
Aus dem Centrum für Muskuloskeletale Chirurgie 

der Medizinischen Fakultät Charité – Universitätsmedizin Berlin   
 
 
 
 

DISSERTATION 
 
 

 Interrelationship of periarticular muscle status, 
electromyographic activity, electromechanical delay and  

in vivo knee joint loads after total knee arthroplasty  
 

 
Zusammenhang von periartikulärem Muskelstatus, 

Elektromyographie, elektromechanischer Verzögerung und  
in vivo Kniebelastungen nach  

Knietotalendoprothesen-Implantation 
 
 

zur Erlangung des akademischen Grades  
Doctor medicinae (Dr. med.) 

 
 
 
 

vorgelegt der Medizinischen Fakultät  
Charité – Universitätsmedizin Berlin 

 
 
 

von  
 
 

Louisa Bell 
 

aus Hanau 
 

 
 

Datum der Promotion: 4. März 2022 
  
 



 2 

Preface 
 
Partial results of this thesis have been previously presented at a conference:  

 

1 Bell L, Damm P, Baur ADJ, Winkler T. The effect of knee muscle status on in vivo 

measured joint loadings after total knee arthroplasty: long-term results. Deutscher 

Kongress für Orthopädie und Unfallchirurgie (DKOU), Berlin, 2019.  

 

2 Bell L, Winkler T, Baur ADJ, Perka C, Duda GN, Damm P. Einfluss des allgemeinen 

Muskelstatus auf die Belastung des Kniegelenks. 13. Endoprothetikkongress Berlin 

(EKB2020), Berlin, 2020.  

 

3 Bell L, Damm P, Baur ADJ, Perka C, Duda GN, Winkler T. Effect of periarticular 

skeletal muscle status on in vivo knee joint loads – an analysis after total knee 

arthroplasty. 1st Virtual EFORT Congress (VEC), 2020.  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 3 

Table of Contents 
 
INDEX OF ABBREVIATIONS  5 

ABSTRACT (ENGLISH)  7 

ABSTRACT (GERMAN)  8 

 

1 INTRODUCTION AND OBJECTIVES      10  

1.1 Total knee arthroplasty (TKA)   10 
1.1.1 Indications and contraindications  10 
1.1.2 Surgical approaches and implant design 12 
1.1.3 Complications and soft-tissue defects 15     

1.2 Functional anatomy of the knee  15 
1.3 Biomechanics of the joint  17 

1.3.1 Joint loadings and moments  17 
1.3.2 Measurement of joint contact forces 18 

1.4 Skeletal muscle damage    19 
1.4.1 Muscle atrophy and fatty degeneration 19 
1.4.2 Grading methods 20 

1.5 Surface electromyography (EMG)   21 
1.5.1 Signal transduction and neuromuscular patterns 21 
1.5.2 Electromechanical delay (EMD) 22 

1.6 Aim, hypothesis and objectives   23 
 

2 METHODS    24 

2.1 Study design  24 
2.2 Patients  24 
2.3 TKA procedure   25 

2.3.1 Surgical characteristics  25 
2.3.2 Clinical examination and rehabilitation 26 
2.3.3 Instrumented knee implant 26 

2.4 In vivo joint load measurements  27 
2.5 Radiological assessment  29 

2.5.1 Volumetric measurements of skeletal muscle 29 
2.5.2 Quantification of muscle fat infiltration 31  

2.6 EMG processing  32 
2.6.1 EMG recording and analyis 32 
2.6.2 Cross-correlation technique 32 

2.7 Statistical analysis   33 



 4 

3 RESULTS   34 

3.1 Patient demographics   34 
3.2 In vivo knee joint loadings   34 
3.3 Periarticular muscle status   37 

3.3.1 Distal muscle volumes and cross-sections 37 
3.3.2 Muscular fatty infiltration 39 

3.4 EMG activity  43 
3.4.1 Muscle activation patterns 43 
3.4.2 EMD of periarticular muscles 50 

3.5 Associations with periarticular muscle status 53 
3.5.1 Association between muscle status and in vivo joint loads 53 
3.5.2 Association between muscle status and EMG parameters 58 

3.6 Associations between EMG and joint load 60 
3.6.1 Association between muscle activity and in vivo joint loads 60  
3.6.2 Association between muscle activity and EMD 60 
3.6.3 Association between EMD and in vivo joint loads 61 

 
4 DISCUSSION   63 

4.1 In vivo knee joint loadings   63 
4.2 Muscle atrophy and fatty infiltration 65 
4.3 EMG activity  67 
4.4 Interrelationship between muscle status, EMG and joint load 72 

4.4.1 Associations with periarticular muscle status 72  
4.4.2 Associations between EMG and joint load 74 

4.5 Clinical implications  77 
4.6 Limitations  78 

 
5 CONCLUSION  79 

BIBLIOGRAPHY   82 

STATUTORY DECLARATION   95 

CURRICULUM VITAE   96 

DECLARATION OF CONTRIBUTION   98 

CERTIFICATE OF STATISTICS   99 

ACKNOWLEDGEMENT   100 

 
 
 



 5 

Index of Abbreviations 
 

ACL    Anterior Cruciate Ligament 

ADL    Activity of Daily Living  

AMI    Arthrogenic Muscle Inhibition 

BF    Biceps Femoris 

BMI    Body Mass Index 

BW, %BW   Times Body Weight, Percent Body Weight 

CHS     Contralateral Heel Strike  

CI     Confidence Interval 

CR    Cruciate Retaining 

CSA, %CSA    Cross-Sectional Area, Percent Cross-Sectional Area 

CT    Computed Tomography  

CTO     Contralateral Toe-Off 

DICOM    Digital Imaging and Communications in Medicine  

DLS    Double-Limb Support  

EMD    Electromechanical Delay  

EMG     Electromyography 

FCSA    Fat Cross-Sectional Area 

F, Fres    Force, Resultant Joint Contact Force 

GBD    Global Burden of Disease 

GL    Gastrocnemius Lateralis 

GM    Gastrocnemius Medialis 

GR    Gracilis 

GRF    Ground Reaction Force 

H:Q    Hamstrings to Quadriceps   

HL    Lateral Hamstrings 

HM    Medial Hamstrings 

HU    Hounsfield Units  

LCSA     Lean Cross-Sectional Area 

M    Moment 

MIS     Minimally Invasive Surgery 

MPP    Medial Parapatellar  

ms    Milliseconds 



 6 

MRI    Magnetic Resonance Imaging 

MU     Motor Unit 

MV    Midvastus 

N    Newton (load) 

NMES    Neuromuscular Electrical Stimulation 

OA     Osteoarthritis 

OECD    Organisation for Economic Co-operation and Development 

OLS    One-Legged Stance 

PACS     Picture Archiving and Communication System 

PCL    Posterior Cruciate Ligament 

PE    Polyethylene 

PS    Posterior Stabilized 

RF    Rectus Femoris 

ROI    Region of Interest 

ROM     Range of Motion 

SD     Standard Deviation  

SLS    Single-Limb Support 

SM    Semimembranosus 

SR    Sartorius 

ST    Semitendinosus 

SV    Subvastus 

3D    Three-Dimensional 

THA    Total Hip Arthroplasty 

TKA    Total Knee Arthroplasty  

TT     Tibial Tuberosity/ Tubercle 

VI    Vastus Intermedius 

VL    Vastus Lateralis 

VM    Vastus Medialis 

YLD    Years Lived with Disability 
 
 
 
 
 
 
 



 7 

Abstract (English)  
 

Objectives: The functional status of the periarticular musculature is pivotal for the long-term 

surgical outcome of total knee arthroplasty (TKA). Increasing rates of TKA implantations in 

younger, active patients emphasize the importance of implant longevity and postoperative 

muscle function. Skeletal muscle contractions are considered to affect the loads acting in the 

knee joint. Synchronized data of in vivo knee joint loads and electromyography (EMG) have 

not been available so far. The aim of this thesis was to analyze the interrelationship between 

periarticular muscle status, muscle activation patterns and in vivo knee joint loads after TKA. 

 

Methods: The retrospective analysis included eight patients (3w, 5m; 69 years [60-75], BMI 

29.7 kg/m2 [25-36]) with knee osteoarthritis, who received an instrumented implant (89) in 

unilateral TKA. All patients underwent computed tomography (CT) and clinical examinations 

prior to surgery and at a mean follow-up of 30 months (range: 8-48). In vivo knee joint loads 

were measured in all patients at a mean of 26 months (range: 8-45) postoperatively. Surface 

EMG was recorded synchronously in six patients. Distal femoral muscle volume, cross-

sectional area (CSA) and fatty infiltration of periarticular muscles was analyzed by manual 

segmentation of axial CT-scans using Amira-Avizo and ImageJ software. EMG of the medial 

and lateral vastus (VM, VL), hamstring (HM, HL) and gastrocnemius (GM, GL) muscles was 

monitored during activities of daily living. Electromechanical delay (EMD) was quantified 

using a cross-correlation method.  

 

Results: The average peak knee joint loads were highest during stair descent (3.41 times body 

weight [BW]), compared to stair ascent (3.05 BW), walking (2.67 BW), sit-to-stand (2.75 

BW), stand-to-sit (2.64 BW) and one-legged-stance (2.89 BW). The intramuscular fat ratio of 

the quadriceps (–2.8±2.9%CSA, p<0.05) and hamstrings (-4.1±3.2%CSA, p<0.01) decreased 

after TKA. Distal quadriceps volume decreased by –9.6±5.7% (p<0.01). Fatty infiltration of 

the hamstrings (r=0.77, p<0.05) and VL (r=0.75, p<0.05) correlated with increased knee joint 

loads during walking. VM (23-30% load cycle) and GM (64-73% load cycle) muscle activity 

contributed to the peak knee joint loads during walking (r=0.94, p<0.01) and stair ascent 

(r=0.87, p<0.05), respectively.  The mean EMD of VM and VL ranged from 33.7 to 137.4 ms 

during the ADLs. VL fatty infiltration correlated with lower peak activity levels (r=–0.92, 

p<0.01) and joint loading rates (r=–0.83, p<0.05) during stair climbing.  
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Conclusion: The results suggest that fatty infiltration of the joint stabilizing musculature 

increases the magnitude and rate of knee joint loads. The EMG data indicate that phasic 

muscle activity patterns are associated with the generation of peak knee joint loads. 

Improvements in periarticular muscle status and inter-muscular coordination could contribute 

to reduced knee joint loads and thus to improved long-term outcomes after TKA.  
 
 
Abstract (German) 
 

Fragestellung: Der periartikuläre Muskelstatus ist entscheidend für das Langzeitergebnis 

nach Knie-Totalendoprothesen (K-TEP) Implantation. Durch die steigende Zahl implantierter 

K-TEPs bei jüngeren, aktiven Patientinnen und Patienten werden Implantatbelastbarkeit und 

postoperative Muskelfunktion zunehmend wichtiger. Es wird angenommen, dass 

Muskelkontraktionen die Belastung im Kniegelenk beeinflussen. Bisher waren 

synchronisierte Daten der in vivo Kniebelastung und Elektromyographie (EMG) nicht 

verfügbar. Ziel dieser Arbeit war es den Zusammenhang zwischen periartikulärem 

Muskelstatus, Muskelaktiviät und in vivo Kniebelastung nach K-TEP zu analysieren. 

 

Methodik: Die retrospektive Analyse umfasste acht Arthrose-Patienten (3w, 5m; 69 Jahre 

[60-75], BMI 29,7 kg/m2 [25-36]), die eine instrumentierte K-TEP (89) erhielten. Bei allen 

Patienten wurde präoperativ und 30 Monate (Spanne: 8-48) eine klinische Untersuchung und 

Computertomografie (CT) durchgeführt. In vivo Belastungen im Kniegelenk wurden bei allen 

Patienten 26 Monate (Spanne: 8-45) postoperativ gemessen. Das EMG wurde synchron bei 

sechs Patienten erfasst. Distal femorales Volumen, Querschnittsfläche (CSA) und fettige 

Infiltration der periartikulären Muskeln wurde durch manuelle Segmentierung axialer CT-

Schichten mit Amira-Avizo und ImageJ-Software analysiert. Das EMG des medialen und 

lateralen M. vastus (VM, VL), ischiokruraler Muskulatur (HM, HL) und M. gastrocnemius 

(GM, GL) wurde bei Alltagsaktivitäten gemessen. Die elektromechanische Verzögerung 

(EMD) wurde mit einer Kreuzkorrelationsmethode quantifiziert.  
 

Ergebnisse: Am höchsten war die Kniebelastung beim Treppabgehen (3,41-faches 

Körpergewicht [KG]), im Vergleich zum Treppaufgehen (3,05 KG), Gehen (2,67 KG), 

Aufstehen (2,75 KG), Hinsetzen (2,64 KG) und Einbeinstand (2,89 KG). Der intramuskuläre 

Fettgehalt des M. quadriceps femoris (–2,8±2,9%CSA; p<0,05), HM und HL 

(–4,1±3,2%CSA; p<0,01) nahm postoperativ ab. Das distale Quadrizepsvolumen nahm um 
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–9,6±5,7% (p<0,01) ab. Der intramuskuläre Fettgehalt des VL (r=0,75; p<0,05), HM und HL 

(r=0,77; p<0,05) korrelierte mit höheren Belastungen beim Gehen. Die Aktivität des VM (23-

30% Lastzyklus) und GM (64-73% Lastzyklus) beeinflusste die Spitzenbelastung 

entsprechend beim Gehen (r=0,94; p<0,01) und Treppaufgehen (r=0,87; p<0,05). Das mittlere 

EMD des VM und VL betrug 33,7 bis 137,4 ms bei den Aktivitäten. Fettige Infiltration des 

VL führte zu reduzierten Spitzenaktivitäten (r=–0,92; p<0,01) und beschleunigten 

Lastentwicklungen (r=–0,83; p<0,05) beim Treppensteigen.  

 

Schlussfolgerung: Die Ergebnisse deuten darauf hin, dass eine fettige Infiltration der 

gelenkstabilisierenden Muskulatur Belastungen im Knie erhöht. Die EMG Daten weisen 

einen Zusammenhang zwischen phasischer Muskelaktivität und Spitzenbelastung auf. Eine 

Verbesserung von periartikulärem Muskelstatus und inter-muskulärer Koordination könnte zu 

reduzierten Kniebelastungen und einem verbesserten Langzeitergebnis nach K-TEP beitragen. 
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1 Introduction and Objectives  
 
1.1 Total knee arthroplasty   
Total knee arthroplasty (TKA) is one of the most successful orthopedic interventions and one 

of the most common elective surgical procedures performed worldwide (1). TKA involves 

resection and total prosthetic replacement of damaged articular surfaces of the tibio-femoral 

joint, with or without patellofemoral replacement, in patients with end-stage degenerative 

joint disease (2). Since the initial developments of knee replacement surgery in the early 

1950’s (3), TKA has evolved to a reliable, cost-effective (4) treatment standard with the aim 

of relieving pain and restoring joint mobility and function. At present, TKA is generally 

related to high clinical success rates (2, 5). 

 

In Germany, the total number of primary TKA procedures was 190,427 in 2018, according to 

nationwide inpatient statistic reports (6). In an international comparison by the Organization 

for Economic Co-operation and Development (OECD) in 2015, Germany ranked fourth place 

in the highest annual frequency of TKA procedures, after Switzerland, the United States and 

Austria (7). The international average rate of primary and revision TKA was estimated at 175 

and 149 procedures per 100,000 population, respectively, by a survey of 18 countries 

conducted in 2011 (1). The rates of primary and revision knee replacements increased in 

Germany from 2005 to 2011 by 22% (27,000 cases) and 64% (6,200 cases), respectively (8). 

Global projections estimate a substantial increase in TKA volume in the upcoming years with 

rates exceeding those of total hip joint replacement (1, 9). In addition, future estimates of 

TKA prevalence indicate a secular trend towards a younger and more active patient 

population (10, 11). Patients’ expectations in terms of implant longevity and rapid 

postoperative recovery are likewise expected to rise. Excessive joint loadings and an impaired 

muscle function can contribute to mechanical instability, aseptic loosening and wear of the 

implant and thus gain increasing importance for the long-term outcome of TKA (12, 13).  

 

1.1.1 Indications and contraindications 
The primary indication for elective TKA is end-stage knee osteoarthritis (OA), a progressive 

disease of the synovial knee joint with degeneration of weight-bearing articular surfaces (2, 

14, 15). Besides, TKA is considered a treatment option for immune-mediated, inflammatory 

types of arthritis, such as rheumatoid arthritis and psoriatic arthritis (2, 5, 14). Further TKA 

indications include avascular necrosis (16), posttraumatic degenerative joint disease (17) and 
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haemophilic arthropathy (18). In general, surgical considerations are based on the patient’s 

symptoms of persistent knee pain and physical impairment and on the radiographic evidence 

of structural joint damage. Patients are scheduled for TKA in case symptoms are refractory to 

non-surgical or other disease-specific treatment regimens.  

 

The musculoskeletal disorder of OA accounts for the main share in TKA indications and 

represents a major socioeconomic burden worldwide (19, 20). The global prevalence of 

symptomatic knee OA was 3.8% (95% confidence interval (CI) 3.6% to 4.1%) in 2010 (19), 

overall affecting 9.6% of men and 18% of women of ≥60 years of age (20). Estimates indicate 

that the incidence of knee OA will increase exponentially in the upcoming decades due to the 

aging of societies and growing rates of obesity (21, 22). The rising prevalence of OA is 

anticipated to have major implications for future primary care and public health, as knee OA 

is considered a leading cause of disability worldwide (19, 22). The Global Burden of Disease 

(GBD) 2017 study reported a significant increase by 63.7% (95% CI 61.5% to 64.9%) from 

1990 to 2007 and by 30.8% (95% CI 30.1% to 31.6%) from 2007 to 2017, in the years of life 

lived with disability (YLDs) due to knee OA (23). Long-term disability is mainly ascribed to 

functional limitations in knee range of motion (ROM), as well as pain, stiffness, swelling, and 

local inflammation of the affected knee joint (24). TKA is considered an effective treatment 

option to restore joint function, alleviate pain and thus improve patients’ quality of life (14). 

 

The pathogenesis of knee OA is multifactorial and mainly characterized by the destruction 

and loss of weight-bearing cartilage, bone hypertrophy with formation of bone spurs (i.e. 

osteophytosis), synovial inflammation and remodeling of the subchondral bone (25). Local 

degenerative changes are associated with prolonged biomechanical stresses, which exceed the 

joint load-bearing capacities (26). The main risk factors for the incidence and progression of 

knee OA are likewise of mechanical nature and include high body weight, physical activity, 

trauma, malalignment and knee joint instability (22, 27). Although several studies have 

related muscle weakness to the etiology of knee OA (28, 29), literature remains inconclusive 

on the interaction between periarticular muscle status and knee joint loading conditions.  

 

Treatment selection for knee OA patients is based on the stage of disease severity, assessed by 

means of clinical evaluation and radiological examination. Radiographic grading schemes are 

used to classify OA severity on an ordinary scale (0 to 4, normal to severe) with regard to the 

formation of osteophytes, periarticular ossicles, joint space narrowing and sclerosis, cysts and 
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bone end deformity (30). Controversy exists on the extent to which radiographic OA features 

correlate with patient symptoms (31). TKA is a definitive treatment for advanced knee OA in 

patients with persistent disabling symptoms after exhaustion of nonsurgical treatment options. 

Nonoperative regimens include physical therapy, patient education, exercise, intra-articular 

corticosteroids, non-steroidal anti-inflammatory drugs and weight management (32). 

 

Contraindications for TKA are acute local or systemic infection, severe peripheral vascular 

disease and comorbidities that confer an increased risk for severe perioperative complications 

(14). Obesity, defined as a body mass index (BMI) of ≥30 kg/m2, does not represent a 

contraindication for TKA, but has been related to an elevated risk of deep infection, shortened 

implant survival and higher revision rates (14, 33, 34). In a review of 5088 primary TKAs, 

Abdel et al. (34) showed a twofold risk of revision due to aseptic tibial component loosening 

in patients with a BMI of ≥35 kg/m2. The use of cemented tibial stem extensions with obesity 

has been suggested as a means to improve implant fixation and load-distribution (34, 35).  

 

1.1.2 Surgical approaches and implant design 
Several different surgical approaches exist to gain access to the knee joint in TKA, including 

the medial parapatellar (MPP), midvastus (MV), subvastus (SV) and the lateral approach (36). 

The quadriceps snip, quadriceps turndown and tibial tubercle osteotomy are extensive 

approaches used for joint exposure mostly in revision TKA (36, 37). Minimally invasive 

surgery (MIS) techniques have been developed with the aim to minimize violation of the 

extensor mechanism and thus achieve an earlier functional recovery (38, 39). MIS approaches 

include the quadriceps-sparing, mini-SV, mini-MV, and MIS lateral approach (38-40).  

 

The MPP approach is the most widely used arthrotomy and considered a successful standard 

for exposure of the knee joint in TKA (36, 37). As first described by von Langenbeck in 1878 

(41), the MPP approach involves an incision at the medial patellar border and the detachment 

of the vastus medialis (VM) tendon from its insertion onto the patella (37). The approach 

provides by an excellent exposure to the joint and enables an easy lateral dislocation of the 

patella (36). The main concern regarding potential disadvantages of the MPP approach is, 

however, the intraoperative violation of the knee extensor mechanism by incision of the 

quadriceps tendon. Long and short term impairments in quadriceps function and postoperative 

recovery have been reported as a result thereof (13, 42). A prospective study by Mizner et al. 

(42) of 2005 thus revealed a loss in quadriceps strength, failure in voluntary muscle activation 
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and a reduction in quadriceps cross-sectional area (CSA) by 10% in the early postoperative 

period. Data on the long-term changes in the status of the periarticular musculature and their 

relative impact on muscle activation patterns and joint loads are limited. 

 

Highlighting the relevance of the quadriceps mechanism, Hofmann propagated the quadriceps 

sparing SV approach in 1991 (43). The SV approach preserves the tendinous insertion of the 

VM onto the patella and retains a better medial patellar blood supply (36, 37, 44). Deep 

subcutaneous tissues are mobilized by a full thickness flap and the VM is bluntly dissected 

and lifted off the medial intermuscular septum (37). The advantages of the SV approach 

include reduced pain, higher initial quadriceps torque, earlier straight leg raise and better knee 

flexion in the early postoperative period (44, 45). The SV method poses, however, constraints 

to the exposure of the joint and eversion of the patella. As mobile subcutaneous tissues are 

required to gain appropriate access to the joint, use of the SV approach is technically more 

demanding in obese or muscular patients, muscle contractures or a status after revision 

surgery with scar tissue formation (36, 44).  
 

In order to achieve a trade-off between the MPP approach with a suitable joint exposure and 

the quadriceps preserving SV method, Engh developed the MV technique in 1997 (46). 

Though the quadriceps tendon and medial insertion of the VM remain intact, the approach 

involves incising and splitting the VM muscular substance in parallel direction of its muscle 

fibers (36, 37). Improvements over the MPP approach include a lower intraoperative blood 

loss and reduced need for lateral retinacular releases (47, 48), while providing a better 

exposure and patellar flip than the SV approach (36). Despite these advantages, there is an 

increased risk for iatrogenic neurovascular injury and resulting denervation of the oblique part 

of the VM (36). Electromyographic abnormalities in the VM were reported by Parentis et al. 

(47), whereby controversy exists regarding the extent to which postoperative changes in 

neuromuscular activity affect the long-term functional outcome of TKA (48).  

 

Less invasive MIS approaches for TKA have gained increasing attention in recent years in an 

aim to preserve the extensor musculature and thus improve postoperative functional recovery. 

Several studies reported a better postoperative ROM, reduced pain, faster rehabilitation and 

shorter hospital stay for MIS TKA (38-40, 49). There is a debate on the extent to which 

clinical advantages are off-set by limitations in intraoperative view, longer operation time, 

higher risks for complications and malalignment and the need of specific instrumentation (39, 
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40, 50). The use of downsized MIS instruments is expected to reduce soft tissue strains, as 

external compression by traditional retractor devices was shown to impede local perfusion 

and increase intramuscular pressure (51). Müller et al. (52) determined that surgical muscle 

trauma and associated structural changes of fatty muscle atrophy can be reduced by the use of 

MIS techniques in total hip arthroplasty (THA). Von Roth et al. (53) likewise demonstrated 

that multiple THA revisions are associated with an increase in fatty muscle degeneration due 

an amplified intraoperative muscle damage. To date, there is a paucity of research on how far 

qualitative changes in periarticular knee musculature after TKA impact upon the internal 

loads acting in the knee implant. 

 

 
 

Implant design for TKA has to meet anatomical and mechanical requirements of restoring 

functional knee ROM and kinematics, secure fixation, articular congruence, biocompatibility, 

high wear resistance to contact stresses and homogenous load distribution. The development 

of total condylar knee replacement dates back to the first polycentric implant designed by 

Guston in 1968 (54). Early implant designs were associated with high rates in periprosthetic 

knee infection and mechanical failure (54). Technological advancements lead to the evolution 

of modern prosthesis designs and related concepts of constraint, femoral rollback and 

modularity (55-58). Constraint refers to the capacity of the implant to stabilize flexion-

extension and varus-valgus movements (55). From contemporary implant models cruciate 
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retaining (CR) designs are considered the least constrained, with levels increasing for 

posterior stabilized (PS), unlinked constrained, rotating hinge and non-rotating hinged 

implants (55). Femoral rollback describes the posterior femoral translation with knee flexion. 

The posterior cruciate ligament (PCL) remains intact in CR implants and is replaced by a cam 

mechanism in PS designs. Both types of implants provide femoral rollback, while PS designs 

have been considered to show more predictable contact mechanics with knee flexion (56). 

Constrained unlinked and rotating hinge designs are indicated in difficult cases, including 

ligament insufficiency, hyperlaxity and bone loss (57). Modularity allows for prosthesis 

adjustments and involves, for example, the use of mobile-bearing designs in which the 

polyethylene (PE) insert is not fixed to the tibial tray (58). An advanced understanding of the 

in vivo loads acting in the artificial joint is pivotal for future optimizations in implant design. 

 

1.1.3 Complications and soft-tissue defects 
Complications of TKA encompass local wound infections, instability, malalignment, vascular 

or peroneal nerve injury, thromboembolic disease, periprosthetic fracture, dislocation, patellar 

maltracking and wear of implant bearing surfaces (14, 59). Extensor mechanism 

complications occur in ≤1 to 12% and include patellofemoral instability, quadriceps and 

patellar tendon ruptures and periprosthetic patellar fractures (60). Anterior knee pain is a 

common problem following TKA that results, amongst others, from functional malalignment, 

instability and postoperative impairments in muscular coordination (59, 61). Intraoperative 

muscle retraction and dissection of soft tissues may compromise blood flow of the medial 

genicular arteries supplying the extensor mechanism (36, 60) and potentially lead to 

degenerative changes in muscle architecture (51). Muscle atrophy and fatty degeneration were 

shown to have a negative impact on postoperative outcomes (13, 42) and mobility function 

(62). Pathologic and clinical aspects of structural skeletal muscle damage are further outlined 

in section 1.4. 

 

1.2 Functional anatomy of the knee       
The anatomy of the knee joint comprises osseous structures, cartilage, ligaments and skeletal 

muscles, which provide a dynamic mechanical framework for human locomotion during 

various loading conditions. The successful surgical reconstruction of the functional knee 

anatomy is thus decisive for patients to return to daily and sporting activities.  
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The knee is composed of three articulations, including the medial and lateral tibio-femoral 

joint and the patello-femoral joint (63). The articular junction of the femoral condyles with 

the tibial plateau functions as a modified hinge joint that allows for force transmission across 

the load-bearing contact surfaces. Frictionless force transfer and muscular contraction 

efficiency is enhanced by the gliding patello-femoral joint at the anterior distal femur, which 

increases the moment arm of the knee extensor mechanism (64). Active and passive knee 

motion occurs in six degrees of freedom of three translations (anterior-posterior, medio-

lateral, compression-distraction) and three rotations (65). The rotational range of motion 

(ROM) occurs in the sagittal (flexion-extension), transverse (internal-external rotation) and 

frontal (varus-valgus rotation) plane (65). Flexion and extension movements are a combined 

motion of rolling and femoral gliding. Steultjens et al. (66) determined that impairments in 

joint ROM contribute to increased levels of self-reported and observed disability in OA 

patients. Preoperative ROM was also described by Ritter et al. (67) as a major predictor of 

both the postoperative ROM and kinematic outcome of TKA.  

 

Joint contact stresses are minimized by articular cartilage and menisci, which increase the 

congruity of the tibio-femoral joint and distribute joint loads over a broad surface area (63). 

Degenerative changes in articular cartilage and subchondral bone remodelling have been 

linked to the initiation and progression of knee OA (25, 68). This association has been 

exemplified in a study by Cicuttini et al. (68), in which the rate of articular cartilage volume 

loss predicted the four-year risk of primary TKA. Frictionless movement is guided by static 

ligaments that function as primary knee stabilizers by posing kinematic constraint on 

translational and rotational joint displacement (63). The four main stabilizing ligaments are 

the anterior cruciate ligament (ACL), posterior cruciate ligament (PCL), medial collateral 

ligament and lateral collateral ligament (63). There is controversy as to whether PCL retention 

in TKA may restore more physiological ROMs or rather contribute to increased joint loads 

and PE wear in case of incorrect PCL tensioning (56, 69). 

 

Dynamic knee stability is provided by the periarticular musculature, which generates active 

forces while sustaining lower limb stability during locomotion and postural tasks. The 

quadriceps femoris is part of the extensor mechanism at the anterior aspect of the knee and 

consists of the rectus femoris (RF), vastus intermedius (VI), vastus medialis (VM) and vastus 

lateralis (VL) muscles (63). The conventional MPP approach in TKA poses the distal oblique 

portion of the VM at a potential risk for surgical trauma due to its 50° angular insertion into 
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the superomedial border of the patella (70). Mizner et al. (42, 71) reported that postoperative 

muscle weakness is an important determinant for the functional outcome of TKA. Muscle 

weakness is generally thought to result from a loss of muscle mass, fatty infiltration or 

activation deficits, which have potential implications on postoperative joint contact stresses 

and disability (72, 73). Meier et al. (13) emphasized the need for extended rehabilitation 

regimens to target quadriceps impairments, as these seem to account primarily for long-term 

functional deficits after TKA. There has only been limited analysis of how far the knee joint 

loadings are affected by the long-term changes in periarticular muscle status after TKA. 

 

The sartorius (SR) and gracilis (GR) muscles, at the medial compartment of the knee, assist 

knee flexion and internal rotation and insert with the ST into the pes anserinus at the 

anteromedial tibia (63). The gastrocnemius (G) is a biarticular muscle that has a dual action of 

knee flexion and plantar flexion, coupling the knee and ankle joint. Mündermann et al. (74) 

showed that changes in gait pattern due to severe knee OA are associated with increased axial 

loading rates at the foot, which can be transferred to the knee joint during level walking. The 

biceps femoris (BF), semimembranosus (SM) and semitendinosus (ST) muscles constitute the 

hamstring group at the posterior thigh and function foremost as knee flexors (63). Silva et al. 

(75) found a higher isometric hamstring:quadriceps (H:Q) strength ratio at an average of 2.8 

years after TKA, indicating a relatively lower postoperative quadriceps isometric strength. 

High H:Q ratios thereby positively correlated with lower Knee Society Functional Scores and 

a high BMI. Evidence suggests that loads generated by muscle contraction may exceed those 

exerted by external forces, such as the ground reaction force (GRF) (76, 77). Knowledge on 

the relative impact of hamstring muscle status on in vivo knee joint loadings and muscle co-

contraction patterns in the postsurgical course of TKA is limited. 

 

1.3 Biomechanics of the knee joint 
 

1.3.1 Joint loadings and moments 
Given that OA can be regarded as “a disease of mechanics“ (78), a profound understanding of 

joint loading conditions is of clinical significance for the prevention and treatment of knee 

OA. Joint loads result from tibio-femoral compressive forces, as well as tensile forces that are 

transmitted by muscles, tendons and ligaments (77). A force (F) is generally defined as mass 

times acceleration (F = m*a) expressed in the standard international unit of Newton (N). A 

joint moment (M), or torque, describes the turning effect about a joint axis that is produced by 
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a force over the perpendicular distance from the axis of rotation (i.e. lever arm). Force and 

moment vectors act in a three-dimensional rectangular coordinate system with components in 

the x, y and z direction (Figure 3a) (79). In a static equilibrium the vector sum of all forces 

and moments equals zero (ΣF = 0, ΣM = 0) (79). The post-arthroplasty activity levels and 

body weight of TKA patients are considered important determinants of joint loading and 

implant longevity (80, 81).  

 

Repetitive movement patterns, such as human gait, can be described as a cyclical process, as 

shown in Figure 2. The gait cycle consists of a weight bearing or stance phase, which 

constitutes 60% of the cycle, and a non-weight bearing or swing phase of 40% during which 

the ipsilateral foot is lifted off the ground. During walking internal forces generated by the 

musculoskeletal system counteract the GRF (76, 82). Demanding tasks, such as stair 

climbing, have been associated with increased joint contact forces as they involve greater 

knee flexion angles and thus less conformity of articulating surfaces (83, 84). Andriacchi et 

al. (85) determined that the largest external knee flexion moments during stair descent occur 

at an angle of approximately 50° flexion and largely exceed those during level walking. 

 

 
 

1.3.2 Measurement of joint contact forces 
The measurement of in vivo joint contact forces during dynamic activities represents a major 

challenge. Computational modelling approaches have been developed in the past to estimate 

joint contact forces using inverse dynamics or electromyography (EMG) driven analyses (83, 

86, 87). These techniques use kinematic gait data and the GRF as input parameters for 
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mathematical models. Calculated joint forces reported in literature show, however, 

considerable variations, with maximum values ranging from 190% body weight (%BW) to 

720% BW during level walking (87). Challenges in mathematical modelling result from the 

complex nature of musculoskeletal motion and include soft tissue movement, agonist-

antagonist muscle activities and biarticular muscle functions (86, 87). In order to overcome 

these difficulties implantable systems have been proposed to measure joint contact forces in 

vivo. The first instrumented device was implanted in the distal femur during the surgical 

treatment of osteosarcoma and allowed for transfer of femoral shaft forces to the knee joint 

(88). More recently, Heinlein et al. (89) developed an instrumented implant for TKA that 

enables the direct measurement of all six force and moment components acting in the knee 

joint (see 2.3.3). Despite major advances in the analysis of knee joint loadings, the 

interrelation with dynamic EMG activity and the status of the periarticular musculature after 

TKA remains to be established. The principle of surface EMG is outlined in section 1.5.1. 

 
 

1.4 Skeletal muscle damage 
 

1.4.1 Muscle atrophy and fatty degeneration 
The mechanism of iatrogenic muscle damage has been generally ascribed to approach-related 

surgical incisions, retractor compression, tourniquet use or peripheral nerve injury (13, 51, 90, 

91). Soft-tissue damage may lead to changes in muscle morphology and metabolism (91) and 

has been related to postoperative functional limitations (42, 52, 71). Muscle impairments 

have, besides, been implicated in the onset and progression of knee OA (28, 29, 92). Hence, 

the pathologic processes of muscle atrophy and fatty degeneration have received considerable 

attention in recent years regarding their impact on muscle function and recovery.  
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Muscle atrophy is defined as a reduction in myofiber diameter (93) and commonly assessed 

by means of volume or CSA measurements (94). On a molecular level, atrophic changes have 

been related to an activation of proteolytic signaling pathways, such as the NfκB, autophagy-

lysosome or IGF1/Akt/FoxO pathway, which induce the degradation of contractile proteins 

(93). Histopathologic analyses of disuse and denervation atrophy have, besides, shown a 

selective atrophy of type I muscle fibers and a shift to type II fast-twitch fibers (95). An 

atrophy-related loss of muscle fibers has been linked to a replacement by fibrous-adipose 

tissue and a decline in muscle contraction efficiency (72). The Health, Aging and Body 

Composition Study (Health ABC) study, which examined 3075 non-disabled older adults (70-

79 years) for over 12 years, reported that reductions in midthigh muscle CSA and increased 

fatty infiltration are related to an impaired lower extremity function (96).  

 

Fatty infiltration of skeletal muscle, also referred to as myosteatosis, has been shown to 

correlate with a loss of functional muscle quality (97), defined as a measure of muscle 

strength per unit CSA. The concept of fatty infiltration is based on the accumulation of lipids 

between muscle fibers and has been recognized as a “novel depot” of ectopic fat (72, 98). It is 

now well established that adipose tissue is metabolically active, secreting proinflammatory 

cytokines that raise oxidative stress and impair muscular contractile performance (97, 99). 

Goodpaster et al. (100) found, accordingly, that muscle lipid deposition is associated with the 

proinflammatory states of insulin resistance and obesity, but can potentially be reversed by 

interventions that target weight loss. Hence, fatty infiltration seems to contribute to both 

metabolic and structural changes, which may consequently lead to muscle weakness and 

impairments in functional mobility (101, 102).   

 

1.4.2 Grading methods 
A wide array of grading methods has been proposed for the assessment of muscle function 

and morphology. Motor performance can be evaluated by clinical assessment and functional 

scores (103). Muscle damage may be indicated by an elevation of certain biochemical 

markers, including creatine kinase, lactate dehydrogenase, myoglobin or antioxidant enzymes, 

as outlined in a review by Brancaccio et al. (104). Muscle composition and morphology can 

be assessed using the non-invasive imaging techniques of ultrasound, magnetic resonance 

imaging (MRI) or computed tomography (CT) (105, 106). CT has emerged as a reliable 

method for the quantitative analysis of muscle atrophy and adipose tissue infiltration (94). 
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Measurements of muscle volume are generally computed from a series of contiguous axial 

muscle CSAs. Different types of tissue can be discerned by means of their attenuation 

characteristics measured in Hounsfield Units (HU). Mitsiopoulos et al. (106) validated CT 

and MRI measurements of fatty infiltration against cadaveric studies and proposed both 

techniques as reference methods in muscle composition studies. Goodpaster et al. (105) 

likewise determined that reduced muscle attenuation ranges on CT are consistent with an 

increased lipid content of muscle biopsy samples. Besides, CT analysis of fatty infiltration 

was shown to be of clinical relevance, as strong associations were found between lower 

muscle attenuation and reductions in muscle aerobic capacity and strength (96, 99).    

 

1.5 Surface electromyography (EMG) 
 
1.5.1 Signal transduction and neuromuscular patterns 
Surface EMG is generally regarded as a suitable technique to analyze the phasic activity of 

muscles during various activities of daily living (ADLs) (107, 108). Signals in dynamic EMG 

analysis represent a composite of the muscle fiber action potentials at a single motor unit 

(MU), i.e. the muscle fibers innervated by a single alpha motor neuron (107). In response to 

neural stimulation, MU contraction is initiated by depolarization of the muscle fiber 

membrane. The ion movement involved in depolarization evokes a transmembrane electrical 

field that can be detected non-invasively on the skin surface above the muscle (107). Clark 

and Manini (73) reviewed that the degree of muscle activation and force generation is 

dependent on the firing rate and number of recruited MUs, as well as muscle morphology. 

Neuromuscular activation deficits were thereby found to have a greater impact on age-related 

strength loss than sole declines in muscle mass. 

 

Recordings of EMG activity are considered to reflect the functional state of muscles, whereby 

muscle weakness was found to correlate with decreased MU recruitment patterns (29). In a 

review by Rice and McNair (109) quadriceps strength deficits observed in OA and after knee 

surgery were largely ascribed to the process of arthrogenic muscle inhibition (AMI). AMI is 

based on the concept that structural damage at the joint level may reinforce inhibitory afferent 

signals to supraspinal centers, which thereupon decrease voluntary muscle activation and 

force production. Hence, impairments in activation have been associated with radiographic 

OA severity and muscle weakness (92, 110, 111). The presence of anterior knee pain has been 

related to abnormalities in the timing pattern of VM and VL muscle activation (61). Several 
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studies have reported gradual improvements of voluntary quadriceps activation over a 

postsurgical period of three years (112, 113). The evidence that muscle status and knee loads 

are associated with muscle activation patterns is inconclusive. 

 

1.5.2 Electromechanical delay (EMD) 
The concept of EMD defines the temporal relationship between muscular activity measured 

with EMG and the onset of mechanical force generation. The time lag from muscle activation 

to force-time records has traditionally been based on the measurement of muscle forces (114, 

115). The EMD values reported in the literature comprise the electrochemical processes 

required for the generation of muscle force. These include the synaptic transmission and 

propagation of action potentials along muscle fibers, excitation-contraction-coupling and 

stretching of the series elastic component to initiate joint movement (114-116). Winter et al. 

(117) defined EMD as the time lag between muscle activation and the onset of movement.  

 

There is ongoing research to identify determinants of EMD, as it has been shown that changes 

in EMD may reflect alterations in the force generating capacity and structural properties of 

muscles. Bell et al. (118) determined that gender differences in muscular strength partly 

emerge from differences in EMD. Higher maximum strength values in men were thus 

associated with shorter electromechanical-response times. Muscle fatigue, on the contrary, 

was found to correlate with an elongated EMD (119). More recently, Hopkins et al. (120) 

reported a prolonged peroneus longus latency in patients with functional instability of the 

ankle joint. Although mechanisms of epimuscular force transmission have been extensively 

studied in the past (121), the temporal relation of muscle activation and joint load is largely 

unknown. The present thesis thus aims to provide a novel measure of the time lag between the 

onset of muscle activation and the onset of the in vivo contact forces acting in the tibio-

femoral joint during dynamic ADLs.  
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1.6 Aim, hypothesis and objectives  
The aim of this thesis was to analyze the status of the periarticular knee musculature, EMG 

data and in vivo tibio-femoral joint loads during dynamic ADLs in the long-term after TKA 

and to correlate these parameters. The increasing prevalence of TKA in younger patients, 

leading more active lifestyles than the elderly, highlights the importance of muscle function 

and implant longevity in the postoperative course. Understanding the interrelationship 

between biomechanical joint loads and postoperative changes in muscle morphology and 

electromyographic activity could contribute to future advancements in implant design, 

surgical technique and rehabilitation.  

 

In the light of available data in the literature, the hypothesis of this thesis was that 

degenerative changes of periarticular knee muscle atrophy and fatty infiltration after TKA 

lead to consecutive activation deficits and increased knee joint loads. The VM muscle was 

expected to be subject to greater change than other periarticular muscles due to its potential 

violation in the course of the MPP approach for surgical exposure of the knee joint. Hence, 

this thesis was set out to quantify the size and degree of fatty infiltration of the periarticular 

musculature using pre- and postoperative axial CT scans. In vivo knee joint loads were 

measured across a range of ADLs via instrumented knee implants. To investigate concurrent 

dynamic muscle activity, surface EMG recordings were analyzed relative to the time history 

of the in vivo knee joint loads. The interrelationship between these parameters was determined 

in order to foster a better understanding of the impact of perarticular muscle status and 

function on the in vivo knee joint loadings after TKA.  

 

Concluding, the objectives of this thesis were to analyze postoperative:   

 

1. in vivo loadings of the tibio-femoral joint during ADLs 

2. changes in periarticular muscle status 

3. muscle activation patterns and EMD  

4. associations of periarticular muscle status, EMG parameters and in vivo joint loads 

 

in patients undergoing primary TKA for symptomatic knee OA.  
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2 Methods 
 
 

2.1 Study design 
This multicenter retrospective observational study was conducted at the Julius Wolff Institute 

for Biomechanics and Musculoskeletal Regeneration, the Center for Musculoskeletal Surgery 

and the Department of Radiology, Charité-Universitätsmedizin Berlin, Germany; the 

Department of Orthopedic Surgery at Sana Kliniken Sommerfeld, Kremmen, Germany; the 

Center for Sports Science and Sports Medicine Berlin (CSSB), and at the ETH Zürich 

Institute for Biomechanics, Switzerland. All investigations were performed in accordance 

with the Declaration of Helsinki. The study was approved by the local Ethics Committee of 

the Charité (EA4/069/06) and registered in the 'German Clinical Trials Register' 

(DRKS00000606). The purposes and procedures of the study were completely explained to 

all participants and written informed consent was obtained before enrollment.  

 

All knee OA patients received an instrumented knee prosthesis in the course of primary TKA 

surgery. A comprehensive medical evaluation was performed by an orthopedic surgeon 

preoperatively and at the follow-up examinations. Postsurgical care and rehabilitation were 

performed according to a standardized protocol. Patients received CT imaging, one day prior 

to TKA and 30 months (range: 8-48) postoperatively. In vivo tibio-femoral forces were 

measured during six activities of daily living, an average of 26 months (range: 8-45) 

postoperatively. EMG signals were recorded simultaneously with the in vivo joint load 

measurements.  

 

2.2 Patients 
A total of nine (n=9) patients who were scheduled to undergo primary unilateral TKA for 

primary knee OA from June 2007 to May 2009 were recruited for participation. One patient 

was excluded, as no postoperative CT scans, eligible for analysis of muscle CSA, were 

available. Knee OA was evaluated on the basis of medical history, clinical examination and 

radiographic assessment. Eligibility criteria for OA patients were (1) symptomatic primary 

knee OA with indication for conventional TKA, (2) age older than 50 years, (3) bodyweight 

below 100kg. Exclusion criteria included (1) active implants (e.g. cardiac pacemakers), (2) 

inflammatory diagnosis (e.g. rheumatoid arthritis), (3) neuromuscular pathologies interfering 

with gait analysis. Patient characteristics were obtained from medical records and included 

age, gender, body weight and height. 
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2.3 TKA procedure 
 

2.3.1 Surgical characteristics  
The patients underwent tri-compartmental TKA through the standard MPP approach using an 

instrumented implant based on the Innex FIXUC system (Zimmer GmbH, Winterthur, 

Switzerland) (89). All TKA procedures were performed by the same two experienced, board 

certified orthopedic surgeons (A.M.H. and A.B.), associated with the Department of 

Orthopedic Surgery at the Sana Kliniken Sommerfeld, Kremmen, Germany. 

 

Implantations of the knee prostheses were performed with patients in supine position, under 

general plus combined spinal-epidural anesthesia. A tourniquet was positioned as proximal as 

possible on the thigh to minimize thigh muscle compression and was inflated throughout 

surgery. The extensor mechanism was exposed by a standard anterior midline skin incision, 

extending from a point 5 to 7 cm proximal to the superior pole of the patella to the tibial 

tubercle (TT). After separation of subcutaneous tissues down to the deep fascia and the 

development of a medial skin flap, arthrotomy was performed. A longitudinal incision was 

made along the medial border of the patella, severing the medial patellar retinaculum and 

medial aspect of the joint capsule. Disruption of the tendinous insertion on the anterior TT 

was avoided. The patella was everted and dislocated laterally and the knee positioned in 90° 

flexion. Fat pad, ACL and PCL were excised; followed by resection of the tibial plateau and 

sizing of the tibial component (i.e. tibia-first technique). 

 

An intramedullary femoral alignment guide was placed anterior of the intercondylar notch and 

the femoral component size was determined. Flexion and extension gaps were balanced and 

femoral resection was performed in anteroposterior direction. Ligament stability and femoral 

rotation were tested by means of a spacer. Distal femur, as well as posterior condylar facets 

were resected and the trochlear groove was deepened. Final preparation of the tibia was 

conducted by stepwise drilling and compaction of cancellous bone for tibial stem fixation. 

Trial implant components were placed and assessed for joint stability and balance. The 

instrumented tibial component (89) was cemented and the PE inlay (Innex® Fix UC Tibial 

Insert, GmbH, Winterthur, Switzerland) was inserted. Patellar resurfacing was performed and 

femoral (Innex® CR Femoral Component cemented, Zimmer, Winterthur, Switzerland) and 

patellar (PE Innex® Patellar Component cemented, Zimmer, Winterthur, Switzerland) 

components were cemented. Layered wound closure was done after irrigation, hemostasis and 



 26 

inlay of intrarticular, as well as subcutaneous Redon drainages. Absorbable sutures were used 

for closure of the joint capsule and careful adaptation of subcutaneous tissues. The skin 

incision was closed by skin stapling and a sterile compression dressing was applied. Correct 

implant positioning was confirmed with X-ray and joint mobility was manually tested.  

 

2.3.2 Clinical examination and rehabilitation 
Patients were clinically assessed preoperatively and 3, 6 and 30 months postoperatively. The 

same standardized postsurgical management and rehabilitation protocol was used for all 

patients. Rehabilitation started from the first postoperative day with continuous passive ROM 

exercises up to 90° flexion, as tolerated by the patient. Progressive weight-bearing on the 

operated leg was supported by the use of crutches for at least six to eight weeks. All patients 

continued the standard inpatient rehabilitation regimen after discharge at the rehabilitation 

center at the Sana Rehabilitationsklinik Sommerfeld, Kremmen, Germany for four weeks. 

Physical therapy sessions included isometric, long-lever-arm, non-weight-bearing and weight-

bearing exercises and were supervised by a physical therapist. Patients were encouraged to 

perform home exercises thereafter.  

 
2.3.3 Instrumented knee implant 
The commercially available, cemented Innex FIXUC Total Knee System (Zimmer GmbH, 

Winterthur, Switzerland), featuring an ultra congruent, fixed bearing, cruciate sacrificing PS 

design, was modified in its tibial component to allow for in vivo joint load measurements. 

Performance and safety requirements for clinical application of the instrumented implant were 

evaluated and met prior to implantation. Details on prosthesis design, mechanics and external 

measuring devices have been previously published (89, 122, 123). 

 

Load-dependent strains acting on the implant were sensed by six semiconductor strain gauges 

(KSP 1-350-E4, Kyowa, Japan), which were installed in the tibial component (122). In vivo 

contact load measurements encompassed real-time recordings of the three-contact force and 

three-moment components acting on the tibial tray. The resultant tibio-femoral contact force 

(Fres) was calculated as the vector sum of the three force components Fx, Fy, Fz (Figure 3a), 

using external equipment. Signals of the strain gauges were transmitted via an inductively 

powered, nine-channel telemetry unit at a sampling rate of approximately 125 Hz (122). The 

mean measuring error of the recordings was less than 2% according to device calibration (89). 
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2.4 In vivo joint load measurements 
In vivo knee joint loadings were measured 26±14.7 months postoperatively in the gait 

laboratory at CSSB, Berlin and the Laboratory for Movement Biomechanics at ETH Zürich 

Institute for Biomechanics. At the time of investigation, all patients had resumed functional 

ADLs and there was no clinical evidence of any apparent knee pain or physical impairments.  
 

Tibio-femoral contact forces and moments were recorded during six ADLs according to a 

standardized protocol. Activities with single-limb support (SLS), in which one leg supports 

the body weight during the loading phase, included walking along a level 10 m walkway at a 

self-selected speed (3-4 km/h), ascending and descending a four-step staircase (step height 20 

cm, step tread 26 cm, no handrail support) and one-legged stance (OLS) with no or minimal 

balance aid at the fingertip. Double-limb support (DLS) exercises were sit-to-stand and stand-

to-sit activities on a chair (seat height 45 cm, no armrest support). Patients were made 

acquainted with the experimental set-up and performed several practice trials before 

measurement recordings. All activities were executed in the same order and patients received 

verbal instructions during motion sequences. For each patient, at least six repetitions were 

recorded per activity and sufficient rest periods were allowed between consecutive trials to 

minimize fatigue effects. A power coil and antenna, which transmitted signals to an external 

amplifier and receiver, were fastened to patient’s proximal shank during measurements (89). 

Movement patterns of the patients were recorded and stored in video format synchronously 

with the in vivo load data (Figure 4a). 
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Load-dependent signals were recorded as a function of the coordinate system fixed to the 

right-sided tibial component (Figure 3a). Joint force and moment data were visualized and 

processed using a custom-written MATLAB R2016b (The Mathworks, Natick, MA, USA) 

program. The resultant joint load, used for further analyses, was calculated from the three 

force components Fx, Fy and Fz, which act in the lateral, anterior and superior direction of the 

tibial plateau. The mean time course of Fres was calculated as the average of repeated trials per 

activity using a dynamic time warping procedure (123). Hence, patient-specific load patterns 

presented within the scope of this thesis are the arithmetic mean of several trial recordings. 

Figure 4b plots the averaging procedure of Fres over multiple trial repetitions for the example 

of level walking. The time course of Fres was normalized and presented as a percentage of the 

total load cycle for all activities examined.  

 

The average load cycles were calculated and analyzed with regard to the temporal pattern of 

knee joint loadings and peak force values (Figure 5). For activities with a “double peak” load 

pattern the maxima of Fres were computed at two distinct instants of the load cycle and are 

referred to as first and second peak in the following (Figure 5a-c). Regarding activities with a 

“single peak” force curve, the absolute maximum load value was evaluated (Figure 5d-f). All 

measurements of Fres were normalized to the patient’s body weight (BW).  
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2.5 Radiological assessment 
Radiological imaging was performed at the Department of Radiology Charité Berlin, 

Campus Virchow Clinic and Campus Benjamin Franklin Clinic. A standing radiograph with 

an antero-posterior projection was obtained from each patient two days before and 9.4 ± 1.7 

days after TKA. All patients underwent CT imaging one day prior to surgery and after a 

follow-up time of 30±11.5 months.  

 

CT was performed on one of four commercially available, multi-slice scanners: Siemens 

Somatom Sensation 64, SOMATOM Definition Flash (both Siemens Healthcare, Erlangen, 

Germany) and LightSpeed VCT, LightSpeed Pro 16 (both GE Healthcare, Milwaukee, WI, 

USA). Axial images were acquired with patients in a feet first, supine position. Scanning 

parameters included 120 kV, 100 to 200 mA, FOV 200 to 400 mm, pitch 1.0, slice thickness 

range of 0.6 to 4.8 mm. CT-scans were reconstructed and standardized to the thinnest 

possible slice thickness of 4.8 mm for all CT-scans. The analyzed scan area in the axial 

plane was consistent among patients. An automated dose modulation algorithm was applied 

to control tube voltage. CT scans were stored in Digital Imaging and Communications in 

Medicine (DICOM) format in the departments Picture Archiving and Communication 

System (PACS). DICOM-images were anonymized for analysis purposes.  

 

2.5.1 Volumetric measurements of skeletal muscle 
The distal volumes of periarticular thigh muscles were measured by manual segmentation of 

muscle tissues on a series of contiguous axial CT scans. Scans were analyzed using the three-

dimensional (3D) image visualization and analysis software program Amira-Avizo Software 

version 6 (Thermo Scientific, Waltham, MA, USA) for Microsoft Windows®. Preoperative 

and postoperative image datasets of the operated leg were evaluated for each patient. The 

distal volume analyzed spanned a section of 87.7 ± 2.8 mm (18 ± 0.57 slices) proximal to the 

superior patellar pole. To account for inter-individual differences in body height, slice 

locations were selected relative to the patient’s femur length. The length of the femur was 

defined as the distance between the lower border of the lateral femoral condyle and the tip of 

the greater trochanter. The regions of interests (ROIs) of the periarticular musculature 

included the heads of the quadriceps (VM, VL, RF, VI) and hamstrings (BF, SM, ST), as well 

as the GR, SR muscles. The BF muscle was segmented as a whole and not differentiated into 

its respective long and short head. 
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For analysis, individual muscle ROIs were manually traced on each slice using a Wacom 

Cintiq 21UX pen display (Wacom Technology Corporation, Vancouver, WA, USA). Each 

muscle was tagged with a different color. The anatomical CSA (cm2) of the delineated muscle 

tissues was automatically computed on each slice by the software program, which multiplied 

the number of pixels of the user-defined ROI area by the pixel surface area. Distal muscle 

volume measurements in cm3 were obtained by summation of the CSAs of each muscle and 

multiplication by the slice thickness of 4.8 mm. A three-dimensional reconstruction of the 

periarticular muscle volumes was generated using an interpolation function to correct for 

partial surface rendering effects (Figure 6b). The distal volumes of the quadriceps and 

hamstrings were calculated from individual measurements of the VL, VM, VI, RF muscles 

and of the BF, SM, ST muscles, respectively. The PA group was defined as the sum of the 

individual muscles SR, GR, ST, which feature a common tendinous insertion at the proximal 

anteromedial tibia. Postoperative changes in distal volume were calculated using MS Excel 

2011 (Microsoft Corporation, Redmond, WA, USA) worksheets and were expressed as 

absolute changes (cm3). 
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2.5.2 Quantification of muscle fat infiltration 
The quantitative assessment of muscle fat infiltration was performed unilaterally on four 

consecutive transverse slices of the presurgical and follow-up CT scans. The superior slice 

was matched with the most proximal slice covered by the volumetric analyses (section 2.5.1), 

as CSA measurements more proximal to the respective thigh muscle belly tend to feature 

larger diameters and thus stronger correlations with total thigh muscle volume (125). The free 

image processing software NIH ImageJ 1.x (U.S. National Institutes of Health, Bethesda, 

MD, USA) was used for muscle composition measurements (126). The composition of 

muscle tissue was quantified by the analysis of muscle density, which was determined by 

averaging the numerical CT values within an outlined muscle ROI. The CT numbers were 

measured on the basis of the radiological HU scale, in which a radiodensity of 0 HU is 

assigned to water and -1000 HU to air. The muscle contours were manually delineated on 

each transverse slice (Figure 7a). Histograms showing the HU distribution within the 

segmented ROIs were generated for each muscle (Figure 7b). HU threshold values of -190 to 

-30 HU for intramuscular adipose tissue and -29 to 150 HU for skeletal muscle were used as a 

reference standard for segmentation (127). The anatomical CSAs of intramuscular fat (FCSA) 

and lean muscle (LCSA) in cm2 were calculated by multiplying the number of pixels for a 

defined attenuation range by the pixel area. Measurements were averaged for each muscle 

over all segmented ROIs. The mean attenuation value was determined for all muscles as an 

inverse measure of muscle lipid content (128). The intramuscular fat ratio (FR) was computed 

in percent by means of the equation: 

     FR = FCSA 
FCSA	+	LCSA  x 100 
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2.6 EMG processing 
 

2.6.1 EMG recording and analysis 
Periarticular muscular activity of the operated limb was analyzed by the recording of EMG 

signals in six patients (K2L, K4R, K5R, K7L, K8L, K9L). The EMG signals were acquired 

simultaneously with the in vivo joint load measurements during six investigated ADLs, as 

outlined in section 2.4. The EMG and in vivo joint contact force data were synchronized and 

superimposed in postprocessing analyses using specialized software described hereinafter.   

 

The surface electrodes were positioned in compliance with the Surface EMG for the Non-

Invasive Assessment of Muscles (SENIAM) recommendations (129) over six muscles of the 

quadriceps, hamstring and triceps surae muscle groups. In particular, surface EMG signals 

were recorded from the VM, VL, BF (lateral hamstrings [HL]), ST (medial hamstrings 

[HM]), medial gastrocnemius (GM) and lateral gastrocnemius (GL) muscles. The sensors 

were applied above the approximate center of the palpable muscle bulks, in a longitudinal 

orientation to the muscle fibers to maintain correct positioning during patient movement. 

Prior to electrode attachment, the skin was shaved, abraded and cleaned with alcohol in order 

to reduce skin impedance and facilitate electrode adhesion. The ground electrode was placed 

on the anterior proximal tibia. Correct alignment and interference-free operation of the 

measuring devices were checked before the start of recording procedures. Recordings of 

EMG signals were sampled using a wireless 16-channel electromyographic Trigno system 

(Delsys Inc., Natick, MA, USA). The EMG signals were bandpass filtered with cutoff 

frequencies of 10 and 500 Hz using a zero-lag Butterworth filter, full wave rectified and 

smoothed with a 100 ms window length. Data were further processed using custom MATLAB 

R2009b software programs (The Mathworks, Natick, MA, USA). The surface EMG signals of 

each muscle were normalized to their maximum value obtained from the same patient and 

investigated movement task (130).  

 

2.6.2 Cross-correlation technique 
The technique of cross-correlation was used for the calculation of EMD for the six different 

ADLs under examination (section 2.4). EMD was defined as the temporal phase shift between 

the onset of muscle activation and the development of tibio-femoral joint contact forces. The 

cross-correlation function allows for the analysis of temporal phase shifts without a subjective 

definition of signal onset points (115). The concept of EMD is depicted schematically in 
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Figure 8. IBM SPSS Statistics 25 software (IBM Corporation, Armonk, NY, USA) was used 

for cross-correlating the joint contact force with the EMG linear envelope. Cross-correlation 

coefficients were calculated for the muscle activation of the VM, VL, HM, HL, GM and GL 

muscles for each trial. The delay between EMG and average tibio-femoral joint contact forces 

was determined by the cross-correlation coefficient with the maximal numerical value (115). 

 

 
 

2.7 Statistical analysis 
Statistical analyses were performed using IBM SPSS Statistics 25 software (IBM 

Corporation, Armonk, NY, USA). Descriptive statistics were determined for demographic 

variables, including age, body mass, height and BMI. Values were expressed as mean and 

standard deviation (SD) for continuous variables and as percentages for categorial data, unless 

stated otherwise. The changes in periarticular muscle status between the presurgical and 

postoperative CT examinations were assessed using paired sample t-tests. Pearson product 

moment correlations were calculated to analyze the association between the metric variables 

of interest of muscle status, in vivo knee joint contact force, muscular activity and EMD. 

Pearson correlation coefficients were considered high if r ≥ 0.7 and moderate if 0.5 ≤ r < 0.7. 

The level of statistical significance was set a priori at p ≤ 0.05. 
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3 Results 

 
3.1 Patient demographics 
A total of eight patients with knee OA, who matched the inclusion criteria and received an 

instrumented knee implant (89) in the course of unilateral TKA, were included for analysis. 

The mean age at baseline was 68.5 ± 5.3 years (range: 60-75) and the male-to-female ratio 

was 5:3. Prior to surgery, the mean BMI was 29.7±4.0 kg/m2 (range: 25.1-36.3), whereby five 

(62.5%) patients had a BMI of ≥30 kg/m2. The postoperative follow-up at 26±14.7 months 

(range: 8-45) showed an increase in mean BMI of 1.3±1.5 kg/m2 (4.49%) from presurgical 

measurements. Implantation of the instrumented prosthesis was performed on the left and 

right side in five (62.5%) and three (37.5%) cases, respectively. One patient (K2L) underwent 

previous TKA surgery of the contralateral leg, which was asymptomatic at the time of left-

sided TKA. None of the patients required revision surgery. From nine eligible TKA patients 

with an instrumented knee implant, one patient (K1L) was excluded, as no CT scans were 

available. Baseline descriptive data for the study participants are shown in Table 1. 

 
 

3.2 In vivo knee joint loadings 
The in vivo knee joint loadings during dynamic ADLs consistently exceed the patients’ body 

weight and showed high inter-individual variability in peak load magnitude (Figure 9). The 

highest peak loads were measured during stair descent with an average of 3.41±0.62 times 

body weight (BW). The activity of stand-to-sit showed the lowest magnitude (2.64±0.68 BW) 
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in average peak joint load of all investigated ADLs. Patient-specific measurements of the 

average peak knee joint loads during the respective ADLs are given in Table 2. 

 
The activity of level walking showed a consistent double-peak pattern of Fres with a first load 

peak at contralateral toe-off (CTO) and a second peak at the contralateral heel-strike (CHS). 

The average peak values during late stance (2.67±0.52 BW) exceeded those recorded at CTO 

during early stance (2.16±0.29 BW) (Table 2). The inter-individual variation in peak joint 

load was 1.66 BW with a range from 1.76 BW (K9L) to 3.42 BW (K7L). The time course of 

Fres recorded for each patient during the gait cycle, as well as the inter-individual variation in 

peak load values, are shown in Figure 9a. 
 

The highest knee joint loads were observed during stair climbing, with average peak values 

of 3.41±0.62 BW and 3.05±0.76 BW during stair descent and stair ascent, respectively. The 

activity of stair climbing likewise showed the highest individual peak loads of all ADLs, with 

values of 4.24 BW (K5R) during stair descent and of 4.3 BW (K6L) during stair ascent (Table 

2). The time course of Fres exhibited a double peak pattern, whereby the first peak occurred at 

CTO and the second after the contralateral foot made contact with the next step. The average 

loads at the second peak were relatively higher compared to the first peak for both climbing 

directions (Table 2). The inter-individual variation of Fres during stair climbing was 

53.3±4.6%. In specific, stair descent showed an inter-individual variation in peak load of 1.93 

BW (range: 2.31-4.24) (Figure 9d). The highest inter-individual difference of Fres over all 

ADLs was measured during stair ascent with 2.43 BW (range: 1.87-4.3) (Figure 9c). 
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The double-limb exercises of sit-to-stand (2.75±0.61 BW) and stand-to-sit (2.64±0.68 BW) 

showed lower average peak knee joint loads than OLS with single leg balance (2.89±0.49 

BW). The time course of Fres showed a maximum load peak that was associated with the 

instant of seat-off during sit-to-stand (Figure 9e) and chair contact during stand-to sit (Figure 

9f). The lowest individual peak load of 1.43 BW was recorded in patient K9L during sitting 

down (Table 2). The inter-individual variation of Fres was higher during DLS activities with 

high knee flexion (mean 2.28 BW), compared to the static exercise of OLS (1.57 BW) (Figure 

9b). The activity of stand-to-sit showed the second highest inter-individual variation of Fres of 

all ADLs (2.34 BW), ranging from 1.43 BW (K9L) to 3.78 BW (K6L) (Table 2).  
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3.3 Periarticular muscle status 
 

3.3.1 Distal muscle volumes and cross-sections 
The preoperative distal volume of the quadriceps femoris was 89±28.7 cm3 and decreased by 

-9.6±5.7% (p<0.01) in the postoperative course (Figure 10a). The absolute decrease in distal 

volume was significantly higher for the VM muscle (–4.5±4.9 cm3, p<0.05), compared to the 

VL muscle (–3.4±2.8 cm3, p<0.05) (Table 3). The relative proportion of the VM muscle to the 

mean reduction in distal quadriceps volume was by 12.09% higher than that of the VL. There 

were no significant volume changes of the other periarticular muscles over time (Figure 10).  
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The average periarticular muscle CSA showed minor changes at postoperative follow-up 

examinations (Table 4). There was a slight increase in mean CSA of the RF and VI muscles 

of 0.5±0.3 cm2 and 0.7±0.3 cm2 (both p<0.01), respectively. The CSA of the medial hamstring 

muscle SM increased by 1.1±1.0 cm2 (p<0.05). The lateral hamstring muscle BF showed a 

decrease in CSA of –1.4±1.5 cm2 (p<0.05), like the SR muscle (–0.2±0.2 cm2, p=0.05). The 

change in muscle CSA between pre- and postoperative measurements was not statistically 

significant for the muscle groups in their entirety (Figure 11a). The changes in muscle CSA of 

individual periarticular muscles are displayed in Figure 11b-c. 
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3.3.2 Muscular fatty infiltration 
The postoperative change in muscle attenuation, a measure inversely related to the muscular 

fat content (128), is shown in Figure 12. Only the mean change across all periarticular muscle 

groups reached statistical significance with an average increase of 6.6±13.5 HU (p<0.01). The 

attenuation values of individual muscles showed an increase from preoperative data in a range 

from 2.1±16.2 HU to 11.2±15.4 HU that was not statistically significant. The change in 

muscle attenuation between presurgical and 2.5-year follow-up measurements of each muscle 

and patient are summarized in Table 5. 
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The lean muscle CSA of the periarticular muscles determined preoperatively and at 2.5 years 

following TKA are presented in Figure 13. The change in lean CSA of the quadriceps was 

due to the slight increase in lean CSA of the RF (0.5±0.3 cm2, p<0.01) and VI (0.7±0.3 cm2, 

p<0.01) muscles, analogous to the total CSA measurements (Table 4). The VM and VL 

muscles did not show a significant postoperative change in lean muscle CSA (Table 6). The 

lean muscle CSA of the medial hamstring muscle SM increased from 11.5±2.9 cm2 (range: 

8.3-16.0) to 13.2±3.0 cm2 (range: 10.0-17.6) (p<0.01). There was no significant change in 

lean muscle CSA identified for the other periarticular muscles (Table 6).  
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There was a general decrease in intramuscular fat CSA across all investigated periarticular 

muscle groups from preoperative measurements following TKA (Figure 14a). The change in 

intramuscular fat CSA was slightly more pronounced for the hamstrings than for the 

quadriceps muscles (–1±0.7 cm2 versus –0.7±0.8 cm2, p<0.05, respectively) (Table 7). The 

greatest mean reduction in CSA of intramuscular fat was determined for the hamstring muscle 

SM (–0.6±0.4 cm2, p<0.01). The intramuscular fat CSA of the RF and VM decreased from 

1.3±0.9 mm2 and 0.9±0.8 cm2 to 0.5±0.6 mm2 and 0.4±0.6 cm2 (p≤0.01), respectively. The 

changes in intramuscular fat CSA of individual muscles are shown in Figure 14b-c.  
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The intramuscular fat ratio of all investigated muscle groups decreased significantly in the 

long-term after TKA (p<0.05). The change in intramuscular fat ratio of the quadriceps muscle 

(–2.8±2.9%CSA, p<0.05) was less pronounced than that of the hamstrings or pes anserinus 

group (both –4.1±3.2%CSA, p<0.05). The RF (–1.7±1.1%CSA, p<0.01) and VM muscles      

(–2.8±1.9%CSA, p<0.05) showed a relatively modest improvement in fatty infiltration, in 

comparison with the medial hamstring, GR and SR muscles (–6.9±6.5%CSA, –4.9±4.1%CSA 

and –3.2±2.7%CSA, p<0.05, respectively) (Table 8). Longitudinal changes in intramuscular 

fat ratio of periarticular muscle groups and individual muscles are presented in Figure 15. 
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3.4 EMG activity  
 
3.4.1 Muscle activation patterns 
The average peak values of normalized muscle activation are shown for each muscle and 

ADL in Figure 16. The greatest inter-individual variation in peak activation was observed for 

the GM muscle during the static balancing exercise of OLS (61.9%). The lowest variations 

among patients occurred during the activities of stair descent (6.2%) and level walking (8.4%) 

for the VM muscle. Peak muscle activation levels obtained during the ADLs were used for the 

correlation analyses with periarticular muscle status (Table 21), in vivo knee joint load (Table 

23) and EMD (Table 24). Muscle activation patterns, in relation to synchronized recordings of 

the in vivo tibio-femoral joint loads, are depicted for each ADL in Figures 17-22.  

 



 44 

The EMG profiles of the periarticular muscles and synchronized recordings of the average 

knee joint contact forces during level walking are presented in Figure 17. The VM and VL 

muscles showed an average peak in EMG activity during early stance phase in a range of 23 

to 33% of the gait cycle and primarily contributed to the 1st peak of the knee joint contact 

forces (Figure 17a-b). The average peak activity of the VM (26.1±2.5% load cycle) thereby 

occured shortly before the VL muscle (28.15±2.9% load cycle). The plantarflexors showed a 

minor activity peak during the early single leg stance phase and reached a maximum during 

late stance at 58.6±13.7% of the gait cycle (GM: 63.5±6.7% load cycle; GL: 53.6±16.7% load 

cycle) (Figure 17c-d). The hamstrings foremost supported early stance at 22.8±4.1% of the 

gait cycle (HM 22.8±4.5% load cycle; HL 23.0±2.1% load cycle) and showed a second minor 

peak in activity during the late swing phase (Figure 17e-f). 
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The EMG profiles of the VM and VL during stair ascent were similar to level walking with 

an activity peak during early loading response from 18 to 30% load cycle (mean 26.0±2.9%) 

(Figure 18a-b). The average peak in muscle activity of the VM (25.0±3.6% load cycle) 

shortly preceded the VL muscle (26.9±1.7% load cycle). The knee extensors showed a slight 

increase in activity in late stance around the second peak of the knee joint contact forces. This 

second peak was dominated by the gastrocnemius, which showed an average peak in EMG 

activity prior to swing initiation at 68.7±3.5% load cycle (range: 62-74). The average peak 

activity of the GM coincided with the GL muscle (68.9±3.4% load cycle versus 68.4±3.9% 

load cycle, respectively). The hamstrings showed high inter-individual differences in the 

timing of peak EMG activity (range: 0-79% load cycle) (Figure 18e-f). The tracings of EMG 

and the average knee joint loads during one load cycle of stair ascent are plotted in Figure 18.  
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Stair descent showed a burst in activity of the GM muscle (18.6±1.9% load cycle) and, to a 

lesser extent, of the GL (32.0±22.7% load cycle) during weight acceptance (Figure 19c-d). 

The knee extensors VM and VL supported the early loading response and dominated the knee 

joint contact forces during late stance at 54.3±12.6% load cycle and 54.4±14.6% load cycle, 

respectively (Figure 19a-b). The hamstrings showed a wide inter-individual range in peak 

activity from 16 to 77% load cycle (HM: 38.1±29.6% load cycle; HL: 48.6±26.7% load 

cycle). The EMG profile of the HM and HL indicated a biphasic activity pattern with an 

increase in muscle activity before and after the first and second peak in joint contact force, 

respectively (Figure 19e-f). The time plot of periarticular muscle activity and average knee 

joint contact forces during stair descent are outlined in Figure 19.  
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The exercise of sit-to-stand was dominated by the activity of the VM (32.1±7.7% load cycle) 

and VL (44.0±14.5% load cycle) muscles during early motion at lift-off from the chair. Inter-

individual variation in peak knee extensor activity ranged from 22 to 60% of the load cycle 

(Figure 20a-b). The plantarflexors GM (45.3±24.1% load cycle) and GL (62.2±11.2% load 

cycle) followed knee extensor activation and showed a wide range (9-81% load cycle) in peak 

activity between patients (Figure 20c-d). The hamstrings mostly supported hip and trunk 

extension during the straightening motion after the maximum knee joint contact force at seat-

off (Figure 20e-f). The average peak activity of the HM and HL occurred at 65.2±12.5% load 

cycle and 48.3±14.5% load cycle (range: 22-81), respectively. Figure 20 shows the EMG 

curves of each patient and average knee joint contact forces during the activity of sit-to-stand. 
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The VM and VL knee extensor muscles were the prime movers during the stand-to-sit task, 

showing a peak in EMG activity at 53.2±4.5% load cycle (range: 47-63) that coincided with 

the average peak knee joint contact force (Figure 21a-b). The average peak activity of the VM 

and VL muscles occurred at 52.6±5.8% load cycle and 53.7±3.2% load cycle, respectively. 

The hamstring (38.4±22.3% load cycle) and gastrocnemius (31.3±18.2% load cycle) muscles 

supported early motion and showed high inter-individual variations in peak activation timing 

(range: 6-78% load cycle). The HM (24.4±17.7% load cycle) and GM (19.4±9.5% load cycle) 

muscles showed an earlier average peak in muscle activity, compared to the HL (52.3±17.7% 

load cycle) and GL (43.2±17.4% load cycle) muscles. The average knee joint contact forces 

and the differential EMG activity of the periarticular muscles are displayed in Figure 21.  
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The EMG profiles of the periarticular muscles during the balance exercise of OLS are shown 

in relation to the average knee joint contact forces in Figure 22. The periarticular muscles 

reached a plateau in EMG activity, in parallel to the knee joint contact loads, after the patients 

achieved a balanced single-legged stance position. High inter-individual variations in the 

relative timing of peak EMG activity were determined for the knee extensor (21-69% load 

cycle), hamstring (19-81% load cycle) and gastrocnemius (20-64% load cycle) muscles. The 

timing in the average peak EMG activity of the medial muscles VM (38.2±17.7% load cycle), 

HM (47.0±23.2% load cycle) and GM (32.9±8.1% load cycle) preceded the lateral portions of 

VL (40.8±18.6% load cycle),  HL (55.1±25.6% load cycle), GL (35.9±14.9% load cycle). 
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3.4.2 EMD of periarticular muscles 
The results of the cross-correlation analysis are summarized for the activity of level walking 

in Table 9. The mean time lag between the onset of periarticular muscle activity and the onset 

of knee joint contact forces during level walking ranged from 30.4 to 56.0 ms. The mean 

cross-correlation coefficients were moderate to high for the VM (r=0.52), GM (r=0.77) and 

GL (r=0.84) muscles. The corresponding mean EMD values of the VM, GM and GL muscles 

were 37.0±18.3 ms, 56.0±16.0 ms and 45.8±13.0 ms, respectively. The average EMD of the 

VM showed higher values compared to the VL muscle (37.0±18.3 ms versus 30.4±14.4 ms). 

 
The mean EMD of the VM was 42.3±12.9 ms during stair ascent, while the VL showed a 

lower average value of 37.2±4.5 ms. This was compatible with the comparatively later peak 

activity of the VL during the load cycle (Figure 18a-b). The GM and GL muscles had a mean 

EMD of 8.4±19.8 ms and 14.8±18.1 ms, respectively. The mean cross-correlation coefficients 

of the knee extensors (r> 0.76) and gastrocnemius (r> 0.68) were high to moderate (Table 10). 
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The EMD during stair descent showed lower mean values compared to stair ascent for the 

VM (35.7±8.2 ms versus 42.3±12.9 ms) and VL (35.8±7.7 ms versus 37.2±4.5 ms) muscles. 

The cross-correlation coefficients of the VM and VL muscles were high with mean values of 

r=0.73 and r=0.75, respectively. The hamstrings (mean SD 87.4 ms) and gastrocnemius (mean 

SD 66.9 ms) muscles showed high inter-individual variations in average EMD and relatively 

low cross-correlation coefficients (r<0.5) during stair descent. The individual EMD values 

and cross-correlation coefficients are reported for stair descent in Table 11. 

 
The sit-to-stand exercise showed mean EMD values of 66.2±11.0 ms (r=0.77) and 63.7 ±13.8 

ms (r=0.71) for the VM and VL muscles, respectively. The cross-correlation coefficient of the 

HL was moderate (r=0.53) and showed a mean EMD of 7.86±110.56 ms. The high standard 

deviation of the mean EMD value of the HL resulted from a negative outlier, as the onset of 

knee joint contact forces preceded the HL activity onset in patient K9L. The values of EMD 

and cross-correlation coefficients during the sit-to-stand task are presented in Table 12. 

 



 52 

The mean EMD during the activity of stand-to-sit was 51.7±12.6 ms (range: 33.2-67.8) for 

the VM and 45.5±8.1 ms (range: 37.1-57.0) for the VL muscle. The corresponding cross-

correlation coefficients of the mean EMD were r=0.68 and r=0.7 for the VM and VL muscles, 

respectively. The hamstring (mean SD 109.3 ms) and gastrocnemius (mean SD 192.8 ms) 

muscles showed high inter-individual differences in mean EMD due to variations in the 

performance of the movement task. Table 13 reports the individual EMD and cross-

correlation coefficients during the sit-to-stand task. 

 
The longest EMD times of all investigated ADLs were determined during the activity of OLS 

with mean values ranging from 55.8 to 251.8 ms. The mean EMD of the lateral muscles was 

by 61.4% shorter than that of the medial musculature (p=0.064). The mean EMD values of 

lateral and medial muscles were 71.9±15.5 ms (range: 55.8-86.7) and 186.3±74.3 ms (range: 

105.5-251.8), respectively. There were high inter-individual differences in mean EMD during 

the static balance exercise of OLS for all muscle groups (mean SD 139.6 ms) (Table 14). 
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The cross-correlation coefficients of the EMD between the onset of muscle activity and tibio-

femoral joint contact force are displayed in Figure 23. The VM (r=0.62) and VL (r=0.61) 

showed the highest average cross-correlation values of the periarticular muscles across all 

ADLs (Figure 23a-b). The balance exercise of OLS showed the lowest mean cross-correlation 

coefficients of the ADLs (r=0.28), as high inter-individual variations in muscle coordination 

timing were involved in maintaining postural stability (Figure 22, Table 14).  

 
 

3.5 Associations with periarticular muscle status 
 
3.5.1 Association between muscle status and in vivo joint loads  
The correlation analysis of muscle status and in vivo knee joint load showed only minor 

effects for the parameter of distal muscle volume (Table 15). The only significant positive 

correlation of distal volume with the average peak knee joint loads was determined for the ST 

muscle (r=0.71, p=0.05) during the activity of stair descent. The distal ST volume had a 

moderate, but nonsignificant effect (r=0.52) during level walking. The distal volume of the 

VM muscle indicated a positive trend during level walking (r=0.51) and stair descent (r=0.6). 
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Only the ST muscle showed a significant association (r=0.86, p=0.01) between muscle CSA 

and increased average peak knee joint loads during late stance of level walking. In line with 

the correlation analyses of distal volume (Table 15), the CSA of the VM showed an effect on 

the knee joint loads during gait (r=0.50) and stair descent (r=0.58) that did not reach statistical 

significance. Pearson correlations between the BF CSA and the joint load at the first peak of 

stair ascent (r=0.59), stair descent (r=0.63) and the maximum of OLS (r=0.58) were moderate 

but nonsignificant. Table 16 shows the Pearson correlation coefficients for muscle CSA. 
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The muscle attenuation values of the quadriceps (r=–0.75, p<0.05) and hamstring (r=–0.72, 

p<0.05) muscles were significantly correlated with the in vivo knee joint loads in the early 

stance phase of level walking. The VL (r=–0.75, p<0.05), RF (r=–0.86, p=0.01) and BF (r=      

–0.84, p=0.01) muscles showed strong inverse associations with the first peak in joint load 

during walking. Moderate correlation coefficients (–0.5 ≥ r > –0.7) were not statistically 

significant. Table 17 summarizes the Pearson correlation coefficients of muscle attenuation 

and peak tibio-femoral forces for each ADL. The inverse relation between muscle attenuation 

and knee joint contact forces recorded at the first peak of walking is visualized in Figure 24b. 
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The intramuscular fat ratio contributed significantly to increased knee joint loads (Table 

18). There was a strong significant correlation of the intramuscular fat ratio of the hamstring 

group (r=0.77, p<0.05), and the VL (r=0.75, p<0.05) and BF (r=0.87, p=0.01) with increased 

knee joint loads at the first peak of level walking. Increased knee joint loads at the second 

peak of level walking correlated significantly with the intramuscular fat ratio of the VI muscle 

(r=0.71, p=0.05). There was a moderate, but nonsignificant association of the intramuscular 

fat ratio of the RF muscle and peak knee joint loads during level walking and the activity of 

sit-to-stand (r=0.63 and r=0.52, p>0.05, respectively). The Pearson correlation coefficients of 

intramuscular fat ratio of individual periarticular muscles and the knee joint loads are reported 

in Table 18. Figure 24a displays the positive trend between the intramuscular fat ratio of the 

muscle groups and increased knee joint contact forces during gait. 

 
The lean muscle CSA of the ST (r=0.85, p=0.01) was positively associated with the mean 

peak tibio-femoral contact forces at the second peak of level walking. This corresponded to 

the correlations of knee joint load with distal volume (Table 15) and total muscle CSA (Table 

16). The lean CSA of the pes anserinus muscle group (r=0.73, p=0.04) showed a significant 

positive correlation with the average peak knee joint loads at the second peak of stair descent. 

This positive correlation during stair descent of lean muscle CSA and the knee joint contact 

force was mainly determined by the SR muscle (r=0.71, p=0.05). The lean CSA of all other 

periarticular muscles did not significantly affect the peak knee joint contact forces during the 

ADLs. The Pearson correlation data for lean muscle CSA are summarized in Table 19. 
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The intramuscular fat CSA of the VI muscle showed a significant positive correlation with 

increased peak knee joint loads during the late stance phase of level walking (r=0.72, p<0.05). 

The CSA of the quadriceps (r=0.51) and hamstrings (r=0.56) muscles had a moderate effect 

on the average peak knee joint load in early stance of level walking that was not statistically 

significant. Statistical trends that did not reach significance were determined for the muscular 

fat CSA of the BF at the first load peak of walking (r=0.57), stair ascent (r=0.54) and descent 

(r=0.55). Table 20 shows the correlations of intramuscular fat CSA with peak joint loads. 
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3.5.2 Association between muscle status and EMG parameters 
The relationship between muscle status and EMG activity revealed that a fatty infiltration of 

the VL contributed to muscle impairments during dynamic ADLs. The CSA of intramuscular 

fat of the VL muscle was significantly correlated with a reduction in the peak activity levels 

during stair descent (r=–0.95, p <0.01). This significant negative correlation of the VL muscle 

during stair descent, was also apparent for the parameter of intramuscular fat ratio (r=–0.92, 

p<0.01). The intramuscular fat ratio of the VL muscle was, moreover, negatively associated 

with peak activity levels during the stand-to-sit exercise (r=–0.81, p=0.05). No statistical 

association was determined between the magnitude of muscle activation of the periarticular 

muscles and the parameters of distal muscle volume and total or lean CSA. The computed 

Pearson correlation coefficients are shown for each muscle and activity in Table 21. 
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The fatty infiltration of VL muscle correlated with a shorter EMD between the onset of 

muscle activity and the onset of in vivo knee joint contact forces during stair ascent. This 

negative relationship was significant for the ratio (r=–0.83, p<0.05) and CSA (r=–0.85, 

p<0.05) of intramuscular fat of the VL muscle. The total (r=–0.85, p<0.05) and lean muscle 

CSA (r=–0.86, p<0.05) of the HM muscle were significantly associated with a shorter EMD 

duration during stair descent. There was a positive association between EMD and the HM 

muscle CSA during OLS (r=0.82, p=0.05), which resulted from the long mean EMD of 

105.5±116.9 ms involved in maintaining postural balance (Table 14). The status of the other 

investigated muscles did not have a significant impact upon the average EMD duration. Table 

22 gives an overview over the correlations between the mean EMD during the different ADLs 

and the postoperative status of the periarticular musculature.  
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3.6 Associations between EMG and joint load 
The interrelationship between muscle activation, EMD and in vivo knee joint contact forces 

during the dynamic ADLs is displayed as a 3D scatter plot in Figure 25. In general, higher 

periarticular muscle activity levels (Table 23) and concomitantly shorter EMD times (Table 

24, 25) were associated with increased in vivo knee joint loads during functional activities.  

 

3.6.1 Association between muscle activity and in vivo joint loads  
Muscular activity of the VM showed a very strong positive correlation (r=0.94, p=0.01) with 

the average peak knee joint loads in the early stance phase of level walking (Figure 17a). The 

peak loads during late stance phase of level walking were primarily affected by the activity of 

the gastrocnemius (Figure 17c-d). The Pearson correlation coefficients were high for the GM  

(r=0.77, p=0.07) and moderate for the GL (r=0.69, p=0.13) muscle, albeit insignificant. In line 

with the patient-specific EMG profiles of Figure 18c, the activity of the GM showed a strong 

significant association with the average peak joint loads at the second peak of stair ascent 

(r=0.87, p<0.05). The results of the Pearson correlation analysis of the individual muscle 

activity and average peak tibio-femoral joint loads are shown in Table 23 and Figure 25. 

 
3.6.2 Association between muscle activity and EMD  
An inverse association between muscle activity and EMD was determined, in which the EMD 

shortened when muscle activity levels increased (Table 24). The increased activity levels of 

the GL muscle during the late stance phase of stair ascent (Figure 18d) correlated significantly 

with a shorter EMD (r=–0.83, p<0.05). The magnitude of HM activity was likewise inversely 

correlated with the EMD (r=–0.85, p<0.05) during stair ascent. The strongest association was 

determined for the activity of the GM muscle (r=–0.98, p<0.01) during the static task of OLS.  
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3.6.3 Association between EMD and in vivo joint loads 
The EMD was inversely correlated with the average peak knee joint loads at the second peak 

of level walking in response to the activation of the VM muscle (r=–0.84, p<0.05). The load 

magnitude of the second peak of level walking significantly correlated with a shorter EMD 

between HL activation and joint load (r=–0.81, p<0.05). A shortened EMD from GM muscle 

activation tended to affect the knee joint loads during OLS (r=–0.79, p=0.06), but did not 

reach statistical significance. The strongest negative correlation between the duration of EMD 

and the average knee joint contact forces was obtained for the GL muscle during the stand-to-

sit activity (r=–0.9, p<0.05). The correlation data between EMD and the average peak tibio-

femoral joint loads are summarized in Table 25 and Figure 25. 

 



 62 

 



 63 

4 Discussion 
 
The determinants of periarticular muscle status, EMG activation pattern and mechanical knee 

joint load have received increasing attention in recent years with respect to the surgical 

outcome of TKA. The present thesis is, according to the current state of knowledge, the first 

to analyze both the nature and interrelationship of these determinants in the long-term follow-

up of TKA. In vivo knee joint loads measured during different dynamic activities were 

correlated with synchronized EMG recordings and quantitative CT measures of muscle status. 

High EMG activity and impairments in periarticular muscle status in terms of fatty infiltration 

were associated with increased knee joint loadings in the postoperative course of TKA.  

 

4.1 In vivo knee joint loadings  
The tibio-femoral joint loadings were measured in vivo in the tibial implant component (89) 

across a broad spectrum of functional ADLs. In general, the knee joint loads considerably 

exceeded patient body weight during the ADLs and showed high inter-individual differences 

in relation to the involved movement patterns. The data of this investigation complement the 

load estimations of previous studies using instrumented knee implants (131-136) or 

musculoskeletal modelling techniques (77, 83, 137). Differences in peak load value between 

published studies originated from differences in the methodology, surgical follow-up time and 

activity under investigation (138).  

 

The knee joint loads during walking showed a double-peak pattern, whereby the first peak of 

Fres approximately coincided with the CTO and the second peak with the CHS. The average 

peak contact force values (mean 2.67 BW) during level walking are consistent with previous 

in vivo studies, which reported loads between 2.3 to 2.8 BW in one to six subjects (131-136). 

The mean peak loads were marginally higher (+2.2%) than those determined previously by 

Kutzner et al. (134) in five patients of the same patient cohort. The measurements by Kutzner 

et al. were performed at an earlier postoperative time point compared to the present 

investigations (13.2±5.9 months versus 26±14.7 months), which could have been the reason 

for these small differences. In agreement with the present results, Bergmann et al. (135) 

observed slight increases in the in vivo knee joint loadings by +0.5% to +11% during most 

ADLs at later postoperative time points (15.8±6 months and 24.3±10.7 months), as compared 

to the previous measurements by Kutzner et al. (134). D’Lima et al. (133), who measured the 

axial tibial forces during level walking over the course of one year after TKA, likewise 

reported an increase in the peak force over time.  
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The highest tibio-femoral contact forces were measured during stair descent with maximum 

mean values of 3.41 BW during single limb loading. The mean peak tibio-femoral loads 

during stair climbing are in accord with previous in vivo reports in the range of 3.0 to 3.52 

BW, as measured by instrumented implants in one to six patients (131-136). The increased 

knee joint loads during stair climbing, compared with level walking, have been attributed to 

the more challenging tibio-femoral contact mechanics at greater knee flexion angles (83-85, 

139). Taylor et al. (83) determined higher average peak resultant knee contact forces of 5.4 

BW with maximum values of up to 6.2 BW during stair climbing, using a musculoskeletal 

lower limb model in total hip arthroplasty patients. There are several possible explanations for 

this difference in peak load magnitude, compared with the present data. Previous studies have 

shown that gait modifications due to hip abductor weakness and lower ROMs after total hip 

replacement, can alter the load distribution within the lower limb joints (74). Taylor et al. thus 

showed that the peak tibio-femoral loads considerably exceeded those of the artificial hip 

joint by 116% during stair climbing. The adoption of inter-joint coordination strategies might 

be a potential target for rehabilitation care to redistribute loads and minimize implant stresses 

after total joint arthroplasty (74). Another possible explanation is that the present in vivo load 

data were measured by PS implants. PS TKA has been related to a slight anterior femoral 

sliding and lower external knee flexion moment at foot strike during stair climbing (140). The 

mechanics of post-cam engagement at low knee flexion angles may explain the lower contact 

forces when compared to those of the normal knee, as previously shown in vitro (139, 140).  

 

The activities of sit-to-stand and stand-to-sit, during which the body weight was borne by 

both legs, showed slightly lower tibio-femoral joint loads, as compared to the single-limb task 

of OLS. Prior studies using instrumented implants to measure the in vivo loads during 

different ADLs, likewise reported that the lowest peak loads in the knee (134) and hip (141) 

joint occurred during stand-to-sit activities. The average peak tibio-femoral loads measured 

by Kutzner et al. (134) in five patients during stand-to-sit, sit-to-stand and OLS at 13 months 

after TKA were lower than the present data obtained about 26 months postoperatively (2.3 

BW, 2.5 BW, 2.6 BW versus 2.6 BW, 2.8 BW, 2.9 BW, respectively). Consistent with the 

present results, Kutzner et al. determined higher inter-individual differences in peak joint load 

during knee bending activities, as compared to OLS. They suggested that contact forces at 

high knee flexion angles were mainly transferred in the lateral knee compartment, whereas 

adduction moments caused a rather medial force transfer during OLS. This could explain the 

relatively high compensatory activity of the lateral knee musculature during OLS (Figure 16).  
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4.2 Muscle atrophy and fatty infiltration 
The long-term changes in muscle status with regard to muscle atrophy and fatty infiltration 

were assessed using CT imaging. The mean distal quadriceps volume showed a decrease by    

-9.6±5.7% in the postoperative course, which was not reflected by the CSA measurements. 

The greatest absolute change in distal quadriceps volume occurred in the VM muscle. This 

finding supports the hypothesis that the VM may be predominantly affected by postoperative 

impairments, as its anatomical insertion at the superomedial patella poses an increased risk for 

intraoperative muscle damage during the TKA procedure. The observed reduction in distal 

quadriceps volume after TKA is of comparable magnitude to the postoperative change in 

quadriceps muscle size reported in the literature (42, 142, 143). Mizner et al. (42) identified a 

decrease in the maximal anatomical CSA of the quadriceps by 10% within the early 

postoperative period following TKA via the MPP approach. In a study which set out to 

determine the effects of standard rehabilitation on muscle CSA after THA, Suetta et al. (142) 

found that the quadriceps anatomical CSA decreased by 13% at a follow-up of five weeks and 

remained below 9% of the initial CSA values after 12 weeks. This could explain remnant 

changes in quadriceps CSA after total joint replacement. Walls et al. (143), who determined a 

reduction in mid-thigh anatomical CSA of the quadriceps of 12% at 12 weeks after TKA, 

suggested that neuromuscular electrical stimulation (NMES) prehabilitation can limit 

postoperative quadriceps atrophy. This pilot study reported that muscle CSA at the mid-thigh 

level decreased by only 4% following preoperative NMES and was accompanied by an 

enhanced recovery of muscle strength and physical function. More research is required to 

determine the long-term clinical efficacy of NMES interventions to improve muscle status 

and motor function after surgery. The possible interference of aging-induced changes in 

muscle CSA cannot be ruled out when analyzing the long-term effect of TKA on muscle 

status. A 12-year longitudinal study by Frontera et al. (144) thus reported that healthy aging 

was related to an overall decrease in total mid-thigh muscle CSA by 14.7%, whereby the 

quadriceps muscle was more susceptible to change than the knee flexors. Akagi et al. (145), 

who investigated muscle strength declines with aging, established muscle volume as a more 

reliable predictor of the muscle force-generating capacity than the anatomical CSA. It has 

been shown that the anatomical CSA tends to underestimate muscle atrophy, as nonuniform 

volume changes are not covered along the longitudinal muscle axis (146). This might explain 

the more pronounced postoperative change in distal volume of the quadriceps muscle when 

compared with the measurements of anatomical muscle CSA.  
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An unanticipated finding was that the extent of fatty infiltration of all periarticular muscle 

groups was significantly decreased compared with preoperative values. However, previous 

studies have shown that the pathologic process of knee OA can induce the fatty replacement 

of muscle tissue (147, 148). Kumar et al. (147) reported, accordingly, that knee OA patients 

had higher proportions of quadriceps intramuscular fat than healthy age-matched controls, 

along with a decline in quadriceps torque and knee function. In an investigation into the 

progression of quadriceps recovery after TKA, Mizner et al. (113) found that such 

impairments in quadriceps strength and knee function can significantly improve within six 

months postoperatively. They showed that quadriceps strength starts to recover after an initial 

decline one month after TKA. The recovery of muscle strength and physical function has 

been formerly related to a decrease in intramuscular fat of the thigh musculature (149-151). 

Taaffe et al. (149) examined the effects of retraining on thigh muscle fatty infiltration and 

strength after a prolonged period of detraining of 24 weeks. They showed that muscle quality 

and strength of both the quadriceps and hamstring muscles increased after a 12-week 

retraining intervention. Regarding adiposity and deconditioning as important risk factors for 

the accumulation of intramuscular fat, Ryan et al. (150) investigated the impact of these 

factors on mid-thigh muscle quality. They found that weight loss and low-intensity walking 

activity contributed to a reduced fatty infiltration of the mid-thigh muscles and a better lipid 

and glucose metabolic profile. Goodpaster et al. (151) reported, moreover, that modest 

physical activity can even prevent the aging-associated fatty infiltration of the mid-thigh 

musculature, but has a reduced effect on changes in muscle CSA. The present results are thus 

consistent with those of previous studies indicating that muscle fatty infiltration is, to a certain 

extent, amenable to recovery with moderate activity.   

 

A key finding is that the overall reduction in intramuscular fat ratio was less pronounced for 

the quadriceps, compared to the hamstring muscles (-2.8±2.9%CSA versus -4.1±3.2%CSA; 

p<0.05). The VM and RF muscles, in particular, showed a relatively modest improvement in 

muscular fat ratio. This seems to confirm the findings of Meier et al. (13) that the standard 

MPP approach with incision of the extensor mechanism can lead to residual damage of the 

quadriceps musculature. They highlighted that quadriceps strength deficits in the first month 

after TKA may improve by 10% to 20% in the postoperative course of 12 months, but rarely 

attain the strength levels of healthy controls of the same age or those of the contralateral non-

operated leg. A study on revision THA by von Roth et al. (53) showed that the distribution 

and degree of muscular fatty infiltration are related to the extent of damage induced via the 
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surgical approach. They found that fatty infiltration of the gluteus medius increased after 

multiple revision THAs and was limited to the anterior and central muscle parts affected by 

the direct lateral approach. The present results did not reveal significant intramuscular 

differences in fatty infiltration of the quadriceps between the detached VM and lateral muscle 

portions. However, soft tissue trauma related to the MPP approach could explain the overall 

lower decrease in fatty infiltration of the affected quadriceps compared to the hamstrings. 

Silva et al. (75) reported remnant isometric strength deficits of the quadriceps relative to the 

hamstrings up to three years after TKA, as indicated by a higher H:Q ratio. Imbalances in H:Q 

co-contraction ratios have been shown to increase the external knee abduction loads (152). 

While indicating the regenerative capacity of the periarticular musculature, the results support 

the general notion that relative quadriceps impairments may persist after TKA. Quadriceps-to-

hamstring muscle imbalances could be addressed by “eccentrically-biased” rehabilitation 

strategies in the early postoperative period to improve quadriceps function (153). 

 

4.3 EMG activity  
In the present thesis both the relative intensity and timing of muscle activation of the 

quadriceps, hamstrings and gastrocnemius muscles were determined during multiple ADLs. 

EMG can be used for the objective evaluation of coordination and allows conclusions on the 

functional status of periarticular muscles (107). Coordination seems to be an equally decisive 

component of muscle function as is muscle strength. To the current state of knowledge this is 

the first analysis of directly synchronized measurements of EMG activity and in vivo knee 

joint loadings during dynamic activities. The synchronized recordings revealed distinct 

patterns of muscle recruitment during the respective load cycles of the investigated ADLs. 

The differential onset and peak of muscle activity during the movement tasks affected the 

maximal loading response of the tibio-femoral joint.  

 

Level walking showed consistent muscle activation patterns during the gait cycle over all 

subjects. Peak activation of the knee extensors in the first 33% of the gait cycle accounted for 

the first peak of the in vivo tibio-femoral loads, while the gastrocnemius contributed mostly to 

the second peak. The determined EMG-force patterns are in agreement with previous research 

on the activation and load contributions of individual muscles during walking. Anderson and 

Pandy (154) showed that the vertical GRF, as determined by a dynamic optimization solution, 

reached a maximum at approximately 38% of the gait cycle when the knee reached its peak 

extension. They identified that the event of foot-flat at about 10% of the gait cycle marked the 
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transition from initial joint support by the hamstrings and dorsiflexors to activation of the 

knee extensors. Consistent with these findings, HM and HL activation of the present analysis 

occurred at the time of weight acceptance (23% of the gait cycle), prior to the activation of the 

knee extensors. In line with the present results, Shelburne et al. (77) showed that the knee 

adduction moment during walking was mostly balanced by the quadriceps and gastrocnemius, 

which generated the tibio-femoral forces at the time of the CTO and CHS, respectively. The 

three-dimensional model of the lower limb used by Shelburne et al. showed slightly higher 

peak values at the CTO compared to the present in vivo data (2.7 BW or 2015 N versus 2.16 

BW or 1904 N). The role of the gastrocnemius of providing knee joint support and initiating 

swing during gait was highlighted previously by Neptune et al. (155). They showed that 

isometric contractions during mid-stance provide vertical stability by decelerating the forward 

translation of the trunk, while most power was generated by concentric contractions during 

pre-swing. This is reflected by the present averaged EMG profiles (Figure 17c-d) of the GM 

and GL that showed a minor peak in activation during single leg stance and achieved a 

maximum at push-off. In line with previous reports by Winter et al (156), increases in 

hamstring activity were observed during the late swing to counter limb advancement. 

Differential hamstring activity showed higher amplitudes of the HL, supporting prior concepts 

of medial compartment off-loading (74, 82). 

 

The EMG signals during stair ascent showed a similar pattern to that of level walking but 

were marked by a higher magnitude in knee extensor and plantarflexor activation values. It 

has been previously suggested that increased muscle activity and limb loading during the 

strenuous exercise of stair climbing result from the relatively higher knee flexion angles. 

Costigan et al. (84) thus demonstrated that peak contact forces during level walking occurred 

at a knee flexion angle of 20°, as compared to 60° during stair ascent. This resulted in higher 

contact stresses due to the limited articulating surface area and a twofold increase by 0.65 

Nm/kg in the knee flexion moment. Costigan et al. argued that knee extensor activation is 

required to counter the initial knee flexion moment within the first 20% of the stride cycle. 

The present EMG recordings support this finding, as the VM and VL muscles dominated the 

early loading response after foot contact at 18 to 30% of the cycle. McFayden and Winter 

(157) likewise identified concentric knee extensor contractions during “pull-up” at 32% of the 

stride cycle that generated power for elevation of the body. In line with the present EMG data 

(Figure 18c-d), McFayden and Winter reported an onset of gastrocnemius activity prior to 

swing initiation and a slight increase in eccentric or isometric contractions of the knee 
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extensors during late stance. The latter was deemed necessary to maintain postural stability 

while the plantarflexors controlled push-off before the transition to the next step. 

 

Stair descent showed a burst in GM and GL activity during weight acceptance, as all patients 

made step contact with the forefoot and the ankle in plantarflexion. This was followed by the 

activation of the VM and VL, which dominated the tibio-femoral contact forces during late 

stance. Prior studies have reported similar patterns of plantarflexor and quadriceps activity, 

controlling energy absorption at the ankle and knee (157, 158). Large knee extensor moments 

have been accordingly identified during late stance as a function of staircase inclination (158). 

Although the highest tibio-femoral loads were recorded during stair descent, the peak values 

of muscle activity were surprisingly lower during stair descent, as compared to stair ascent. 

This apparent discrepancy has been identified by several studies and was explained by 

differences in the kinematics and type of muscle contraction of both stair climbing directions 

(157-159). It has been suggested that stair descent showed less deviation of the body center of 

mass from center of foot contact (74), as well as lower knee and trunk flexion angles (159). 

McFayden and Winter (157) proposed that energy is produced by concentric contractions 

during stair ascent and is rather absorbed by eccentric contractions during stair descent. The 

present results thus confirm the general contention that relatively lower energy expenditures 

(160) but greater loading responses (134, 135) are involved in the deceleration of the body 

and impact absorption during stair descent. 

 

The EMG and movement patterns during sit-to-stand and OLS activities have previously been 

used as proxy measures for functional recovery and postural control following rehabilitation 

(161, 162). The recorded EMG patterns during the sit-to-stand task resembled those of 

healthy subjects reported in the literature (163, 164). The VM and VL dominated early motion 

at lift-off from the chair just prior to the peak knee joint load, while the hamstrings sustained 

leg and trunk extension. Millington et al. (164) showed, accordingly, that the upward lifting 

motion at 27-36% of the activity cycle was mainly controlled by concentric quadriceps 

contractions, followed by the eccentric activity of the BF and gluteus maximus. These EMG 

patterns were obtained from healthy adults of comparable age to the present patient cohort 

(69±3 years versus 69±5.3 years). The potential to restore functional muscle activation 

patterns after TKA has been exemplified by previous studies (161, 162), which could explain 

the present finding of comparably normal postoperative EMG patterns. It has been reported 

that asymmetries in muscle activation and limb loading due to ipsilateral muscle weakness 
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can be largely restored within one year after TKA (161, 162). Single-leg balance during OLS 

was shown to recover in the course of one year after physical therapy, albeit at a slower pace 

than improvements in thigh muscle strength (165). Physical therapy approaches that target 

muscle activation deficits at an early stage and incorporate biofeedback, NMES or balance 

training might accelerate the functional recovery after TKA (112, 143, 165).  

 

One aim of this thesis was to investigate the time lag between lower limb muscle activation 

and the mechanical loading response at the knee joint using a cross-correlation technique. The 

present data quantify for the first time the temporal relation of EMG activity and the initiation 

of in vivo knee joint contact forces during dynamic ADLs. The determined values of EMD 

(Tables 9-14) were largely within the typical range of 30-100ms reported in the literature 

(114-120). Direct comparisons are, however, only possible to a certain extent, as different 

methods and endpoints have been used to define EMD. Similar to the present analysis, Vos et 

al. (115) applied a cross-correlation method and determined a mean delay of 86 ±5.1 ms until 

submaximal isometric contractions of the VL muscle were observed. This contraction delay 

was higher than the present average EMD between VL activation and the onset of tibio-

femoral contact forces during ADLs (range: 30 to 73 ms). The observed difference between 

the measurements may partly be related to disparities in the types of muscle contraction and 

coordination patterns. Cavanagh et al. (114) showed that eccentric contractions precipitate the 

rate of muscle force development and exhibit shorter EMD values than isometric or 

concentric contractions. They considered such shorter EMD values to be more pronounced in 

case of antecedent counter movements, during which the muscle is stretched before 

concentrically contracting. In this regard, Cavanagh et al. predicted that the activation of 

elbow flexors leads to shorter EMD values of less than 50 ms during rapid extension, as 

compared to those during rapid flexion of over 55 ms. As the present data were measured 

during natural locomotion, the EMD values were most certainly influenced by reciprocal 

agonist-antagonist muscle actions.  

 

In line with the findings by Cavanagh et al. (114), EMD following the activation of the vastus 

muscles was shorter during their eccentric action during stair descent than under concentric 

work in stair ascent (157, 158). The mean duration of EMD was shorter during more rapid 

movement sequences, such as stair climbing, and longest during the static exercise of OLS. 

This finding is consistent with prior considerations on muscle force-velocity relationships 

reported in the literature. Bell et al. (118) thus determined that a shorter EMD is associated 
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with increases in the rate of force development and maximal voluntary contraction force. 

Increased movement velocities during eccentric contractions of the brachial biceps muscle 

were correlated with a shorter EMD, as reported by Norman and Komi (166). Winter et al. 

(117), who defined the endpoint of EMD as movement, found an average latency of 38±1.7 

ms from activation of the soleus muscle to the movement of the heel. They proposed that this 

delay between EMG and the onset of movement, can be further subdivided into the interval 

from muscle activation to the development of muscle tension (i.e. force time) and from the 

generation of muscle tension to movement (i.e. elastic charge time). The present EMD data 

suggest that this sub-classification of Winter et al. may be complemented by an additional 

time interval that refers to the transmission of joint loads and could be termed joint load time. 

Further studies, that take these variables into account, are required to develop a 

comprehensive picture of the underlying mechanisms and time-relationships of EMD during 

dynamic movement.  

 
An interesting finding is that the VM was activated prior to the VL muscle during gait and 

stair climbing and thus had a comparatively longer EMD time. Chester et al. (61) reviewed 

that aberrant timing patterns of the oblique VM and VL muscles during dynamic activities, 

such as stair climbing, are related to the incidence of anterior knee pain. In specific, this meta-

analysis determined the slowed recruitment of the oblique VM, compared to the VL, as a 

predisposing factor for anterior knee pain. In line with the present results, Cowan et al. (167) 

found that the coordinated timing, in which VM EMG onset precedes the VL, can be restored 

by rehabilitation strategies that retrain VM motor control. Berth et al. (112) likewise showed 

that deficits in quadriceps voluntary activation and contraction force are partly reversible 

within three years after TKA. Besides, it has been suggested that voluntary activation deficits 

after TKA have a greater effect on quadriceps strength than atrophic changes in muscle status 

(42). This might explain more pronounced improvements in VM and VL muscle activation 

after successful TKA, as compared to measurements in muscle atrophy. In general, the 

present results of VM-VL activation patterns concur with those on muscle status that indicate 

the regenerative potential of the periarticular musculature after TKA. 
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4.4 Interrelationship between muscle status, EMG and joint load 
 
4.4.1 Associations with periarticular muscle status 
This thesis aimed to examine the association of the status of the periarticular musculature with 

in vivo knee joint loads and EMG activities during functional activities. The underlying 

hypothesis that impairments in muscle status affect the internal loads of the knee joint was 

generally supported by the present results. Fatty muscle infiltration contributed to increased 

knee joint loadings after TKA, whereas changes in muscle size had only minor effects.   

 
An important clinically relevant finding was that an increased intramuscular fat content of the 

vastus and hamstring muscles contributed to higher peak knee joint loadings during gait. This 

outcome supports previous research on the etiology of knee OA that linked the intramuscular 

fat content of the quadriceps musculature to higher grades of clinical and radiographic knee 

OA (147, 148). The results are further in accordance with those of Damm et al. (141), 

showing a correlation between the fat content of the hip abductor muscles and increased hip 

joint loads during level walking at three months after THA. Marcus et al. (62) determined that 

quadriceps muscle fatty infiltration has a relatively stronger impact than lean thigh muscle 

tissue on the mobility performance in older adults. This could explain the subordinate effect 

of lean thigh muscle tissue on the magnitude of the average peak tibio-femoral joint loads.  

 

Drawing on the measurements of muscle CSA, only the size of the ST muscle was correlated 

significantly with the average peak knee joint loads during level walking. This result supports 

previous research results on ACL reconstruction with hamstring autografts (168), that showed 

reduced medial knee compartment loads during gait after ST and GR tendon harvest. Based 

on the present results, it can be assumed that this reported decrease in medial joint load after 

ACL reconstruction could be largely attributed to harvest-induced reductions in ST muscle 

CSA (169). The overall limited correlation of joint load and muscle CSA reflects the 

prevailing view in the literature that muscle quality might have a greater impact on physical 

function than mass alone (101, 102, 147). Kumar et al. (147) found that intramuscular fat, 

rather than muscle CSA, contributed to muscle weakness, radiographic disease severity and 

physical disability in knee OA patients. They found that quadriceps strength deficits were 

related to a higher degree of intramuscular fat and remained unaffected by changes in lean 

muscle CSA. The review by Mitchell et al. (170) showed that age-related declines in muscle 

strength by far outpace the loss of muscle mass and have more adverse effects on physical 

function in older age. Goodpaster et al. (171) found that rises in muscle mass alone cannot 
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prevent strength declines with age. In agreement with these previous research findings, fatty 

infiltration could thus represent an independent risk factor for increased tibio-femoral joint 

loadings after TKA.  

 

The correlation analysis of periarticular muscle status and EMG signal patterns indicated that 

quadriceps muscle fat infiltration contributed to reduced levels of muscle activation. Muscular 

atrophy and voluntary activation deficits have been previously shown to account up to 85% 

for the decrease in muscle strength within the first month after TKA (42). Taaffe et al. (149) 

determined that reductions in thigh muscle strength due to declining rates of physical activity 

occur in parallel to muscle fatty infiltration. Stevens et al. (110) found a strong association 

between quadriceps weakness and voluntary activation deficits after TKA. It seems possible 

that the present results may partly be explained by the process of AMI, whereby neural 

inhibition after TKA may induce long-term muscle atrophy and weakness (109).  

 

A strong correlation was determined between fatty infiltration of the VL and impairments in 

muscle activity during stair climbing and stand-to-sit activities. Increased antagonistic muscle 

activity and pretension of soft tissues at the lateral aspect of the knee were shown to be 

relevant for counteracting the external knee adduction moment (82). External knee adduction 

moments are generally considered a surrogate measure for contact forces in the medial knee 

compartment (172) and have been related to the onset and progression of knee OA (173). 

Hubley-Kozey et al. (111) determined that knee OA patients show neuromuscular alterations 

in terms of an increased lateral muscle activity in an attempt to reduce medial contact stresses. 

According to Schipplein and Andriacchi (82) lateral soft tissues at the knee contribute to 

dynamic joint stability by producing compressive forces that resist lateral joint opening and 

off-load the medial compartment. Hence, the present results suggest that fatty infiltration and 

related changes in muscle activity of the VL may impair the protective function of the lateral 

musculature to counteract medial adduction moments and maintain joint stability. 

 
Furthermore, a high degree of fatty infiltration of the VL muscle correlated with a short delay 

between the change in EMG activity and tibio-femoral loading during stair ascent. This result 

is likely related to the finding of D’Lima et al. (132) that soft tissues absorb most of the 

anterior shear forces at the knee joint during stair climbing. The non-contractile tissue of 

intramuscular fat is considered to increase a muscle’s stiffness, which may impair its ability to 

generate forces and absorb energy of impact loads (97). Early work on muscular force 

transmission of Tidball et al. (174), showed that muscle disuse atrophy can increase the 
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stresses at the myotendinous junction during loading. Increases in musculo-tendinous stiffness 

and changes in tissue elasticity, have been previously related to shorter EMD times (120). In 

this regard, the stiff mechanical properties of intramuscular fat, may explain, to some extent, 

the short EMD observed in relation to the fatty infiltration of the periarticular musculature. 

 
4.4.2 Associations between EMG and joint load 
The present thesis aimed to evaluate the association between muscle activation patterns and in 

vivo tibio-femoral joint contact forces during dynamic activities. The current data support the 

hypothesis that the loads transferred at the knee joint respond to the unique action of the 

periarticular musculature. The activation onset and amplitude of the EMG signals modulated 

peak contact force values. Muscle activation characteristics thus explained, at least in part, the 

considerable inter-individual variations in knee joint loads observed during the various ADLs.  

 

The tibio-femoral forces were sensitive to the activation of the VM at the CTO (i.e. first peak 

force) during level walking. The relationship between in vivo knee joint loads and VM muscle 

activity levels supports earlier simulation results of Sasaki et al. (137). They determined that 

the vastus muscles account for the first peak of axial knee joint forces at approximately 15% 

of the gait cycle. The tibio-femoral contact forces predicted in this model were slightly higher 

than those of the present in vivo data (2.8 BW or 2100 N versus 2.16 BW or 1904 N). Based 

on a post-hoc simulation, Sasaki et al. found that peak tibio-femoral joint forces can be 

reduced by the adoption of quadriceps avoidance gait patterns that require lower knee 

extensor torques. Anderson and Pandy (154) computed, accordingly, that muscles contribute 

50 to 95% to the vertical GRF using a dynamic optimization model of gait. Skeletal structures 

and the muscles of the contralateral limb thereby had a subordinate load effect on the GRF of 

20-50% and 15%, respectively. Kutzner et al. (134) likewise determined that muscle induced 

forces can add additional 60% BW to the tibio-femoral load of 44% BW that are needed for 

postural support during two-legged stance. In accord with prior investigations, the present 

findings thus indicate a modulation of joint loads in response to differential muscle activation.  

 

The results showed a strong significant correlation of GM muscle activity and in vivo knee 

joint loads at the second peak of stair ascent and a trend for the second peak of walking. 

These results are in line with a recent study by Trepczynski et al. (175), who applied 

musculoskeletal modelling techniques to determine the effect of antagonistic muscle co-

contraction on joint contact forces. The study found that co-contractions of the gastrocnemius 
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and quadriceps muscles increase the peak tibio-femoral joint contact forces by up to 66% in 

stair ascent and up to 56% in the terminal stance phase of level walking. This equated to an 

additional joint load of up to 100 %BW. The constrained model used by Trepczynski et al. to 

quantify the extent of muscle co-contraction was based on in vivo joint load data, which were 

obtained from the same patient cohort as the one included in the present investigations. The 

finding that peak knee joint loads during the late stance of level walking are responsive to the 

activation of the gastrocnemius are further consistent with data obtained by DeMers et al. 

(176). They analyzed tibio-femoral forces using a musculoskeletal model-based approach in 

relation to muscle coordination strategies during gait. In their simulations tibio-femoral joint 

loads during late stance were sensitive to increased gastrocnemius, RF and BF co-activation 

and could be decreased by compensatory activation of the gluteus medius and soleus. Sasaki 

et al. (137) likewise showed that co-contractions of muscles that do not span the knee, such as 

the gluteus maximus or soleus, can decrease peak tibio-femoral forces during late stance. The 

in vivo data obtained in the present thesis thus support previous model-based findings that gait 

patterns, which involve reduced gastrocnemius activity, can contribute to reduced knee joint 

loads. Further research is required to determine how far strengthening of the hip musculature 

can reduce the in vivo loads acting in the knee joint following TKA.  

 

The rate of force transmission to the tibio-femoral joint, in terms of EMD, was found to 

accelerate when muscle activation levels increased. Hence, a short EMD was related to a 

greater muscle activation of the hamstrings and plantar flexors during stair climbing. This 

finding supports the notion of Banks et al. (58) that a high hamstring activity and reduced 

intrinsic knee stability may contribute to a lower efficiency of the extensor mechanism at 

higher muscular loads. This inference was based on the differences in intrinsic constraint that 

Banks et al. determined between various implant designs during stair climbing. They found a 

medial shift in the center of rotation of PS implants with high knee flexion, which might have 

implications on the medial compartment load (173). MacWilliams et al. (177) likewise 

suggested that hamstring co-contractions during weight-bearing knee flexion increase the 

quadriceps loads and compressive forces at the knee joint to sustain a joint equilibrium. The 

present results further support those of Yavuz et al. (178), who showed that increasing levels 

of muscle contraction lead to shorter EMD times, as the muscle stiffens and the tendon is 

stretched more rapidly. Muscle fatigue was, conversely, related to a longer EMD in this study 

due to decreases in fiber stiffness and muscle contractile strength. The association between 

short EMD times and high levels of muscle activation could, besides, be related to the 
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discharge frequency of the MUs. Maffiuletti et al. (179) reviewed that both the magnitude and 

contractile rate of force generation depend on the number and firing rate of activated MUs. 

They found that high-intensity resistance training can induce neuromuscular adaptations that 

increase EMG amplitude and the rate of force development. Heavy resistance exercises could 

thus improve muscle power (180) but might contribute to higher joint loads.  

 

During the activity of OLS a short EMD duration was associated with high activation levels 

of the plantar flexor GM and a trend towards increased knee joint loads. These results are in 

accord with data on ankle stability obtained by Mora et al. (181), who reported a shortened 

time latency in monopedal stance between the activation of the peroneus longus (i.e. plantar 

flexor), and the onset of the GRF. They ascribed this reduction in EMD to the increased leg 

muscle tone and ankle musculotendinous stiffness required to maintain static balance during 

OLS. Gribble and Robinson (182) further highlighted the importance of the ankle joint for 

knee kinematics, showing that chronic ankle instability is associated with reduced knee 

flexion during single-leg jump landing and declines in dynamic stability. Rehabilitation 

programs following TKA should consider balance training, as proposed previously by Piva et 

al. (183), and the functional recovery of the ankle musculature. 

 

The results indicated an inverse association between the magnitude of peak tibio-femoral joint 

loads and the duration of EMD. A shortened EMD following VM and HL muscle activation 

correlated with increased peak tibio-femoral load values in the late stance phase of level 

walking. This is in agreement with the findings of Hubley-Kozey et al. (111), who showed 

that increased quadriceps and hamstring co-activations during stance are related to a higher 

grade of knee OA. Antagonistic co-contractions supposedly maintain muscular balance and 

biomechanical joint stability, but can contribute to increased tibio-femoral loads and joint 

wear (137, 152, 175). Trepczynski et al. (175) quantified, by means of a constrained 

musculoskeletal model, that muscle co-contractions in the late stance phase of level walking 

may increase peak tibio-femoral contact forces by up to 1.0 BW (~ 50%). As determined by 

Bell et al. (118), the maximum forces exerted by muscular contraction are dependent on the 

duration of the EMD. With respect to these previous research results, the present data suggest 

that antagonistic muscle activity may increase the transmission of contact forces at the knee 

joint. Besides, this finding provides some support for the premise that antagonistic muscle co-

contraction patterns should be minimized after TKA and addressed by rehabilitation strategies 

(152, 175). Furthermore, Benedetti et al. (184), who investigated the kinematics and kinetics 
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of gait at two years after TKA, showed that prolonged co-contractions are closely related to a 

postoperative “stiff knee gait pattern”. It has been suggested that such impairments in muscle 

function and mobility bear the potential to be reversed in the postoperative course of four 

years (112, 113, 185). Hence, an early restoration of muscle coordination and on-off timing 

patterns seems decisive to minimize joint loads and improve the long-term outcome of TKA.  

 

4.5 Clinical implications 
The present results provide an insight into muscular properties and in vivo knee joint loadings 

following TKA and are of relevance to implant design, surgical technique and rehabilitation 

programs. High loads acted in the knee implant during dynamic ADL, whereby the highest 

peak values of 3.41 BW occurred during the activity of stair climbing. Implant designs must 

be adjusted in order to maximize patient satisfaction, restoration of joint function and implant 

longevity. A comprehensive cross-sectional study of 1703 patients undergoing primary TKA 

investigated patient satisfaction one year postoperatively during different ADL (186). This 

study showed that patient satisfaction with pain reduction and knee function was lowest for 

the activity of stair climbing, which is associated with increased knee joint loads. Besides 

functional constraints, high knee joint loadings might pose a risk for wear-related 

complications and limited implant survival. Vessely et al. (187), who assessed the survival 

rates of 1000 CR implants, reported that and tibial PE wear accounted for about one third of 

the revision surgeries 14.5 to 17.9 years after primary TKA. In Germany, aseptic loosening 

and implant wear were registered among the most common causes for revision surgery of 

TKA in 2018 with 25.0% and 5.7%, respectively (188). A close monitoring of current and 

novel TKA designs is essential to evaluate and improve implant performance. Hence, national 

joint registries have gained increasing importance in recent years (189) and will most likely 

gain further importance to ensure the long-term clinical success of TKA.    

 

The magnitude of in vivo tibio-femoral joint loads appeared to be affected by the degree of 

fatty infiltration of the joint stabilizing musculature. Although the extent of intramuscular fat 

decreased in the postoperative course, the improvement in muscle status was least pronounced 

for the quadriceps muscle. These findings highlight the importance of minimizing surgical 

trauma during TKA and effectively restoring postoperative muscle function. There is a rising 

interest in MIS approaches for TKA, which avoid violation of the extensor mechanism and 

have been related to an expedited postoperative recovery (38-40, 49). Bonutti et al. (49) 

suggested that the reduced incision length, use of down-sized instruments and avoidance of 
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patellar eversion and joint dislocation during the quadriceps sparing approach can limit soft-

tissue strains. This study showed that MIS TKA can thus reduce postoperative pain, 

rehabilitation requirements and length of hospital stay. Future studies are required to establish 

the long-term effectiveness of MIS TKA with regards to muscle status and function. The 

present results indicate that a reduced fatty infiltration of the periarticular musculature could 

contribute to lower knee joint loadings and thus to a reduced mechanical stress on the implant.  

Muscle activation timing and coordination patterns were found to modulate the average peak 

knee joint loads during the different ADLs. This has implications for rehabilitation, indicating 

that exercise programs should target muscle activation patterns and motor control in addition 

to strength deficits and atrophy. The improvement of voluntary muscle activation and 

recruitment patterns (112, 113) has been previously linked to enhanced postoperative strength 

gains and surgical outcomes. Compensatory training of the hip and ankle musculature may 

support the endeavors to increase postoperative strength and functional ability and yet reduce 

the loads acting in the knee joint (137). Moreover, more attention should be addressed to the 

preoperative optimization of muscle strength and function. Recent studies indicate that 

multimodal prehabilitation before TKA, including functional and strength training, NMES, 

and patient education can improve postoperative recovery (143, 190). As rehabilitation 

practices and standards differ widely among clinical institutions, there is a need for a 

consensus on evidence-based rehabilitation guidelines (191).  

 

4.6 Limitations 
There are limitations that must be considered when interpreting the present results. First, only 

a small number of patients were included for evaluation. This may have limited the ability to 

determine statistical significance in some of the correlation analyses. Nonetheless, the present 

patient cohort is the largest worldwide with instrumented implants that allow for synchronized 

measurements of in vivo knee joint loads and surface EMG. Second, the retrospective design 

limited the amount of CT slices available per patient. Standardized segmentation of individual 

muscles could be only performed at the distal thigh of the operated leg. The analyzed muscle 

region corresponded, however, to the distal segment of the thigh that was considered to be 

most affected by the MPP arthrotomy. Besides, this investigation provides a framework for 

the exploration of muscle status that could be transferred to the entire span of individual 

muscles and the contralateral leg in future studies. By definition, the contralateral leg should 

not be regarded as the healthy comparator to the operated leg though, as McMahon et al. 

(192) determined that nearly 40% of the patients progress to contralateral TKA within 10 



 79 

years after unilateral knee replacement. The patients included in the present thesis had no 

contralateral symptoms at the time of investigation that could have influenced the outcome 

measurements. Third, possible inaccuracies in the measurements that deal with the timing and 

delay of muscular and loading events may arise from the delay inherent in the different 

measurement systems. Standardized and established methods of data acquisition and 

evaluation were applied in order to enhance the reliability of the determined metrics. Fourth, 

measurements of the joint load and EMG were only performed at a mean of 26 months 

(range: 8-45) after TKA and not on the same date as the CT examinations. The measured knee 

joint loads and muscle activation patterns are thus not representative of the conditions that 

prevail preoperatively, in the acute postoperative period or in other implant designs. The 

present findings are, however, coherent with those of previous studies (131-136) conducted at 

different time points in the postoperative continuum of care of TKA. 

 

5   Conclusion 
TKA is considered the gold standard to relieve pain and restore function in patients with end-

stage knee OA (5). The number of cases is expected to rise significantly in the upcoming 

years, with procedures being increasingly performed in younger and more active patients (11). 

Higher physical demands and patient expectations emphasize the importance of postoperative 

muscle function and implant longevity. The aim of the present investigation was thus to 

assess the periarticular muscle status, EMG activation patterns and in vivo loads acting in the 

knee joint during dynamic activities. The results of this analysis provide unprecedented 

insight into the interrelationship between these parameters in the long-term after TKA. 

 

The longevity of knee implants can be limited by excessive tibio-femoral joint loads, as they 

may accelerate PE wear and lead to early implant failure. Instrumented knee implants (89) 

were used to measure the knee joint loads in vivo during different weight-bearing ADLs. The 

load magnitude varied between the movement tasks, but consistently exceeded the patient’s 

body weight, reaching average peak values of up to 3.41 BW. Dynamic loading during stair 

descent showed the highest peak knee joint loads, as the contact area of the articulating 

surfaces was reduced at high knee flexion angles. The close monitoring and benchmarking of 

knee implants by means of joint registries may contribute to improved long-term treatment 

outcomes after TKA.      
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The pathologic process of knee OA and intraoperative muscle damage have been associated 

with muscular atrophy and fatty infiltration (28, 29, 148). Postoperative changes in muscle 

status were assessed by manual segmentation of axial CT scans of the ipsilateral distal thigh. 

The postoperative course showed a significant reduction in distal quadriceps volume of about 

10%. The extent of fatty infiltration overall decreased within 2.5 years following TKA, albeit 

improvements in intramuscular fat ratio were least pronounced for the quadriceps muscle. 

Attempts should be made to minimize approach-related soft-tissue damage. MIS techniques 

seem promising to preserve the extensor mechanism and improve short-term recovery (39), 

but need to be reassessed with regard to long-term clinical effectiveness and safety. The 

results complement those of earlier studies that fatty infiltration can recover through physical 

exercise (149-151) and underscore the importance of targeting relative quadriceps weakness 

in rehabilitation. More attention should be directed towards the concept of prehabilitation 

(190), as presurgical improvements in muscle status might enhance postoperative recovery.  

 

This thesis has demonstrated, for the first time, a direct effect of muscle activation patterns on 

the magnitude and timing of in vivo knee joint loads during functional activities. Real-time 

measurements of in vivo tibio-femoral loads were synchronized with surface EMG recordings 

of knee flexor and extensor muscles. The temporal phase shift between the onset of EMG and 

the mechanical loading response in the knee joint was computed using a cross-correlation 

technique. Differential activation patterns of the periarticular musculature modulated both, the 

peak contact forces and loading rate of the knee joint. A novel time interval of “joint load 

time” was determined for the different ADLs, complementing previous research on EMD. 

The results substantiate the impact of muscle activity on the internal loadings of the knee and 

indicate the potential to reduce peak joint loads by altering muscle activation strategies. The 

restoration of functional stability and effective muscle coordination patterns may contribute to 

lower knee joint loads. The application of NMES (143) should be considered as a possible 

rehabilitation approach to resolve muscle activation deficits and facilitate functional recovery.    

 

Muscle weakness and voluntary activation deficits are increasingly considered as important 

predictors for the surgical outcome after TKA (13). In the correlation analyses muscle fatty 

infiltration emerged as a risk factor and stronger indicator for high knee joint loads than distal 

volume. Besides, intramuscular fat accelerated the rate of knee joint loading, most probably 

due to alterations in the mechanical properties of muscle contraction and tissue stiffness (97). 

The increased peak values and rates of joint loading related to fatty infiltration may increase 
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joint degeneration in knee OA (78), implant wear and revision rates after TKA. Moreover, 

motion patterns with high EMG activation of antagonistic muscles contributed to increased 

knee joint loadings. Postoperative recovery should aim to restore an environment of enhanced 

mobility in which tibio-femoral joint loads are largely minimized. The compensatory 

strengthening of the hip and ankle musculature might present a perspective for rehabilitation 

to off-load the knee and redistribute loads between adjacent joints (137). Hence, multi-joint 

dynamics should be considered when retraining muscle activation and strength after surgery.  

 

In conclusion, the present analysis suggests that periarticular muscle status, activation patterns 

and in vivo knee joint loads are closely interrelated. Muscular impairments of fatty infiltration 

and functional activation deficits can induce increased peak knee joint loads. The results 

highlight the importance of training or treating the joint stabilizing musculature to restore a 

functional muscle-joint interplay and prevent joint overloading. A good muscle status could 

contribute to an improved long-term outcome and quality of life for patients undergoing TKA.  
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