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Abstract

Purpose The purpose was to prospectively evaluate the

outcome, in particular the SPECT/CT bone tracer uptake

(BTU) after high tibial osteotomy (HTO) due to symp-

tomatic varus malalignment. It was the hypothesis that the

BTU after HTO decreases in the medial compartment,

clinical outcome and the degree of correction correlates

with BTU and asymptomatic patients after HTO reveals a

significantly decreased BTU in the medial subchondral

areas.

Methods Twenty-two consecutive patients with 23 knees

undergoing medial opening-wedge HTO for medial com-

partment overloading were assessed pre- and postopera-

tively (12 and/or 24 months) using Tc-99m-HDP-SPECT/

CT including our 4D-SPECT/CT protocol. BTU was

quantified and localized to specific biomechanically rele-

vant joint areas. Maximum absolute and relative values

(mean ± standard deviation, median and range) for each

area were recorded. Pre- and postoperative mechanical

alignment was measured. At 24 months after HTO, the

WOMAC score was used.

Results A significant decrease of BTU in the medial

subchondral zones after HTO was found (preoperatively

to 12 and 24 months postoperatively, p\ 0.01). BTU

normalized in all asymptomatic patients within

24 months. This decrease was partly seen in the lateral

compartments, but significantly higher in the medial

compartments (p\ 0.0001). A significant increase of the

BTU was noted in zones directly adjacent to the plate or

within the osteotomy zone (p\ 0.01). Decreased BTU

was observed in osteotomy zones at 24 months postop-

eratively following higher uptake values at 12 months

postoperatively. The average valgus correction of the

tibiofemoral angle was 5.9� ± 2.8�. Less stiffness corre-

lated significantly with a higher decrease in BTU

(p\ 0.05). Higher postoperative BTU significantly cor-

related with more pain (p\ 0.05). No statistical signifi-

cant associations between BTU and alignment correction

were found.

Conclusion In patients with medial compartment, over-

loading due to varus malalignment HTO led to a significant

decrease in BTU in the medial joint compartments.

SPECT/CT BTU patterns and intensity in these patients

pre- to 12 and 24 months postoperatively were seen. These

correlated significantly with pain and stiffness. Hence,

SPECT/CT could be used for assessment of adequate

correction and healing after HTO. SPECT/CT could be

further used to identify the optimal individualized correc-

tion for each patient and clinical scenario.

Clinical evidence Diagnostic prospective study, Level II.
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Introduction

Mechanical varus alignment of the knee is a common

deformity not always related to clinical symptoms, but

known to be related to the development and progression of

knee osteoarthritis (OA) [4, 6, 9, 22, 32]. Based on com-

bined investigations of mechanical alignment and gait,

Johnson et al. [18] showed that the knee is predominantly

loaded in the medial compartment, even in a neutrally

aligned leg. In a knee with neutral mechanical alignment,

approximately 60–70 % of the loading forces affect the

medial tibiofemoral joint. From this fact, it is clear that

even a mild varus alignment could result in medial knee

pain and progressive medical compartment overloading. To

avoid medial compartment degeneration, it needs to be

identified at an early stage, and only then progression of

OA could be delayed or even prevented surgically. Jackson

and Waugh [17] and Coventry et al. [5] were the first to

propose high tibial osteotomy (HTO) as a viable, joint-

preserving treatment option for medial compartment OA in

varus deformed knees.

Current routine radiological imaging before HTO

includes anterior–posterior and lateral weight-bearing, long

leg radiographs [8] as well as a 45� posterior–anterior view

[28]. These radiographs are able to identify late OA

changes such as joint space narrowing, subchondral scle-

rosis and osteophyte formation, but fail to show over-

loading or early degenerative changes [37]. Postoperative

radiographs are also not capable of revealing the unloading

effect after HTO.

Recently, it was shown that combined single photon

emission-computerized tomography and conventional

computerized tomography (SPECT/CT) is able to visualize

mechanical overloading of joint compartments. More spe-

cifically, SPECT/CT tracer uptake was correlated with

anatomical and mechanical alignment [15]. The intensity

of SPECT/CT tracer uptake in the medial and lateral knee

compartment significantly correlated with varus or valgus

alignment of the knee [15]. A higher degree of radio-

graphically evident osteoarthritis was significantly related

to higher tracer uptake in the corresponding joint com-

partments [15]. It was concluded that SPECT/CT reflects

the specific loading pattern of the knee with regard to its

alignment [15].

The purpose of this prospective study was to evaluate

the clinical and radiological outcome after HTO due to

medial compartment overloading. In particular, the

SPECT/CT bone tracer uptake (BTU) pattern and intensity

were evaluated over the course of time. It was the

hypothesis that the BTU after HTO decreases and then

normalizes in the medial compartment, clinical outcome

and the degree of correction correlates with BTU and

asymptomatic patients after HTO reveals a significantly

decreased and normalized BTU in the medial subchondral

areas.

Materials and methods

Twenty-two consecutive patients (male/female 18:4, mean

age 47 ± 10) with twenty-three knees (male/female 19:4)

undergoing medial opening-wedge HTO for medial joint

compartment overloading or medial tibiofemoral osteoar-

thritis due to mechanical varus alignment were prospec-

tively included in this study. All subjects gave written

informed consent before inclusion into the study. Exclusion

criteria were posttraumatic osteoarthritis, open growth

plates, corticosteroid use within last 6 months, known

history of avascular necrosis, osteochondrosis dissecans,

chondrocalcinosis, tumour, Paget’s disease, joint infection,

periarticular fracture, neuropathic arthropathy, reactive

arthritis, gout or a pregnancy. In a trial analysis prior to the

main study, it was observed that 5 of 27 patients showed

unaffected high BTU values after realignment surgery for

relevant medial zones due to meniscal chondrocalcinosis

and osteochondral lesions. These patients were excluded

for further analyses (Fig. 1).

Medial opening-wedge HTO was performed in every

patient according to published standard techniques by

experienced orthopaedic surgeons [19, 21, 26, 27, 33].

Fig. 1 Left SPECT/CT image of a 50-year-old male patient

12 months after HTO showing a consistently increased uptake on

the medial femoral condyle due to OCL which is only partially

affected by HTO. An increased tracer uptake can be seen in the

osteotomy gap indicating advancing osseous consolidation. Right

SPECT/CT image of a 50-year-old male patient 13 months after HTO

showing medial meniscal chondrocalcinosis with increased tracer

uptake
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All procedures were performed in accordance with the

ethical standards of the responsible committee and with the

guidelines of the Helsinki Declaration of 1975, as revised

in 2008.

Anterior–posterior (AP) and lateral weight-bearing

radiographs as well as a 45� posterior–anterior view and

skyline views were routinely obtained before HTO,

4 months, 1 and 2 years postoperatively. Long leg weight-

bearing radiographs (pelvis to ankle) were performed pre-

operatively and 4 months postoperatively.

99mTc-HDP-SPECT/CT was performed preoperatively,

12 and/or 24 months after HTO using our previously

published 4D-SPECT/CT protocol [29]. All SPECT/CTs

were performed using a hybrid system (Symbia T16, Sie-

mens, Erlangen, Germany). Planar scintigraphic images

were taken in three phases, the perfusion phase (immedi-

ately after injection), the blood pool phase (2–5 min after

injection) and the delayed metabolic phase (at least 2 h

after injection). Two to three hours after injection of a

commercial 500 MBq 99 m-Tc-HDP (Malinckrodt, Wol-

lerau, Switzerland), a SPECT was performed with a matrix

size of 128 9 128, an angle step of 32� and a time per

frame of 25 s.

Bone tracer uptake was assessed in SPECT/CT images

using a customized software (IntroSPECT, OrthoImaging-

Solutions Ltd., London, UK), which is able to quantify

bone tracer uptake volumetrically in 3D and localize the

areas of increased or decreased BTU to specific biome-

chanical relevant joint areas [16]. For localization of the

BTU, a previously validated standardized localization

scheme was used (Figs. 2, 3), which was specifically tai-

lored for knees after HTO. In order to have comparable

SPECT volumes, we used an identical localization scheme,

which was adjusted to both native and operated knees. The

scheme defines 9 femoral, 8 patellar and 13 tibial zones to

accurately map the examined tracer uptake volume. The

Fig. 2 The mapping scheme used for localization of areas of increased SPECT/CT tracer uptake values in knees after HTO (F femur, T tibia,

P patella, R reference zone, 1 lateral, 2 medial, 3 tibial intercondylar area, 4 distal plate area, s superior, i inferior, a anterior, p posterior)
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femur (F) is divided into nine zones that include one ref-

erence zone in the shaft (R) and eight distal femoral zones.

Each distal femoral zone is represented with a number (1-

lateral, 2-medial) and 2 small letters (a-anterior, p-posterior

and i-inferior, s-superior). The tibia (T) is divided into 13

zones that include each six proximal and distal tibial

regions and one shaft region. Each tibial zone is repre-

sented with a number (1-lateral plateau, 2-medial plateau,

3-tibial spine) and two small letters (a-anterior, p-posterior

and i-inferior, s-superior). In the tibia, the thickness of the

superior zones was defined as 10 mm to mimic the sub-

chondral bone plate as close as possible. Inferior tibial

zones include the osteotomy site and are defined by a

thickness of 50 mm. Zone 4 represents the distal part of the

plate including screws. The patella (P) is divided into four

zones (superomedial, superolateral, inferomedial and

inferolateral).

Maximum values (mean ± standard deviation, median

and range) for each area of the localization scheme were

recorded as well as normalized relative values for intensity

of bone tracer uptake calculated. For normalization, the

femoral shaft was used as reference region as previously

published [16].

Pre- and postoperative mechanical alignment was mea-

sured in degrees on SPECT/CT using a previously vali-

dated custom-made specialized software (Orthoexpert

v1.15, OrthoImagingSolutions Ltd., London, UK) [29].

The localization scheme showed near-perfect inter- and

intra-OR (intra-class correlation coefficient (ICC)[0.9) for

the measurement of tracer activity and localization in all

anatomical regions. For measurements of mechanical

alignment, there was a strong agreement between the two

observers (an inter-OR of ICC = 0.99 and an intra-OR of

ICC = 0.98) [25].

Fig. 3 The mapping scheme used for localization of areas of increased SPECT/CT tracer uptake values in native knees (F femur, T tibia,

P patella, R reference zone, 1 lateral, 2 medial, 3 tibial intercondylar area, 4 distal plate area, s superior, i inferior, a anterior, p posterior)
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Clinical outcome was assessed at 24 months after

HTO using the German version of the WOMAC score

[34].

The study was approved by the local ethical committee.

Statistical analysis

Data were analysed using SPSS 17.0 (SPSS, Chicago, IL).

Means of two measurements of one observer were applied

for statistical analysis.

A nonparametric Spearman’s correlation was used to

compute associations between the WOMAC score and the

mechanical alignment with the tracer uptake in each rele-

vant area. Paired t test/Wilcoxon rank sum-test was used to

compare specific areas for pre- and postoperative SPECT/

CT tracer uptake. For all analyses, p\ 0.05 was consid-

ered statistically significant.

Results

A significant decrease of BTU in the medial subchondral

zones after HTO was found from preoperatively to 12 and

24 months follow-up (p\ 0.01). BTU normalized in all

asymptomatic patients within 24 months. The normalized

grading of BTU in SPECT/CT for each anatomical area of

the localization scheme is presented in Table 1 (values

represent difference between preoperative and postopera-

tive measurements).

A decrease of BTU was partly seen in the lateral com-

partments, but the decrease was significantly higher in the

deloaded medial tibial and femoral joint compartment

(p\ 0.0001, Fig. 4).

The achieved average valgus correction of the tibio-

femoral angle by HTO was 5.9� ± 2.8�. There were no

adverse events such as pseudoarthrosis, infection, loss of

correction or skin necrosis. The mean WOMAC score pain

(0–20) was 6.2 ± 5.6, WOMAC stiffness (0–8) was

2.8 ± 2.4, and the WOMAC daily activities (0–68) was

17.4 ± 16.4. The mean total score (0–96) was

25.4 ± 22.00 after HTO (Fig. 5).

Less stiffness with regard to the WOMAC score corre-

lated significantly with a higher decrease in SPECT/CT

BTU (p\ 0.05). Higher postoperative bone tracer uptake

significantly correlated with more pain (p\ 0.05).

A Spearman correlation analysis revealed no statistical

significant associations between SPECT/CT BTU and

alignment correction by HTO.

Discussion

The findings of this study have led to a better under-

standing of the in vivo loading of the different joint

Table 1 Mean, standard deviation, minimum and maximum of

grading for normalized values of SPECT/CT tracer uptake for

relevant areas of the localization scheme for the difference of

preoperative and postoperative measurements, including Wilcoxon’s

signed-rank test for the differences

N = 23 1saFe 2saFe 1spFe 2spFe 1iaFe 2iaFe 1ipFe 2ipFe 1sPat 2sPat 1iPat 2iPat

Difference pre- and postoperative measurements

Mean -0.29 -0.3 -0.5 -0.45 -0.35 -1.42 -0.28 -1.81 -0.78 -0.5 -0.55 -0.41

Median -0.32 -0.28 -0.3 -0.42 -0.37 -0.84 -0.25 -1.51 -0.6 -0.51 -0.53 -0.33

SD 0.46 0.5 0.82 0.91 0.62 1.37 0.65 1.55 1.26 0.93 0.71 0.59

Min -0.97 -1.52 -3.36 -3.01 -1.72 -4.39 -2.18 -5.7 -3.66 -2.52 -2.03 -1.76

Max 0.97 0.89 0.53 1.51 1.06 0.65 0.94 0.12 2.19 1.54 0.87 0.84

Wilcoxon test

Z -2.92 -2.95 -3.3 -2.68 -2.66 -4 -1.82 -4.17 -2.89 -2.28 -3.35 -3.15

p 0.0035 0.0032 0.001 0.0074 0.0078 0.0001 0.068 0 0.0039 0.0225 0.0008 0.0016

N = 23 1saTib 3saTib 2saTib 1spTib 3spTib 2spTib 1iaTib 3iaTib 2iaTib 1ipTib 3ipTib 2ipTib 4Tib

Difference pre- and postoperative measurements

Mean -0.2 -0.32 -1.02 0.16 0.18 -1.28 0.91 1.52 1.42 2.32 3.97 3.14 1.16

Median -0.14 -0.09 -0.78 -0.08 -0.04 -1.02 0.6 1.31 1.54 1.29 2.08 1.81 0.5

SD 0.5 0.69 1.36 0.87 0.88 1.75 1.84 2.2 2.02 3.58 4.55 4.1 1.88

Min -1.86 -2.43 -6.04 -1.17 -0.9 -8.11 -1.33 -1.26 -4.12 -0.53 0.38 -5.07 -0.29

Max 0.57 0.69 0.41 2.79 2.41 0.68 7.71 8.24 6.48 12.87 17.96 10.47 7.77

Wilcoxon test

Z -1.56 -2.28 -3.76 -0.18 -0.26 -3.98 -2.59 -2.98 -3.2 -3.67 -4.2 -3.41 -3.44

p 0.119 0.0225 0.0002 0.8552 0.7951 0.0001 0.0097 0.0029 0.0014 0.0002 0 0.0007 0.0006
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compartments before and after HTO. The most important

findings and implications of this study were the following:

Firstly, before HTO surgery, all patients showed an

increased BTU in the medial compartment visualizing the

medial compartment overloading. A significant decrease of

BTU, which reflects the in vivo loading of the bone, was

noted in the medial subchondral compartment zones after

HTO. This is the first time the deloading effect of HTO was

shown by musculoskeletal imaging in an in vivo situation.

The average correction of 5.5� towards valgus led to a

significant deloading effect in the medial compartment. In

this study, the average postoperative mechanical axis was

2.8� of valgus compared to a preoperative mechanical axis

of 2.7� of varus, and these findings are in accordance with

McNamara et al., who recommended rather a slight cor-

rection than overcorrection with the inherent risk of disease

progression in the lateral compartment [24]. In that study, it

was also concluded that a significant reduction of the

adduction moment is achievable without large overcor-

rections of the mechanical axis [24].

Despite shifting the weight-bearing line to the lateral

compartment, no increased postoperative BTU was found

in the lateral tibial or femoral zones. It can be concluded

that the performed average correction in this study did not

cause overloading within the 24-month follow-up period.

This is important as Sharma et al. [31] showed that valgus

alignment (mechanical axis C2� valgus) can increase the

risk of OA progression in the affected compartment. Sim-

ilar findings were shown by Hernigou et al. [11], who

reported a series of progressive lateral compartment

degeneration in overcorrected knees over the follow-up

time.

However, Ziegler et al. [38] found no significant mac-

roscopic and microscopic structural changes in the sheep

cartilage of the lateral tibial plateau and femoral condyle

after 6 months in vivo. They further emphasized the fragile

equilibration of load dissipation, which could only work

with an intact meniscus. In patients undergoing HTO, not

rarely the medial and lateral meniscus do show some tears

or degeneration [38].

In this study, SPECT/CT has proven to be beneficial for

follow-up of patients before and after HTO. Due to its

unique characteristics, SPECT/CT offers the chance to gain

information on the loading of the different compartments in

the knee [12–15]. SPECT/CT is able to show the loading

history of the knee, and thus, overloading can be assessed

at an early stage. SPECT/CT could be further used to

answer the open question where to shift the weight-bearing

line for optimal deloading in each patient. Generally, the

surgeon aims for a point 62 % laterally on the tibial plateau

Fig. 4 Left SPECT/CT images (1, 2) and 3D radiolucent reconstruc-

tions (3, 4) of a 52-year-old female patient before HTO showing

medial overloading. Right SPECT/CT images (5, 6) and 3D

reconstructions (7, 8) 16 months postoperatively reveal an unloading

effect of the medial joint compartment and a consolidation of the

osteotomy gap
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diameter (Fujisawa point), but it is still unclear whether

this aim is correct in every case. In some patients, it could

lead to under- or overcorrection. The optimal individual-

ized correction for each patient remains controversial. This

statement is in agreement with Amis [1], who emphasized

the fact that walking is a dynamic activity. In addition,

patients individually adapt their gait and muscle activation

to their experienced problems leading to change of loading

patterns. Making things even more complicated, varus

alignment and varus thrust is not only a problem for the

medially compressed bony compartment but also for the

laterally stretched soft tissue structures [35]. Striving for a

more individualized guideline for limb alignment correc-

tion, Marti et al. [23] suggested to individually tailor the

degree of correction of leg alignment with regard to the

degree of cartilage loss in the affected knee compartment.

Secondly, the decrease of BTU in other compartments

than the deloaded medial ones can be explained by general

normalization of bone metabolism and inflammation after

HTO. The significant increase of bone tracer uptake in

zones directly adjacent to the plate or screws or within the

osteotomy zone reflects the consolidation of the osteotomy

gap and the bony remodelling. Interestingly, bone tracer

uptake decreased but persisted over the 24-month follow-

up. It is commonly assumed that the osteotomy gap is

consolidated within one year after surgery and removal of

the osteosynthesis plate is mostly performed within

8–12 months postoperatively, but the healing is not com-

plete at this time [26].

In addition, it was shown that pathologies such as

meniscal chondrocalcinosis and osteochondral lesions

result in increased bone tracer uptake, even after deloading.

As reported by Konala et al. [20], SPECT/CT allows the

surgeon to judge osteochondral lesions (OCL). Thus, it was

observed that three patients with isolated areas of mas-

sively increased tracer uptake, which were intraoperatively

confirmed as osteochondral lesions, showed no significant

decrease of uptake after HTO, implying that the osteo-

chondral lesion remains ‘‘hot’’ even after HTO. In contrast,

the clinical symptoms of these patients resolved. It seems

that the underlying pathology determines the appearance in

SPECT/CT. However, this fact needs to be further

addressed in larger scaled clinical studies.

In this study, two patients with signs of meniscal

chondrocalcinosis in plain radiographs showed increased

bone tracer uptake in these zones, assuming that the uti-

lized 99mTc-HDP tracer substance is linking to calcium

pyrophosphate which is amassed in the calcinotic meniscus

[7]. Since meniscal chondrocalcinosis is known to be an

important factor in the pathogenesis of OA, this observa-

tion warrants further investigation in a separate study

[7, 10].

Thirdly, a significant correlation of stiffness and pain

with the higher decrease in SPECT/CT BTU was found.

Higher postoperative BTU significantly correlated with

more pain. There was, however, no statistical significant

association between BTU intensity and alignment correc-

tion by HTO, which is rather a result of the small sample

size than reflecting a real finding.

However, W-Dahl et al. also failed to show a significant

association of knee alignment and knee pain preoperatively

and at 12 months postoperatively in patients undergoing

HTO for varus malalignment [36]. They explained their

findings by the conclusion that knee alignment and pain are

different entities. It seems that for successful joint-pre-

serving therapy, a number of different structures and fac-

tors such as integrity of the meniscus, cartilage and

ligaments as well as the alignment have to be taken into

consideration [2].

In contrast, it was reported by Briem et al. [3] that over- or

undercorrected patients had significantly less improvement in

Fig. 5 a, b Normalized pre- and postoperative BTU intensity in the

medial (2) and lateral (1) subchondral tibial and femoral joint

compartments showing a significant decrease of BTU in the medial

joint compartments and a consistent BTU in lateral joint compart-

ments. Fe femur, Tib tibia, i inferior, s superior, a anterior, p posterior
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their KOS-ADLS scores. The findingwas attributed to higher

medial and lateral co-contractions and adduction moments

1 year after surgery.

With regard to the results of our study, there are cer-

tainly some limitations that have to be considered when

interpreting our data. The indication for HTO might have

been affected by the preferences of the different surgeons.

This could have led to a selection bias. However, the

patients included represent a typical series found in

orthopaedic knee clinics [30].

As the case number is rather small, significant associa-

tions between tracer uptake and mechanical alignment and/

or clinical outcome might not show significant correlations

here, but could become significant with a larger sample

size.

Conclusion

In patients with medial compartment, overloading due to

varus malalignment HTO led to a significant decrease in

bone tracer uptake in the medial joint compartments and

normalization in asymptomatic patients after 24 months.

SPECT/CT tracer uptake patterns and intensity distribution

in these patients from pre- to 12 and 24 months postoper-

atively correlated significantly with pain and stiffness.

Hence, SPECT/CT could be used for assessment of ade-

quate correction and healing after HTO.
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