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Abstract

Purpose To evaluate whether medial open wedge high

tibial osteotomy (HTO) results in structural and biochem-

ical changes in the lateral meniscus in adult sheep.

Methods Three experimental groups with biplanar oste-

otomies of the right proximal tibiae were tested: (a) closing

wedge HTO resulting in 4.5� of tibial varus, (b) open

wedge HTO resulting in 4.5� of tibial valgus (standard

correction) and (c) open wedge HTO resulting in 9.5� of

valgus (overcorrection), each of which was compared to

the contralateral knees with normal limb axes. After

6 months, the lateral menisci were macroscopically and

microscopically evaluated. The proteoglycan and DNA

contents of the red–red and white–white zones of the

anterior, middle and posterior third were determined.

Results Semiquantitative macroscopic and microscopic

grading revealed no structural differences between groups.

The red–red zone of the middle third of the lateral menisci of

animals that underwent overcorrection exhibited a significant

0.7-fold decrease in mean DNA contents compared with the

control knee without HTO (P = 0.012). Comparative esti-

mation of the DNA and proteoglycan contents and proteo-

glycan/DNA ratios of all other parts and zones of the lateral

menisci did not reveal significant differences between groups.

Conclusion Open wedge HTO does not lead to significant

macroscopic and microscopic structural changes in the

lateral meniscus after 6 months in vivo. Overcorrection

significantly decreases the proliferative activity of the cells

in the red–red zone of the middle third in the sheep model.

Keywords HTO � Histology � Type I collagen �
Lateral meniscus � Macroscopic evaluation �
Proteoglycan content � DNA content

Introduction

High tibial osteotomy (HTO) is a useful therapy for

symptomatic medial femorotibial osteoarthritis in patients

with varus malalignment of the knee [5, 38]. Particularly for

younger and physically active patients with medial knee

osteoarthritis, HTO is an excellent alternative to knee
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arthroplasty [52]. Here, the weight-bearing axis of the leg is

shifted away from the medial compartment with the aim of

reducing excessive loading and pain and improving joint

function. Consequently [1], the load distribution between

the medial and lateral compartments of the knee is altered

[50]. Loading is transferred towards the lateral tibiofemoral

compartment—especially when a valgus overcorrection is

performed—while loading of the medial compartment is

decreased [1]. Interestingly, its consequences on the tibio-

femoral cartilage have been described in cadaver studies

focussing on pressure distribution [1] and in patients after

HTO determining the distribution of mineralization of the

tibial plateau by CT-osteoabsorptiometric investigations

[28, 32]. In addition, effects of differences in load distri-

bution on articular cartilage proteoglycans were assessed in

models of below-knee amputation or femur valgus osteot-

omy in guinea pigs [53] or in cartilage samples obtained

from patients undergoing total knee replacement [35]. Here,

increased load was associated with a decreased proteogly-

can concentration [53]. Although these studies found mor-

phological and biochemical changes in the cartilage in

relation to loading [35, 53], the influence of increased

loading on the lateral meniscus remains unknown.

Here, we hypothesized that medial open wedge HTO

results in structural and biochemical changes in the lateral

meniscus in a preclinical sheep model and that these

changes predominantly occur after overcorrection.

Materials and methods

Study design

Three experimental groups with medial osteotomies of the

right tibiae were tested in sheep: (a) a closing wedge HTO

resulting in 4.5� of tibial varus (unloaded control), (b) an

open wedge HTO resulting in 4.5� of tibial valgus (standard

correction) and (c) an open wedge HTO resulting in 9.5� of

tibial valgus (overcorrection), each of which was compared

to the contralateral left knees that received an arthrotomy

only. Six months postoperatively, the animals were killed,

and the macroscopic appearance of the lateral meniscus was

scored. The menisci underwent histological and immuno-

histological analysis. The red–red and white–white zones of

the anterior, middle and posterior third of the lateral menisci

were evaluated for proteoglycan and DNA contents.

Animal experiments

Animal experiments were conducted under an Institution

Animal Studies Committee–approved protocol. Animals

had a weight of 66.6 ± 5.0 kg. Radiographs were taken

prior to the experiments to exclude osteoarthritis. Biplanar

osteotomies of the proximal tibiae were carried out using

an anteromedial approach with an oscillating saw, leaving

the contralateral cortical bone intact as described elsewhere

[39]. The osteotomies underwent gradual opening using flat

chisels, resulting in standardized openings [37]. A small

stature TomoFix plate fixator (Synthes, Tuttlingen, Ger-

many) was applied. The following experimental groups

with medial osteotomies of the right tibiae were tested:

(a) closing wedge HTO resulting in 4.5� of tibial varus

(range, 2.0–6.0; unloaded control; n = 5), (b) open wedge

HTO resulting in 4.5� of tibial valgus (range, 2.0–7.5�;

valgus standard correction; n = 5), and (c) open wedge

HTO resulting in 9.5� of valgus (range, 7.5–13.0�; over-

correction; n = 9), each of which was compared to the

contralateral left knees that received an arthrotomy only.

Postoperatively, all animals were immediately allowed full

weight-bearing. Six months postoperatively, the animals

were killed, and the lateral menisci were evaluated.

Macroscopic analysis

The macroscopic appearance of the lateral meniscus was

evaluated using a newly developed score (Table 1), which

grades colour (0–1), quality of the inner meniscal rim

(0–3), central meniscal degeneration (0–2) and meniscal

insertion (0–2).

Histological and immunohistochemical analyses

Menisci were fixed in 4 % phosphate-buffered formalin.

Paraffin-embedded coronal [19] sections (5 lm) were

Table 1 Semiquantitative macroscopic meniscus score

Parameter Point value

Colour of meniscus

Normal 0

Abnormal 1

Presence of meniscal lesion

Normal inner meniscal rim 0

Fibrillation of inner meniscal rim 1

Radial/horizontal tear 2

Complex tear 3

Central meniscal degeneration

No 0

Yes 2

Insertion (bone and joint capsule)

Intact 0

Not intact 2

Average total score range 0–8

Semiquantitative macroscopic score for the evaluation of the lateral

menisci. The resulting inverse macroscopic score ranges from 0

points (normal meniscus) to 8 points (maximal meniscal damage)
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stained with haematoxylin and eosin to detect cells and

safranin O/fast green to detect proteoglycans according to

the routine histological protocols [8, 25, 26]. Histological

analysis was performed in a blinded fashion as described

by Pauli et al. [40] with the modification that matrix

staining was inversely scored. Immunostaining for collagen

type I was performed as described [20]. All immunoreac-

tivities were assessed as follows: 0, no immunoreactivity;

1, significantly weaker immunoreactivity; 2, moderately

weaker immunoreactivity; 3, similar immunoreactivity; 4,

stronger immunoreactivity compared with the positive

control (sheep subchondral bone). A total of 114 sections

were scored.

Biochemical analyses

For biochemical evaluations, samples were taken from the

red–red zone and the white–white zone of the anterior, middle

and posterior third of the menisci. Proteoglycan contents

were measured by binding to the DMMB dye, and DNA

contents were monitored using Hoechst 33258 as previously

described [29, 34]. All data were normalized to the protein

contents, as determined using a Bradford assay (Pierce,

Rockford, IL, USA). Measurements were performed with a

GENios spectrophotometer/fluorometer (Tecan, Crailsheim,

Germany). A total of 38 lateral menisci were processed.

Statistical analysis

Mean values and SD were assessed for all evaluated cri-

teria. A Wilcoxon signed-rank test was applied to compare

the treatment versus control groups (SPSS, version 17.0;

Chicago, IL). P values \0.05 were considered statistically

significant.

Results

Six months postoperatively, all osteotomies healed

uneventfully. Semiquantitative macroscopic evaluation of

the lateral menisci (Fig. 1) revealed a trend towards worse

scores for overcorrected knees (2.9-fold; n.s.) than for

knees that received a standard correction (1.4-fold; n.s.) or

a varus correction (1.3-fold; n.s.) compared with the

Fig. 1 Macroscopic analysis of the lateral menisci following high

tibial osteotomy. Semiquantitative grading revealed a trend towards

worse scores for overcorrected knees with increased pressure load on

the lateral meniscus (9.5� tibial valgus; d) than for knees with

standard (4.5� tibial valgus; c) or varus correction (b; P [ 0.15).

Images were selected from menisci having a macroscopic rating equal

to the mean score for its respective treatment group. Scale bars
5.0 mm

Table 2 Semiquantitative macroscopic evaluation of the lateral menisci

4.5� tibial varus 4.5� tibial valgus 9.5� tibial valgus

Unloaded control Standard correction Overcorrection

Control HTO P value Control HTO P value Control HTO P value

Colour 0.2 (0.4) 0.2 (0.4) n.s. 0.2 (0.5) 0.2 (0.5) n.s. 0.2 (0.5) 0.3 (0.5) n.s.

Meniscal lesion 0.4 (0.4) 0.6 (0.6) n.s. 0.8 (1.1) 1.2 (0.8) n.s. 1.2 (0.8) 0.9 (0.8) n.s.

Central degeneration 0 (0) 0 (0) n.s. 0 (0) 0 (0) n.s. 0 (0) 0 (0) n.s.

Insertion 0 (0) 0 (0) n.s. 0 (0) 0 (0) n.s. 0 (0) 0 (0) n.s.

Average total score 0.6 (0.9) 0.8 (1.0) 1.0 (1.6) 1.4 (1.3) 1.4 (1.3) 1.1 (1.3)

P value n.s. n.s. n.s.

Semiquantitative macroscopic evaluation of the lateral menisci using the inverse score described in Table 1. Three experimental groups were

tested in the right knees of adult sheep: closing wedge HTO resulting in 4.5� of tibial varus, open wedge HTO resulting in 4.5� of tibial valgus

(standard correction) and open wedge HTO resulting in 9.5� of valgus (overcorrection), each of which was compared to the contralateral left

knees
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Fig. 2 Histological evaluation of changes in the middle thirds of the

lateral menisci following high tibial osteotomy. Large images A1–H1
and j–k show coronal cross-sections of the middle third (pars

intermedia) of the entire lateral meniscus, whereas small images

display magnified views of the red–red zone (A2–H2) and the white–

white zone (A3–H3). Rectangles in image A1 represent the

standardized locations for analysis of the red–red (left, vertical) and

white–white (right, horizontal) zones. According to safranin O/fast

green staining (a–d), proteoglycan distribution (coloured in red) was

unaffected by the change in limb axis and the resulting alteration in

pressure load on the lateral menisci following the different tibial

osteotomies. Haematoxylin/eosin staining e–h did not reveal varia-

tions in cell density or cellular organization between the three

treatment groups (F1–F3, G1–G3, H1–H3) and the normal controls

(E1–E3). Likewise, none of the treatments provoked changes in the

immunoreactivity to a monoclonal mouse anti-human type I collagen

IgG (j–m) in the lateral menisci. Sections were taken from menisci

having a histological rating equal to the mean score for its respective

treatment group. Scale bars 2.0 mm (A1–H1 and j–m) and 0.2 mm

(A2–H2 and A3–H3)

Table 3 Semiquantitative microscopic evaluation of the lateral menisci

4.5� tibial varus 4.5� tibial valgus 9.5� tibial valgus

Unloaded control Standard correction Overcorrection

Control HTO P value Control HTO P value Control HTO P value

Surface

Femoral side 1.2 (1.1) 1.2 (0.8) n.s. 1.6 (1.5) 0.8 (0.8) n.s. 1.2 (1.0) 1.1 (1.4) n.s.

Tibial side 0.6 (0.4) 0.6 (0.5) n.s. 0.6 (0.9) 1.0 (0.7) n.s. 2.1 (1.1) 1.0 (1.2) n.s.

Inner border 2.8 (0.4) 1.6 (1.1) n.s. 2.2 (1.1) 1.2 (1.1) n.s. 2.1 (1.1) 1.9 (1.3) n.s.

Cellularity 1.6 (0.9) 1.4 (1.3) n.s. 1.2 (1.1) 0.6 (0.9) n.s. 1.0 (1.0) 0.9 (1.1) n.s.

Matrix organization 3.0 (0.0) 3.0 (0.0) n.s. 3.0 (0.0) 2.8 (0.4) n.s. 2.8 (0.4) 2.9 (0.3) n.s.

Matrix staining 1.6 (0.5) 2.0 (0.7) n.s. 1.8 (0.4) 1.6 (0.5) n.s. 1.8 (0.4) 1.8 (0.7) n.s.

Average total score 10.8 (1.9) 9.8 (2.6) n.s. 10.4 (2.6) 8.0 (2.3) n.s. 11.0 (2.8) 9.6 (3.6) n.s.

Semiquantitative microscopic evaluation of the lateral menisci using the score described by Pauli et al. [39] with the modification that matrix

staining was inversely scored. Three experimental groups were tested in the right knees of adult sheep: closing wedge HTO resulting in 4.5� of

tibial varus, open wedge HTO resulting in 4.5� of tibial valgus (standard correction) and open wedge HTO resulting in 9.5� of valgus

(overcorrection), each of which was compared to the contralateral left knees
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unoperated contralateral control without reaching statistical

significance (Table 2).

Microscopic analysis of the lateral menisci showed no

significant differences between groups with respect to

surface, cellularity, matrix organization, matrix staining

and the average total histological score (Fig. 2a–h;

Table 3).

Immunoreactivity to type I collagen was located in the

femoral and tibial superficial zones of the menisci and also

in central parts of the lateral menisci (Fig. 2j–m). No

Table 4 Immunohistochemical analysis of type I collagen

4.5� tibial varus 4.5� tibial valgus 9.5� tibial valgus

Unloaded control Standard correction Overcorrection

Control HTO P value Control HTO P value Control HTO P value

Type I collagen immunoreactivity 0.7 (0.6) 1.5 (0.7) n.s. 1.3 (0.6) 0.6 (0.5) n.s. 0.8 (1.0) 1.0 (0.0) n.s.

Type I collagen immunoreactivity in coronal sections of the red–red and white–white zones of the pars intermedia of the lateral menisci was

compared with immunoreactivity of the ovine subchondral bone, used as a positive control. Immunoreactivity was scored as follows: 0, no

immunoreactivity; 1, significantly weaker immunoreactivity; 2, moderately weaker immunoreactivity; 3, similar immunoreactivity; 4, stronger

immunoreactivity compared with controls. Data are given as mean ± SD

Fig. 3 DNA contents (lg DNA/mg total protein) of the different

zones of the lateral menisci. Blue boxes control (left knees). Green
boxes HTO groups (right knees): a 4.5� varus: unloaded control.

b 4.5� valgus: standard correction. c 9.5� valgus: overcorrection.

Bottom and top of the boxes show the 25th and 75th percentile; the

median is shown as a black band in the box. Whiskers are defined as

the lowest value still within 1.5 interquartile range (IQR) of the lower

quartile and the highest value still within 1.5 IQR of the upper quartile
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difference in immunoreactivity to type I collagen was seen

between the four groups (Table 4).

Biochemical evaluations revealed a significant decrease

in the DNA and the proteoglycan contents from the white–

white zone compared with the red–red zone in all menisci

(Fig. 3). Between the experimental groups, there were no

differences in the proteoglycan contents in each zone of the

menisci (Fig. 4). However, the lateral menisci of animals

that underwent overcorrection (9.5� of valgus) exhibited a

significant 0.7-fold decrease in mean DNA contents in the

red–red zone of the middle third (pars intermedia) of the

samples compared with the control knee without HTO

(12.3 ± 3.3 and 8.5 ± 3.8 lg DNA/mg total protein,

respectively; P = 0.012) (Fig. 3). Interestingly, the pro-

teoglycan contents of this region were also reduced com-

pared with control condition, although without reaching

statistical significance (Fig. 4). The proteoglycans-to-DNA

ratios remained unchanged (Fig. 5). Comparative estima-

tion of the proteoglycan contents of all other parts and

zones of the lateral menisci did not reveal significant dif-

ferences between groups.

Discussion

The main finding of the present study was that open wedge

HTO was not associated with significant macroscopic and

microscopic structural changes in the lateral meniscus

6 months after surgery in the preclinical sheep model.

Standard correction (with 4.5� tibial valgus) does not lead to

mid-term morphological alterations and differences in the

DNA and proteoglycan content of the lateral menisci.

Overcorrection (with 9.5� tibial valgus) significantly

reduced cell numbers in the middle third of the red–red zone

of the lateral menisci, as indicated by the reduced DNA

contents compared with control knees without HTO, but

does not lead to detectable mid-term morphological altera-

tions after 6 months. Interestingly, this effect was not

Fig. 4 Proteoglycan contents (lg proteoglycans/mg total protein) of

the different zones of the lateral menisci. Blue boxes control (left
knees). Green boxes HTO groups (right knees): a 4.5� varus:

unloaded control. b 4.5� valgus: standard correction. c 9.5� valgus:

overcorrection. Bottom and top of the boxes show the 25th and 75th

percentile; the median is shown as a black band in the box. Whiskers
are defined as the lowest value still within 1.5 interquartile range

(IQR) of the lower quartile and the highest value still within 1.5 IQR

of the upper quartile
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associated with inferior proteoglycan contents in this region.

It is possible that the increased lateral contact pressure as a

result of overcorrection may lead to structural changes in the

red–red zone of the lateral meniscus in the long-term.

The menisci are indispensable components of the knee

joint, as they allow for maximum congruence between the

incongruent surfaces of the flattened tibial plateau and

curved femoral condyles, have energy dissipating capaci-

ties and distribute loads [12, 51]. A meniscal tear can lead

to knee osteoarthritis, but knee osteoarthritis can also lead

to a spontaneous meniscal tear [9, 10, 31]. The subsequent

increase in contact pressure and compression over time

induces the development of osteoarthritis [23],

The lateral meniscus [3] is of specific importance, since the

peak contact stress and maximum shear stress in the articular

cartilage increased 200 % more after a lateral than a medial

meniscectomy under axial femoral compressive loads, as

shown in a three-dimensional finite element model of the

human tibiofemoral joint [41]. The delicate balance between

the lateral meniscus and the articular cartilage [15] is

underlined by the clinical observation that cartilage lesions

proceed much faster after lateral than after medial menis-

cectomy and that the clinical outcomes of lateral meniscec-

tomy are significantly worse than after medial meniscectomy

[4, 17, 24, 43]. Loss of meniscal tissue, such as resulting from

injury or partial meniscectomy, significantly alters the bio-

mechanical environment of the knee joint [15]. A recent

clinical study on the effect of microfracture and medial open

wedge HTO in patients with varus knee osteoarthritis dem-

onstrated that those with injury of the medial meniscus have a

higher likelihood of later undergoing total knee arthroplasty

than patients without meniscal damage [44].

While it has been shown that meniscal resection leads to

a disturbance of the contact between tibial and femoral

cartilage [22], the mid-term effect on the lateral meniscus

of an increase in loading following HTO has not, to the

best of our knowledge, been demonstrated to date. When

the knee is normally aligned, the centre of pressure passes

Fig. 5 Proteoglycan/DNA ratios (lg proteoglycans/lg DNA) of the

different zones of the lateral menisci. Blue boxes control (left knees).

Green boxes HTO groups (right knees): a 4.5� varus: unloaded control.

b 4.5� valgus: standard correction. c 9.5� valgus: overcorrection.

Bottom and top of the boxes show the 25th and 75th percentile, the

median is shown as a black band in the box. Whiskers are defined as the

lowest value still within 1.5 interquartile range (IQR) of the lower

quartile and the highest value still within 1.5 IQR of the upper quartile
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slightly through the medial side of the knee [36]. Varus

malalignment abnormally distributes the load towards the

medial tibiofemoral compartment [46]. Similarly, valgus

malalignment increases load in the lateral compartment.

The effect of axial malalignment and subsequent overload

on the articular cartilage and the subchondral bone has

been well described [2, 14, 15, 45]. Despite this clear

correlation, little is known on the effect of axial mala-

lignment on the lateral meniscus. The data of the present

study show that in the sheep model, no significant macro-

scopic and microscopic structural changes occur in the

lateral meniscus at 6 months after surgery.

This study also supports the finding of region-specific

differences within the lateral meniscus [16, 30, 49]. The red–

red and white–white zone of the sheep meniscus express

different patterns of genes [11, 48], and the central part of the

meniscus of sheep is more cartilaginous (e.g. containing more

glycosaminoglycans) than the peripheral part [7, 13]. Of note,

we found a significant decrease in cell proliferation in the

red–red zone of the middle third in overcorrected knees

compared with non-operated control knees. This suggests an

inhibitory effect of the increased compression on the lateral

compartment including the meniscus as a result of the valgus

overcorrection. Ex vivo, it has already been proposed that the

dynamic compressive behaviour of human meniscus corre-

lates with its extra-cellular matrix composition [6]. When

meniscus tissue explants in radial confinement were sub-

jected to in vitro compressive overload, cell lysis increased

with peak injury force and loading rate. In contrast, the

content and release of glycosaminoglycans, together with

mechanical properties, did not significantly vary with loading

rate. Also, after 9 days in vitro, the tissue displayed little to no

macroscopic damage [6]. These results, together with the

present in vivo findings, indicate that meniscal cell damage

may be present without immediate physical or compositional

changes in meniscal tissue [33]. Whether this plays a role in

the development of early osteoarthritis [27] remains to be

determined.

Many in vitro studies have demonstrated that the

homoeostatic balance between collagen biosynthesis and

catabolism of meniscal cells is altered by static and

dynamic compression and that the biosynthetic response of

the meniscus to mechanical stimuli is regulated, in part, at

the transcriptional level [17, 18, 47]. The data of the

present study suggest that a standard correction (with 4.5�
tibial valgus) does not lead to detectable mid-term mor-

phological alterations and differences in the DNA and

proteoglycan content of the lateral menisci in all of the six

meniscal regions evaluated.

These findings contradict the hypothesis that medial open

wedge HTO results in structural and biochemical changes in

the lateral meniscus in a preclinical sheep model. Thus, from

the viewpoint of this preclinical large animal model, this

indicates that such standard correction is safe. The data of the

present study also show that overcorrection (with 9.5� tibial

valgus) does not lead to detectable mid-term morphological

alterations, but to a significant decrease in the DNA content of

the middle third of the red–red zone of the lateral menisci.

This result supports the hypothesis that overcorrection leads

to biochemical changes in the lateral meniscus. Conse-

quently, it warrants further long-term studies to determine

whether this reduction in the cell numbers will translate to

structural changes of the meniscus.

Limitations of this study include the different lateral

meniscus morphology of sheep compared with humans

[7, 42]. Although the sheep is an important experimental

model for meniscal repair, tissue engineering and regen-

eration [21], the degree of postoperative weight-bearing in

quadruped animals is difficult to control. Moreover, this

study did not evaluate possible pre-existing (e.g. surgically

induced) lateral meniscal lesions, as sometimes present in

the clinical situation.

Conclusion

Valgization following HTO with a subsequent increase in

pressure load does not result in major mid-term macro-

scopic and microscopic changes in the lateral meniscus in

sheep at 6 months postoperatively.
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