stress can get rather high, but these
rarely exceed the critical threshold of cancellous bone.
Hence, the valgus and varus stresses, which occur during
arthroscopy, are unlikely to be the cause for post-arthroscopic osteonecrosis. No final conclusions can be drawn
out of our findings, but our results clearly demonstrate the
need for further studies.
In the future, more sensitive and specific in vivo methodology might be available to investigate loading and
stress pattern of the subchondral bone in normals and different pathologies. Using new single or hybrid imaging
techniques such as CT-OAM, 3D-MRI or SPECT/CT could
be helpful to elucidate the mechanical stress pattern during
and after arthroscopy [7–9, 11].
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The third finding of the present study is clinically
interesting as we showed that applied contact stresses were
significantly influenced by the surgeon’s experience. Possible explanations might be on one hand greater cautiousness of the less experienced staff. On the other hand, it
could be the demand for a better exposure of the joint and
better protection of the cartilage that led more experienced
staff to ask the registrar to apply greater forces during
arthroscopy. We found no other studies dealing with variation in the applied varus and valgus stress forces during in
vivo arthroscopy due to the surgeon’s experience level.
Tashiro et al. found that in an arthroscopy model, the less
experienced surgeons applied higher intra-articular forces
during joint inspection and probing task than the more
experienced ones [21]. This finding seems to be in line with
our results, as higher intra-articular forces might be applied
during arthroscopy, when the visibility of the medial or
lateral compartment is impaired due to less vigorous varus
and valgus manoeuvres. Virtual-reality arthroscopic training systems could give younger surgeons valuable feedback on their surgical skills [24]. The training scenario and
arthroscopic setting should be as realistic as possible [24].
However, to date, varus/valgus forces applied to the knee
joint have not been integrated in any system but could be of
interest as visibility of the knee joint during arthroscopic
surgery is a key factor for the outcome of surgery.
We are aware that this investigation has several limitations. One could speculate whether the measured forces
and calculated contact stresses on the femoral condyles
truly reflect the intra-articular stress pattern of the knee
joint as the forces and contact stresses have only been
indirectly measured and calculated based on Fukubayashi
and Nakamura’s work [5]. These authors reported tibiofemoral contact areas in a similar clinical scenario for 200,
500 and 1,000 N forces. In addition, they also characterized the tibiofemoral contact areas for patients in intact and
meniscus-deficient knees. The size of the tibiofemoral
contact area in this study was estimated and not measured
for each patient individually. Using this method, variation
of mechanical leg alignment as well as the shape of the
femoral condyles was not incorporated [6]. Three-dimensionally reconstructed CT images would have provided
more accurate information on individual patients’ anatomy
and contact areas but could not be performed for ethical
reasons.
Also, measuring the contact stress directly in the joint
would be more accurate but is hardly feasible in vivo. On
the other hand, a cadaveric study could also not adequately
factor in the effect of ligaments and muscles on the contact
stress generated during arthroscopy. However, the results
of cadaveric experiments would probably add value to the
interpretation of our data.
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There are different ways of positioning the patient for
arthroscopy. All patients included in this study were positioned equally (supine position, knee fixed in a leg holder
and flexed to 60–70 degree). Others perform arthroscopy
on a hanging leg, fixed in an electrical or conventional
legholder [15]. Hence, we can only conclude on the group
of patients positioned supine and with the knee flexed to
60–70 degree and not on patients positioned differently.
Another limitation of the present study was that only
maximum contact stresses were analyzed, and the time
during which certain force and therefore contact stress was
applied might be an important factor causing osteonecrosis.
Conclusion
In spite of the above-mentioned limitations, we believe that
there is sufficient evidence to conclude that it is unlikely
that varus and valgus stress manoeuvres during arthroscopy
cause post-arthroscopic osteonecrosis. Especially, these
contact stresses cannot be regarded as the only cause of
post-arthroscopic osteonecrosis, which probably has multiple causes and remains unclear. The present study gives
an idea of the order of magnitude of the contact stresses
caused by varus and valgus manoeuvres during
arthroscopy.
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