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Chapter 1

Osteoarthritis of the knee
Osteoarthritis (OA) is a common joint disease and leading cause for disability among adults 1 2. 
Osteoarthritis can involve almost any joint but typically affects the hands, hips, knees and feet 
3. The prevalence of OA is estimated over 240 million people worldwide, of which approximately 
1.5 million in the Netherlands 1 4. Based on demographic trends, the number of people with OA in 
the Netherlands is expected to increase to over 2.5 million by 2040 4. Globally, a similar increase 
in the number of people with OA is expected, due to an aging population, an inactive lifestyle, 
and increasing prevalence of obesity, all of which are strong determinants of OA 5. Apart from 
the individual disease burden for many older people, the large numbers of people with OA have 
become a major and still growing problem for both the health care system and the economy 3.

The pathogenesis of OA is not fully understood. OA is considered a “whole joint disorder”. All 
joint structures, including cartilage, bone, synovial ligaments, periarticular fat, meniscus, and 
surrounding muscles can be affected by the disease 6. The complex interaction between systemic 
and local inflammation and mechanical loading is thought to cause an imbalance between 
destruction and repair, ultimately leading to joint failure 7-9.

Risk factors for the onset of knee OA can be divided into personal and joint-specific factors. 
Personal risk factors for the occurrence of knee OA include older age, female gender, higher body-
mass index (e.g. obesity), and genetic factors 3 7. Joint-specific risk factors are previous injury of 
the knee joint, abnormal loading (intense sport activities or occupation), repetitive overuse of 
joint, lower bone density, malalignment (varus and valgus) and quadriceps weakness 3 7.

Pain is the hallmark symptom of OA and is the primary cause for patients to seek medical attention 
2. Other symptoms common in OA include joint stiffness, reduced range of joint motion, instability, 
synovitis and muscle weakness7. These symptoms lead to limitations in daily activities (e.g. walking, 
stair climbing and sitting and rising from a chair) and reduce the quality of life in patients with 
OA 2 7.

The diagnosis of OA can be based on both clinical and radiological findings. In daily clinical practice, 
the clinical diagnosis of OA, based on the criteria of the American College of Rheumatology 
(ACR), is often used 10. According to these ACR criteria, knee OA is diagnosed if knee pain is 
present and three of the following six parameters hold true: age > 50 years, morning stiffness 
< 30 minutes, crepitus, bony enlargement and no palpable warmth 10. Radiographs are widely 
used to diagnose OA and assess typical features of OA including joint space narrowing, due to loss 
of articular cartilage and meniscus, and bony changes, including sclerosis of subchondral bone 
and osteophytes 3. However, there is a discrepancy between clinical symptoms and radiographic 
findings, for example, clear signs of radiographic OA without clinical symptoms or vice versa 11.

Currently, no cure is available for patients with knee OA and only symptomatic treatment options 
exist. Several national and international guidelines describe the treatment of patients with knee 
OA 12-16. These guidelines typically distinguish three treatment modalities: non-pharmacologic, 
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pharmacologic, and surgical treatment 12-16. With respect to non-pharmacological treatment, 
exercise therapy, weight management, self-efficacy and self-management programs, and 
education (about the disease and treatment options) are strongly recommended for patients 
with knee osteoarthritis. In addition, symptomatic pharmacological treatment (e.g. paracetamol, 
non-steroidal anti-inflammatory drugs (NSAIDs) and weak-opoids) is recommended 12-16. Finally 
if non-pharmalogical and pharmalogical treatments are ineffective, referral for consideration of 
surgical treatment (knee arthroplasty) is indicated 12-16.

Muscle strength and knee osteoarthritis
Low muscle strength is a well-known impairment in patients with knee osteoarthritis. It is 
strongly related to patient-reported outcomes of pain, activity limitations and falls, and it is 
associated with the onset and progression of knee OA 17-26. Patients with knee OA, compared to 
controls, are reported to be 20-40% weaker in quadriceps strength and 16 -27% weaker in hip 
muscles 26. Improved strength in patients with knee OA mediates pain relief and reduces activity 
limitations 27-29. This makes muscle strength a clinically relevant target to study in relation to knee 
osteoarthritis, especially since muscle strength is modifiable.

A wide range of factors may play a role in low muscle strength being present in patients with knee 
OA. The factors include muscle atrophy, decreased muscle activation (e.g., pain inhibition), muscle 
fat infiltration, abnormal joint mechanics, low-grade inflammation, increased body weight, and 
physical inactivity 26. However, an extensive overview of factors associated with muscle strength 
in patients with knee OA was not available. Therefore, we reviewed factors associated with upper 
leg muscle strength in patients with knee OA (Chapter 2).

Remarkably, limited research was available on the relation between nutrition-related factors and 
muscle strength in knee OA. Especially, since the positive impact of adequate dietary intake on 
muscle mass and strength in the general population has been well-documented 30. Therefore, 
we studied the daily protein intake in patients with knee OA and its association with muscle 
strength (Chapter 3).

Despite the important role of muscle strength in patients with knee OA, knowledge about the 
course of muscle strength over longer periods of time is scarce. Only six observational studies 
were found that describe the course of muscle strength in patients with knee OA 31-36. Three 
studies reported an increase in muscle strength over a course of two or three years, but a 
substantial portion of patients received treatment during the study course 34-36. Three other 
studies reported a decrease over 24-48 months, but only looked at specific subgroups 31-33. 
Therefore, we studied the course of muscle strength in patients with knee OA in the Osteoarthritis 
Initiative (OAI) database (Chapter 4), as this database contains data on muscle strength and other 
outcome measures at multiple measurement points (at 0, 24, and 48 months), in a large sample 
of more than 1,000 patients with knee osteoarthritis 37 .

1
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Knowledge on predictors of a decrease in muscle strength over time, may contribute to a better 
understanding of the underlying mechanisms. This may help clinicians to identify and treat patients 
at risk for a decline in muscle strength. In the general older population, predictors for decline in 
muscle strength included older age, higher body mass, worse health status and medication use, 
such as glucocorticoids 38 39. In patients with knee OA, cross-sectional studies reported lower 
muscle quality, physical inactivity, more severe joint degeneration and pain to be associated with 
lower muscle strength. Whether these factors also predict a decline in muscle strength over time 
in patients with knee OA is unknown 40. Therefore, we studied the predictors of muscle strength 
over 48 months in patients with knee OA (Chapter 4).

Improving muscle strength in knee osteoarthritis
Exercise therapy, and in particular resistance training, has been shown to be effective in improving 
muscle strength in patients with knee OA 41. Hence, muscle strengthening is a key-target in the 
conservative treatment of knee OA. In all major international treatment guidelines exercise 
therapy (with a dominant role for muscle strengthening) is recommended 12-16. This is based on 
consistent evidence on the effectiveness of exercise therapy in knee OA 41. However, the optimal 
training intensity of muscle strengthening exercises in knee OA is not known.

Research has shown that strength training interventions in OA patients lead to a mean muscle 
strength improvement of 17.4%, which is in the lower range of strength improvements seen in 
healthy people after strength training interventions 42. This may be due to the low to moderate 
training intensity prescribed in the majority of studies 42. A recent review supported this 
suggestion; only 22 out of the 56 studies met the criteria of an adequate resistance training 
program according to the American College of Sports Medicine 28. Those studies that met these 
criteria showed superior outcomes in knee extensor strength, but not in pain or disability 28.

According to the American College of Sports Medicine training loads of 60-80% of one-repetition 
maximum (1RM) and 8-12 repetitions of this load, are optimal for increasing muscle strength 43. In 
healthy and frail elderly, a dose-response relationship has been reported between the intensity 
of strength training and improvement in muscle strength: high training intensities (i.e. 60-80% of 
the 1RM) have shown to be superior to low training intensities (i.e. <60% of the 1RM) 43. Therefore, 
we assessed whether in patients with knee osteoarthritis (i) high-intensity resistance training (70-
80% 1RM) leads to an superior increase in muscle strength compared to low-intensity resistance 
training (40-50% 1RM) (Chapter 5).

Vitamin D supplementation could enhance the effects of exercise therapy on muscle strength 44. 
Low serum 25-hydroxy (OH) vitamin D level, which is common in older adults 45, is associated with 
impaired muscle cell function 46. In patients with knee OA low serum 25-hydroxy (OH) vitamin 
D level is associated with low muscle strength 47. In healthy subjects with low vitamin D levels 
suggestions for a beneficial effect of vitamin D supplementation, in addition to exercise, on muscle 
strength have been found 44 48. To improve the effectiveness of strength training in patients with 
knee OA, vitamin D supplementation has the potential to be a useful adjunct. Therefore, we 
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assessed whether in patients with knee OA resistance training with vitamin D supplementation 
leads to an increase in muscle strength compared to placebo in the subgroup of patients with 
vitamin D deficiency (Chapter 5).

Measures of muscle strength and daily activities
Most knee OA studies use an isokinetic measurement of peak strength 28 as a measure of 
muscle strength. This measure includes a maximum single-jointed, concentric movement for 
approximately 1 second 49. Another measure of muscle strength is the estimated 1-RM performed 
on fitness devices 43. This measure may relate stronger to daily activities, since it includes multi-
joint movements and both concentric and eccentric contractions that are common during 
daily activities 49. Therefore, we evaluated the hypothesis that, in relation to daily activities, 
the estimated 1-RM, compared to isokinetic peak strength, may be a better measure of muscle 
strength (Chapter 6).

The estimated 1-RM is derived from a multi-repetitions test (e.g. 5 or 10-RM test) 49. Measures 
including multiple repetitions, such as the 10-RM test, may therefore be more strongly associated 
with the activity walking, which only requires 30% of peak strength, compared to activities such 
as getting up from a chair and ascending or descending stairs, which require 80%, 78% and 88% of 
peak strength, respectively 50. Therefore, we assessed the hypothesis that walking is most strongly 
associated with the estimated 1-RM, followed by getting up from a chair and then climbing stairs 
(Chapter 6).

Aim and outline of this thesis
Our aim in this thesis is twofold. The first aim is to describe the potential determinants of muscle 
strength in patients with knee OA. In Chapter 2, an extensive overview is presented of factors 
associated with muscle strength in patients with knee osteoarthritis based on a scoping review. In 
Chapter 3, daily protein intake in patients with knee OA and its association with muscle strength 
is determined. In Chapter 4, the course and predictors of muscle strength over 48 months in 
patients with knee OA is described.

The second aim was to optimize strength gains in patients with knee osteoarthritis. Chapter 5 
presents the results of a randomized controlled trial on high- versus low-intensity resistance 
training and vitamin D supplementation versus placebo in patients with knee OA. Chapter 6 
presents our findings with respect to the evaluation of hypotheses on two different measures of 
muscle strength and daily activities. Finally, in Chapter 7, the results of the thesis are summarized 
and discussed.

1
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Chapter 2

ABSTRACT

Objective. Muscle weakness is common and strongly related to clinical outcome in patients with 
knee or hip osteoarthritis (OA). To date, a clear overview of the information on factors associated 
with muscle strength in knee and hip OA is not available. Therefore, we aim to provide an overview 
of the current knowledge on factors associated with upper leg muscle strength in this population.

Design. For this study the framework of a scoping review was chosen. The MEDLINE database was 
systematically searched up to 22 April 2017. Studies that described a relation between a factor 
and muscle strength in knee or hip OA were included.

Results. A total of 65 studies met the inclusion criteria. In knee OA studies, four factors were 
consistently found to be associated with lower muscle strength. The limited number of hip OA 
studies precluded conclusions on associations.

Conclusions. Lower muscle quality, physical inactivity, more severe joint degeneration, and higher 
pain are reported to be associated with lower upper leg muscle strength in knee OA. Future 
research in knee OA should focus on other potential determinants of muscle strength, such as 
muscle quantity, muscle activation, nutrition and vitamins, and inflammation. In hip OA, more 
research is needed on all potential determinants.
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ABSTRACT

Objectives. The aims of this study were (i) to describe dietary protein intake, and (ii) to evaluate 
the association between dietary protein intake and upper leg muscle strength in subjects with 
knee osteoarthritis (OA).

Methods. Baseline data from the Osteoarthritis Initiative was used, in a cross-sectional study. All 
subjects were diagnosed with symptomatic and radiographic knee OA. Daily dietary protein intake 
was measured with the Block Brief 2000 food frequency questionnaire (g/kg body weight). The 
sum of knee flexion and extension strength of the index knee (N/kg bodyweight) was assessed with 
the Good Strength chair test. Linear regression analysis was used to test the association between 
dietary protein intake and muscle strength, adjusting for relevant confounders.

Results. Data from 1316 subjects (mean age 61.4±SD 9.1 years, 57.0% female) were used. The 
mean daily protein intake was 0.72±SD 0.30 g / kg bodyweight, and 65.1 % of the subjects had 
a protein intake lower than the recommended daily allowance of 0.8 g/kg bodyweight. The 
mean muscle strength was 5.4±SD 2.1 N/ kg bodyweight. Lower protein intake was significantly 
associated with lower muscle strength (B = 0.583, 95%CI 0.230 to 0.936, p = 0.001).

Conclusions. The majority of the subjects with knee OA had a dietary protein intake lower than 
the recommended daily allowance. Lower protein intake was associated with lower upper leg 
muscle strength. Longitudinal observational and interventional studies are needed to establish 
whether dietary protein intake has a causal effect on muscle strength in subjects with knee OA.
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Chapter 4

ABSTRACT

Objectives. Weakness of upper leg muscles has a negative impact on future disease and functional 
status in subjects with knee osteoarthritis (OA). The aims of the present study were to (i) describe 
the course of muscle strength over 48 months and (ii) identify baseline predictors for a decline 
in upper leg muscle strength over time in subjects with knee OA.

Methods. Data were obtained from the Osteoarthritis Initiative (OAI) database, a multicenter, 
observational study of knee OA. Upper leg muscle strength (in N/kg) was measured at baseline, 
24 and 48 months. Potential baseline predictors included demographics, OA-specific and health 
and lifestyle related factors. Linear mixed model analyses were performed.

Results. A total of 1390 subjects with knee osteoarthritis were included. A statistically significant 
decline of muscle strength was found between baseline and 24 months (B = -0.186, 95%CI [-0.358,-
0.014], p = 0.03), but not between other time points (24 to 48 months p = 0.89, and baseline and 
48 months p = 0.058). Predictors of a decline in muscle strength over time included demographic 
predictors (older age, being female, higher body mass index (BMI)), one lifestyle predictor (lower 
dietary protein intake) and one OA-specific predictor (radiographic severity).

Conclusions. Muscle strength declined over time in subjects with knee OA. The identified 
predictors may help clinicians to select and treat subjects with knee OA at risk of a decline in 
muscle strength.
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ABSTRACT

Objectives. To assess whether (i) high-intensity resistance training (RT) leads to increased muscle 
strength compared to low-intensity RT in patients with knee osteoarthritis (OA); and (ii) RT with 
vitamin D supplementation leads to increased muscle strength compared to placebo in a subgroup 
with vitamin D deficiency.

Design. Randomized controlled trial

Setting. Outpatient rehabilitation centre

Subjects. Patients with knee OA

Interventions. 12 weeks of RT at high-intensity RT (70-80% of 1-repetition maximum (1-RM)) or 
low-intensity RT (40-50% of 1-RM) and 24 weeks of vitamin D (1200 International units vitamin 
D3 per day) or placebo supplementation.

Main measures. Primary outcome measure was isokinetic muscle strength. Other outcome 
measure for muscle strength was the estimated 1-RM. Secondary outcome measures were knee 
pain and physical functioning.

Results. 177 participants with a mean age of 67.6 ± 5.8 years were included, of whom 50 had 
vitamin D deficiency. Isokinetic muscle strength (in Newton meter per kilogram bodyweight) 
at start, end and 24 weeks after the RT was 0.98 ± 0.40, 1.11 ± 0.40, 1.09 ± 0.42 in the high-
intensity group and 1.02 ± 0.41, 1.15 ± 0.42, 1.12 ± 0.40 in the low-intensity group, respectively. 
No differences were found between the groups, except for the estimated 1-RM in favor of the 
high-intensity group. In the subgroup with vitamin D deficiency, no difference on isokinetic muscle 
strength was found between the vitamin D and placebo group.

Conclusions. High-intensity RT did not result in greater improvements in isokinetic muscle 
strength, pain and physical functioning compared to low-intensity RT in knee OA, but was well 
tolerated. Therefore these results suggest that either intensity of resistance training could be 
utilised in exercise programs for patients with knee osteoarthritis. No synergistic effect of vitamin 
D supplementation and RT was found, but this finding was based on underpowered data.
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Chapter 6

ABSTRACT

Objectives. Most knee osteoarthritis (OA) studies use isokinetic peak strength, while the estimated 
1-RM may have a stronger relationship with daily activities. The aim was to test our hypotheses: I) 
the estimated 1-RM is more strongly associated with daily activities than isokinetic peak strength, 
and II) the estimated 1-RM is most strongly associated with the 6-minute walk-test (6MWT), 
followed by the Get-up-&-Go-test (GUG-test) and the stair climb-test.

Methods. In 177 knee OA patients with a mean age of 67.6 ± 5.8 years, from a randomized 
controlled trial on improving muscle strength, isokinetic peak strength was measured with a 
dynamometer, 1-RM was estimated with the 10-RM test and physical performance was tested 
with 6MWT, GUG-test and stair climb-test, at the start and end of 12 weeks of resistance training 
(RT). Linear regression analyses provided standardized beta’s (β) that were comparable between 
the different analyses.

Results. Isokinetic peak strength was, as compared to the estimated 1-RM, more strongly 
associated with all performance-based measures. The associations between the estimated 1-RM 
and performance-based tests were ranked in the order as hypothesized (6MWT, GUG-test, stair 
climb-test) at the start but not at the end of the RT.

Conclusions. Contrary to our hypothesis, isokinetic peak strength showed stronger associations 
with all daily activities. The hypothesized activity-specific pattern for the 1-RM with walking, chair 
rising and stair climbing was not confirmed.
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Chapter 7

DISCUSSION

The first part of this thesis focused on factors associated with upper leg muscle strength, and 
the course and predictors of upper leg muscle strength in patients with OA (Chapters 2-4). The 
second part focused on high-intensity versus low-intensity resistance training and vitamin D 
supplementation in patients with knee OA (Chapter 5). A final chapter focused on two measures 
of muscle strength and their relation to daily activities (Chapter 6). In the present chapter the 
main results of the studies in this thesis are summarized and discussed. Furthermore, suggestions 
for future research are given.

Muscle strength: associated factors, predictors and underlying mechanisms
We first examined which factors were associated with muscle strength using a scoping review to 
better understand the characteristics of low muscle strength in patients with knee OA 1 (Chapter 
2). Factors were categorized into three subgroups: basic muscle properties, general and OA-
specific factors (Chapter 2, Figure 1).

Regarding the basic muscle properties (i.e. muscle quality, muscle quantity and muscle activation), 
we found convincing evidence for the association between low muscle quality and low muscle 
strength in patients with knee OA. Reduced muscle quality due to fat infiltration is reported to be 
more common in patients with knee OA than in people without knee OA, and has been linked to 
the pathogenesis of OA 2 3. In addition, a reduction in muscle fiber count and specific atrophy of 
type 2 fibers, which also affects muscle quality, has also been suggested to be linked to quadriceps 
weakness in patients with knee OA 3. More research is needed on the association between muscle 
fiber-type and muscle strength in patients with knee OA.

No substantial evidence and even conflicting evidence on the association between muscle quantity 
and muscle strength was found in patient with knee OA. To date, research on this association is 
scarce. Although the association between muscle quantity (e.g. muscle mass, cross-sectional area, 
muscle volume) and muscle strength, as it is in older adults 4, is likely to be present in patients with 
knee OA as well, this has yet to be confirmed. Moreover, it would be interesting to study whether 
the strength of this association differs between people with and without knee OA.

Mixed results were reported on the association between muscle activation and muscle strength, 
which may be the result of methodological differences between studies in measuring muscle 
activation. In a recent review in patients with knee OA the association between impaired voluntary 
muscle activation and low muscle strength has been reported, but it was also suggested that more 
good quality studies were needed to confirm these findings 5.
Interestingly, exercise therapy has shown to effectively reduce fat infiltration in the muscle and 
improve muscle quality in patients with knee OA 6. Similarly, resistance training is effective in 
improving muscle quantity in patients with both hip and knee OA 7. Yet, based on very-low quality 
evidence, exercise was not found to change voluntary quadriceps activation 8. Improving muscle 
activation as a result of exercise therapy may therefore be an interesting topic for future research.
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With regard to general factors in patients with knee OA, we concluded in our scoping review 
that older age, being female, higher bodyweight and physical inactivity, which are all risk factors 
for the development of knee OA 9, were found to be associated with lower muscle strength. In 
healthy older adults, similar factors were found to be associated with lower muscle strength 
4. Limited research was available on the association between nutrition or vitamins and muscle 
strength in patients with knee OA. Since there is a strong association between dietary intake 
and muscle strength in the elderly population, with a prominent role for protein intake 4, this 
could also be true for patients with knee OA; again, this remains to be investigated. Therefore, 
we studied the association between dietary protein intake and muscle strength in patients with 
knee OA (Chapter 3).
With respect to the OA-specific factors in patients with knee OA, more severe joint degeneration 
was found to be associated with lower muscle strength. It remains unclear whether muscle changes 
precede knee joint degeneration, or vice versa 10-14. In the recent past, it was suggested that muscle 
weakness may lead to increased mechanical stress, which may result in joint degeneration 15. 
However, OA is not a disease characterized solely by the loss of cartilage due to mechanical stress, 
but involves a complex interplay of inflammatory processes and gene expression involving the 
whole joint that is not yet fully understood 16. Therefore, more research is needed to investigate 
the mechanism underlying the relationship between muscle strength and joint degeneration in 
patients with knee OA.

A higher level of pain was found to be associated to muscle weakness. Pain may negatively 
affect muscle strength due to muscle inhibition or avoidance of activities resulting into disuse 
1 17 18. Exercise therapy has shown to reduce pain and improve knee extension strength, but the 
improvement in knee extension strength only partially mediates the pain relief seen in patients 
with knee OA 19. These findings suggest that exercise therapy is effective in relieving pain through 
other mechanisms than strength gain only in patients with knee OA.

Limited evidence was found on the association between inflammation and muscle strength in 
patients with knee OA in our scoping review (Chapter 2). Yet, low-grade inflammation is found to be 
associated with reduced muscle strength in healthy adults 20. Since higher levels of inflammatory 
markers are present in patient with knee OA compared to older adults, it could be hypothesized 
that the effect of low-grade inflammation on reduced muscle strength may be even greater in 
patients with knee OA. Hence, more research is needed to evaluate this hypothesis. Interestingly, 
in women with knee OA a decrease of inflammatory markers was recently found to be associated 
with increased quadriceps strength after 12 weeks of exercise 21.

The challenge for future research is to better understand the numerous pathways responsible 
for the characteristic muscle weakness in knee OA, and how to effectively target these pathways 
to optimize muscle strength in patients with knee OA. The positive effect of exercise therapy on 
several factors involved in the pathways, aligns with the vital role that exercise therapy plays in 
the treatment of patients with knee OA.
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In patients with hip OA, we found a lack of studies across all factors potentially associated with 
muscle strength in Chapter 2. This is consistent with the small number of studies on hip OA 
compared to knee OA in general 22. Hence, more studies of high quality are needed to better 
understand which factors are associated with muscle strength in patients with hip OA. In 
particular, since it has become increasingly clear that the knee OA population is different from 
the hip OA population 23.

Because of the limited research on nutrition and muscle strength in patients with knee OA, we 
examined the relationship between dietary protein intake and muscle strength in the OA Initiative 
(OAI) cohort (Chapter 3). We showed that dietary protein intake was below the recommended 
daily allowance (RDA) of 0.80 g/kg bodyweight for healthy adults in 65.1% of the patients with 
knee OA. For older adults and older patients with acute or chronic diseases, e.g. the knee OA 
population, it is recommended to have an even higher protein intake of 1.0 - 1.2 g/kg/day and 
1.2-1.5 g/kg/day 24 25. We also showed that lower dietary protein intake was associated with lower 
muscle strength in patients with knee OA. On average, in patients that had a dietary protein 
intake equal or greater than the RDA of 0.80 g/kg bodyweight, compared to patients with an 
intake below the RDA, muscle strength was 0.3 Nm/kg bodyweight higher. This suggests that 
protein intake plays a role in low muscle strength in knee OA, but it is not yet clear whether this is 
different from older adults without OA. In older adults, low-grade inflammation has been shown to 
negatively affect muscle protein synthesis 26. The response to physiologic stimuli, such as protein 
intake and exercise is blunted compared to younger adults 26. Since low-grade inflammation is 
common in patients with knee OA, it could be speculated that muscle protein synthesis is blunted 
in patients with knee OA, perhaps to a greater degree than in older adults. In elderly people with 
sarcopenia (i.e. loss of muscle mass) adequate protein intake, especially leucine (high quality 
amino acid), has been recommended to increase muscle mass and strength in combination with 
resistance training 27. In addition in a small sample of patients with lower extremity OA during 
postoperative rehabilitation, greater improvements in muscle strength are reported from protein 
supplementation in combination with exercise therapy, compared to exercise therapy alone 28. 
Further research is needed in patients with knee OA to study the effect of protein supplementation 
on muscle strength, especially in combination with resistance training to optimize strength gains.
Chapter 2 and Chapter 3 were mostly based on cross-sectional data; few studies focused on 
the course of muscle strength and causal mechanisms underlying decreasing muscle strength. 
Therefore, more longitudinal and experimental studies are needed. In Chapter 4, we performed 
a study on longitudinal data; we found a decline in muscle strength over a 4-year period in the 
OAI cohort patients with knee OA (Progression cohort, n=1390). To our knowledge, this is the first 
study to describe the course of muscle strength over 4 years in a large population of patients 
with knee OA. Since these longitudinal studies are scarce, more research is still needed to better 
understand the progression of muscle weakness. In particular, to get a better understanding of 
how muscle strength develops from onset to the advanced stages of OA.

We identified predictors for the observed decline in muscle strength (Chapter 4). Predictors 
were older age, being female, higher BMI, lower dietary protein intake and radiographic severity. 
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Unexpectedly, pain and physical activity, which were found to be strongly linked to muscle 
strength in Chapter 2, did not predict a decline in muscle strength. This may be explained by the 
rather small variance in the change of muscle strength over time. In addition, physical activity 
was measured with the PASE questionnaire, which may not be sensitive enough to detect physical 
activity as a predictor. Future research into predictors of muscle strength is needed, including 
external validation, to be able to develop a prediction rule, which can be used by clinicians to 
identify those patients at risk for a decline in muscle strength. This is particularly important since 
a decrease in muscle strength is strongly related to an increase in pain and decrease in physical 
functioning in patient with knee OA 1 12 14 29. It is also important to decide which degree of decline 
in muscle strength is related to a relevant decline in daily functioning.

This thesis provides an overview of what is currently known from epidemiological studies about 
factors associated with muscle weakness in patients with knee OA. Although the epidemiological 
picture is not yet complete, it can fuel fundamental research to get a better understanding of 
possible underlying mechanisms. Furthermore, future experimental research should focus on 
potential determinants that are modifiable. To date, it has already been shown that muscle quality, 
body weight, pain levels and physical activity, all factors that may affect muscle strength, can 
be positively influenced in intervention studies in patients with knee OA6 9. In addition, it is of 
interest to investigate in intervention studies whether positively influencing factors, such as 
muscle activation and protein intake, may have a positive effect on muscle strength in patients 
with knee OA.

Resistance training

High-intensity versus low-intensity resistance training
 In Chapter 5, we assessed whether in patients with knee OA (i) high-intensity resistance training 
leads to an increase in muscle strength, compared to low-intensity resistance training. We found 
that in participants with knee OA, high-intensity resistance training did not lead to greater 
improvement in isokinetic muscle strength compared to low-intensity resistance training. Our 
findings from isokinetic data suggest that the dose-response relationship of resistance training 
(that is, higher training intensities lead to greater improvements than lower training intensities) 
reported in older adults, does not seem to hold for patients with knee OA 30.

To our knowledge only two other studies assessed the effect of high-intensity versus low- intensity 
resistance training on muscle strength in the knee OA population 31 32. The study by Jan et al. (2008) 
included 8 weeks of training including 3 sessions per week 31. The high-intensity group trained at 
60% of the 1-RM and performed 3 sets of 8 repetitions. The low-intensity group trained at 10% of 
the 1-RM and performed 10 sets of 15 repetitions. A control group received no exercise 31. Both 
the high- and low-intensity group showed significant improvements muscle strength and other 
clinical outcomes in comparison to the control group 31. The high-intensity group demonstrated 
slightly, but not statistically significantly, greater effect sizes than the low-intensity group on all 
variables. The recent study by Messier et al. (2021) consisted of 18 months of training including 
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3 sessions per week 32. The high-intensity group trained at 75-90% of the 1-RM and performed 
3 sets of 4-8 repetitions. The low-intensity group trained at 30-40% of the 1-RM and performed 
3 sets of 15 repetitions. An attention control group received 24 60-minute group workshops on 
healthy living 32. At 18 months, no significant difference in muscle strength was reported between 
the high- and low-intensity group, but there was a significant greater improvement in muscle 
strength compared to the attention control group 32. Interestingly, other clinical outcomes were 
not significantly different between the three groups 32.

Thus the two available studies and our currently study did not find a difference between the 
high- and low-intensity resistance training groups 31 32. These three studies included resistance 
training with different intensities for high- and low-intensity group, different number of sets and 
repetitions and different training durations. So, the dose-response relationship for the intensity 
of the resistance training shown in healthy older adults 30 appears to be not true for patients with 
knee OA. Possibly, in patients with knee OA, the dose-response relationship for intensity may be 
altered as a result of OA-specific factors such as muscle inhibition resulting from knee pain or the 
presence of low-grade inflammation1 26.

It is possible that parameters of resistance training, such as volume and training duration, may 
have affected the dose-response relationship for intensity 30. Since our RCT (Chapter 5) focused 
on the intensity of the resistance training (high vs. low), we deliberately created the contrast 
between both groups solely based on intensity. The high-intensity group trained at 70-80% of the 
1-RM and the low-intensity group trained at 40-50% of the 1-RM. All other parameters, including 
number of sets and number of repetitions were similar in the two groups. Consequently, this 
introduced a difference in the training volume (i.e. the total number of sets x the total number 
of repetitions x training load) between the high-intensity and low-intensity group, in favor of 
the high-intensity group (e.g., higher total volume). In older adults, greater volume has shown to 
improve strength and muscle mass compared to lower volume 33. But in our study, where both 
higher intensity and greater volume favored the high-intensity group, no difference was shown in 
the effect on muscle strength between the groups. Further, the studies by Messier et al. and Jan 
et al. equaled total volume and also reported no difference in muscle strength between the high-
intensity and the low-intensity group, similar to our findings31 32. Thus, the difference in volume 
is not a likely explanation for the lack of an effect on muscle strength between the groups. Also 
other parameters of resistance training, such as time under tension, velocity, rest intervals and 
training duration, can affect the outcome of training on muscle strength 30. Nevertheless, it is 
unlikely that these parameters of resistance training explain the non-significant findings in the 3 
studies discussed here, as the majority of these parameters were controlled 31 32.

Interestingly, in Chapter 5 we did find greater improvement on the estimated 1RM in the high-
intensity group compared to the low-intensity group. This raises the question whether the 1RM 
is a more responsive measure of muscle strength. It is a well-known fact that the more closely 
a training program replicates the requirements of a given outcome measure, the greater the 
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transfer of the training to that outcome 34. This is known as specificity of training. The 1-RM, 
which is performed on the same fitness apparatus as the resistance training, is a more specific 
outcome in relation to the resistance training compared to the isokinetic measurement of muscle 
strength. This may explain our finding on the 1-RM in favor of the high-intensity group, but not 
on the isokinetic measurement.

For patients with knee osteoarthritis, the improvement in pain and physical function resulting 
from an improvement in muscle strength is of paramount importance 1 17 18. However, because 
an increase in muscle strength explains only part of the symptom improvement after exercise 
therapy, it is also important for patients with knee osteoarthritis to study the other mechanisms 
responsible for the improvements in pain and physical functioning resulting from exercise therapy 
19 35. In addition, health education, pain management and weight management have also been 
shown to be effective in patients with knee OA 9 32. Therefore, future research should study which 
combination of interventions benefits patients with knee OA the most.

Resistance training therefore remains an important part of the treatment in patients with knee 
osteoarthritis, as already mentioned in the international guidelines 36 37. The ACSM guidelines for 
strength training can be applied when prescribing resistance training 38. In terms of the training 
parameter intensity, however, our findings suggest that both intensities of resistance training 
can be used in exercise programs for patients with knee osteoarthritis. This gives the freedom 
to adapt the intensity of the resistance training to the patient’s level of experience of resistance 
training or to the patient’s specific treatment goals.

Synergistic effect of vitamin D and exercise
In Chapter 5 resistance training with vitamin D supplementation did not lead to an increase in 
muscle strength compared to placebo, but this finding was based on underpowered data. In older 
adults similar results were reported 39. Therefore with regard to muscle strength, vitamin D may 
not be a factor to focus on in patients with knee OA. Nevertheless, vitamin D may be a useful 
adjunctive in improving muscle strength in those knee OA patients that have severely low levels 
of vitamin D (< 25 nmol/L), which is in accordance with the guidelines40.

Two measures of muscle strength and the performance of daily activities
In Chapter 6, we studied isokinetic peak strength and the estimated 1-RM in relation to daily 
activities. Contrary to our hypothesis, isokinetic peak strength showed stronger associations 
compared to the estimated 1-RM with all daily activities, including walking, chair rising and stair 
climbing. These findings support the use of isokinetic peak strength compared to the estimated 
1-RM in research in patients with knee OA 41, particularly in relation to daily activities.

Since the estimated 1-RM was assessed by a 10-RM test, which is a multiple repetitions 
(approximately 10) to failure type of test, we expected it to be most strongly associated with 
daily activities that rely on muscle endurance (the ability to contract a muscle repetitively) (4). 
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The hypothesized activity-specific pattern for the estimated 1-RM with walking, chair rising and 
stair climbing was not confirmed. This may be explained by the fact that the 10-RM test is a 
multiple repetition to failure-test with only 10 repetitions, which may be not enough to test 
muscle endurance.

Future directions for research and implementation
Based on findings in this thesis, the following directions for future research are suggested.

First, to get a better understanding of muscle strength in patients with knee OA the course of 
muscle strength should be studied from onset to end-stage knee OA. Studies on the course of 
muscle strength in patient with knee OA are scarce. Therefore, long-term cohort studies, similar 
to the Osteoarthritis Initiative which contains large amounts of valuable data, are needed. To 
get a better understanding of the course of muscle strength over time in patients with knee OA 
research should include long follow-up periods and an adequate set of muscle function-related 
variables. In addition, similar long-term cohort studies would allow to create useful prediction 
rules for those patients at risk for a decline in muscle strength over time. A prediction rule can 
help clinicians to identify and prescribe adequate treatment to patients at risk for a decline in 
muscle strength, which is strongly linked to a decline in pain and physical functioning.

Second, the overview of associated factors with lower muscle strength in patients with knee 
OA, may guide future fundamental research on the underlying mechanisms of muscle weakness 
in patients with knee OA. This could help to gain a better understanding of the factors that 
may contribute to muscle weakness in knee OA. For example, our findings on a low dietary 
protein intake and its association with low muscle strength is a finding that needs to be studied 
in patients with knee OA. Future research should focus on how dietary protein intake, including 
protein quality and timing of intake, can be used to optimize muscle strength in patients with 
knee osteoarthritis

Similarly, other (modifiable) factors can be studied to better understand the underlying 
mechanism, to study the possible association with muscle strength and how these factors can 
contribute to optimizing muscle strength in patients with knee OA.
Finally, future research needs to study the (absence of) the dose-response relationship for intensity 
of resistance training in patients with knee OA compared to healthy adults. We did not find the 
expected dose-response relationship. Nonetheless, it would be interesting to compare the effect 
of high-intensity versus low-intensity resistance training on the knee joint by the use of detailed 
imaging or biomarkers of cartilage degeneration. Such studies may demonstrate the effect of high- 
or low-intensity resistance training at the joint level and may further demonstrate a preferred 
intensity of resistance training in patients with osteoarthritis of the knee. In addition, it would be 
interesting to study different aspects of muscle strength, besides peak muscle strength, in patients 
with knee OA. Muscle endurance, muscle power, rate of force development and neuromuscular 
control may be more dominant in performing daily activities than peak strength. These factors 
may also be more closely related to the onset or progression of knee OA.
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When it comes to the implementation of our findings on the intensity of resistance training in 
patients with knee OA, we found no preferred intensity when comparing high-intensity versus low-
intensity resistance training. Both groups showed significant improvements in muscle strength, 
pain and physical activity. Therefore, both high- and low-intensity resistance training can be 
implemented in the treatment of patients with knee osteoarthritis.

CONCLUSIONS

In summary, the following conclusions can be drawn from this thesis:

Basic muscle properties (lower muscle quality), general factors (lower protein intake, physical 
inactivity) and OA-specific factors (more severe joint degeneration, higher levels of knee pain) 
are associated with low muscle strength in patients with knee OA. For other factors potentially 
associated with muscle weakness evidence is lacking and more research is needed.

In patients with knee OA, muscle strength declines over a period of 4 years. Predictors for a decline 
in muscle strength include general factors (older age, being female, higher body mass index, lower 
dietary protein intake) and an OA-specific factor (radiographic severity).

High-intensity resistance training does not result in greater improvements in isokinetic muscle 
strength compared to low-intensity resistance training in patients with knee OA, but is well-
tolerated. Resistance training with vitamin D supplementation did not lead to an increase in muscle 
strength compared to placebo, but this finding was based on underpowered data.

Isokinetic peak strength is more strongly associated with daily activities than the estimated 1-RM. 
Therefore, in future research on daily activities, isokinetic peak force could be preferred over the 
estimated 1-RM as an outcome measure of muscle strength.

7
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SUMMARY

Osteoarthritis (OA) is a common joint disorder affecting mainly the hands, hips, knees and feet. 
Pain is the main reason for patients with OA to seek medical attention and is the hallmark symptom 
of OA along with joint stiffness, reduced joint range of motion, instability, synovitis and muscle 
weakness. Patients with OA are limited by these symptoms in their daily activities (e.g. walking, 
climbing stairs and sitting and getting up from a chair) and experience a reduced quality of life. In 
patients with knee OA, low muscle strength is strongly associated with pain, activity limitations 
and falls, and is linked to both the onset and progression of knee OA. Therefore, muscle strength 
is an important target for both treatment and research in patients with knee OA, especially since 
muscle strength is an modifiable factor.

Numerous factors may play a role in the characteristic low muscle strength in patients with knee 
OA. However, a comprehensive overview of factors associated with muscle strength in patients 
with knee OA was not available. Remarkably, limited research was available on the relationship 
between nutritional factors and muscle strength in knee OA. Especially since the positive influence 
of an adequate nutritional intake on muscle mass and muscle strength in the general population 
is well documented. Also, knowledge about the course of muscle strength over longer periods 
is scarce. Moreover, knowledge of the predictors of a decline in muscle strength over time can 
contribute to a better understanding of the underlying mechanisms and help physicians identify 
and treat patients at risk for a decline in muscle strength.

Exercise therapy, and in particular resistance training, has been shown to be effective in improving 
muscle strength in patients with knee OA. However, the optimal training intensity of muscle 
strengthening exercises in knee OA is not known. In addition, there is evidence that vitamin D 
supplementation in combination with resistance training may have an additional effect on muscle 
strength compared to placebo and resistance training, but this had not yet been investigated.

Muscle strength is measured in most studies of patients with knee OA by isokinetic measurement 
of peak force. Another measure of muscle strength is the estimated 1-repetition maximum 
(1-RM) performed on exercise equipment, which may be more closely related to daily activities. 
However, these two measures of muscle strength had not been studied side-by-side in patients 
with osteoarthritis of the knee in relation to daily activities.
Our aim in this thesis was twofold. The first aim was to describe the potential determinants of 
muscle strength in patients with knee OA. The second aim was to optimize strength gains in 
patients with knee osteoarthritis. Chapter 1 provided a general introduction of the research 
topics of this thesis. In Chapter 2, an extensive overview was presented of factors associated with 
muscle strength in patients with knee osteoarthritis based on a scoping review. In Chapter 3, daily 
protein intake in patients with knee OA and its association with muscle strength was determined. 
Chapter 4 described the course and predictors of muscle strength over 48 months in patients 
with knee OA. Chapter 5 presented the results of a randomized controlled trial on high- versus 
low-intensity resistance training and vitamin D supplementation versus placebo in patients with 
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knee OA. In Chapter 6 our findings with respect to testing the hypotheses on two measures of 
muscle strength and daily activities were presented. Finally, in Chapter 7, the results of the thesis 
were summarized and discussed.

In Chapter 2 we performed a scoping review to examine which factors were associated with 
muscle strength in patients with knee OA. Factors were categorized into three subgroups: basic 
muscle properties, general and OA-specific factors. Regarding the basic muscle properties (i.e. 
muscle quality, muscle quantity and muscle activation), we found convincing evidence for the 
association between low muscle quality and low muscle strength in patients with knee OA, but 
not for muscle quantity and muscle activation. With regard to general factors in patients with 
knee OA, we concluded that older age, being female, higher bodyweight and physical inactivity 
were found to be associated with lower muscle strength. With respect to the OA-specific factors 
in patients with knee OA, more severe joint degeneration and higher levels of pain were found 
to be associated with lower muscle strength. In patients with hip OA, we found a lack of studies 
across all factors potentially associated with muscle strength.

In Chapter 3 we performed a study cross-sectional study in the OAI progression cohort (n=1390) 
that showed that dietary protein intake of in 65.1% of the patients with knee OA was below the 
recommended daily allowance (RDA) of 0.80 g/kg bodyweight for healthy adults. For older adults 
and patients with acute or chronic diseases, e.g. the knee OA population, it is recommended to 
have an even higher protein intake of 1.0 - 1.2 g/kg/day and 1.2-1.5 g/kg/day. We also showed 
that lower dietary protein intake was associated with lower muscle strength in patients with knee 
OA. This suggests that protein intake plays a role in low muscle strength in knee OA, but it is not 
yet clear whether this relationship is different from older adults without OA. Further research 
is needed in patients with knee OA to study the effect of protein supplementation on muscle 
strength, especially in combination with resistance training to optimize strength gains.

In Chapter 4 we performed a study on longitudinal data in the OAI progression cohort (n=1390). 
We found a decline in muscle strength over a 4-year period in patients with knee OA. Predictors 
for the observed decline in muscle strength were older age, being female, higher BMI, lower 
dietary protein intake and radiographic severity. Unexpectedly, pain and physical activity, which 
were found to be strongly linked to muscle strength in Chapter 2, did not predict a decline in 
muscle strength. Future research into predictors of muscle strength is needed, including external 
validation, to be able to develop a prediction rule, which can be used by clinicians to identify those 
patients at risk for a decline in muscle strength. This is particularly important since a decrease 
in muscle strength is strongly related to an increase in pain and decrease in physical functioning 
in patient with knee OA.

In Chapter 5, we assessed whether in patients with knee OA (i) high-intensity resistance training 
leads to an increase in muscle strength, compared to low-intensity resistance training. We 
found that in patients with knee OA, high-intensity resistance training did not lead to greater 
improvement in isokinetic muscle strength compared to low-intensity resistance training. Our 
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findings from isokinetic strength data suggest that the dose-response relationship of resistance 
training (that is, higher training intensities leads to greater improvements than lower training 
intensities) reported in older adults, does not seem to hold for patients with knee OA. Two other 
studies confirm these findings with no difference between the high- and low-intensity resistance 
training groups. Our study also showed that high-intensity resistance training was well tolerated in 
patients with knee OA. In addition, we showed in Chapter 5 that resistance training with vitamin 
D supplementation did not lead to an increase in muscle strength compared to placebo, but this 
finding was based on underpowered data.

In Chapter 6, we studied isokinetic peak strength and the estimated 1-RM in relation to daily 
activities. Contrary to our hypothesis, isokinetic peak strength showed stronger associations 
compared to the estimated 1-RM with all daily activities, including walking, chair rising and stair 
climbing. These findings support the use of isokinetic peak strength compared to the estimated 
1-RM in research in patients with knee OA, particularly in relation to daily activities. Activities 
requiring muscular endurance, such as walking, were not found to be more strongly associated 
with 1-RM than with isokinetic muscle strength, contrary to our hypothesis. This may be explained 
by the fact that the 10-RM test is a multiple repetition to failure-test with only 10 repetitions, 
which may be not enough to test muscle endurance. Finally, in Chapter 7 the main results of this 
thesis were summarized and discussed and directions for further research were provided.
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Artrose is een veel voorkomende gewrichtsaandoening die vooral voorkomt in de handen, heupen, 
knieën en voeten. Bij patiënten met artrose is pijn de belangrijkste reden om medische hulp te 
zoeken en het meest kenmerkende symptoom van artrose naast gewrichtsstijfheid, verminderde 
bewegingsvrijheid van het gewricht, instabiliteit, synovitis en spierzwakte. Patiënten met artrose 
worden door deze symptomen beperkt in hun dagelijkse activiteiten (bv. lopen, traplopen, zitten 
en opstaan uit een stoel) en ervaren een verminderde kwaliteit van leven. Bij patiënten met 
knieartrose is een lage spierkracht sterk geassocieerd met pijn, beperkingen in activiteiten en 
vallen, en wordt lage spierkracht in verband gebracht met zowel het ontstaan als de progressie 
van knieartrose. Dit maakt spierkracht een belangrijk aandachtspunt voor zowel de behandeling 
als het onderzoek bij patiënten met knieartrose, met name omdat spierkracht een beïnvloedbare 
factor is.
Talrijke factoren spelen mogelijk een rol bij de karakteristieke lage spierkracht bij patiënten 
met knieartrose, maar een overzicht van de factoren die geassocieerd zijn met spierkracht 
bij patiënten met knieartrose was niet beschikbaar. Daarbij was de relatie tussen voeding en 
spierkracht bij patiënten met knieartrose slechts zeer gering onderzocht, terwijl de positieve 
invloed van een adequate voeding op spiermassa en spierkracht in de algemene bevolking al 
ruime tijd bekend was. Ook onderzoek waarin het beloop van spierkracht over de tijd wordt 
beschreven bij patiënten met knieartrose was schaars. Logischerwijs ontbrak mede daardoor ook 
de kennis over voorspellers van spierkracht over de tijd. Dergelijke kennis over de voorspellers van 
een afname van spierkracht over de tijd zijn mogelijk nuttig om de onderliggende mechanismen 
beter te begrijpen en behulpzaam voor artsen bij het identificeren en vervolgens behandelen van 
patiënten met knieartrose die risico lopen op een afname van spierkracht.

Oefentherapie, en in het bijzonder krachttraining, is effectief gebleken in het verbeteren 
van spierkracht bij patiënten met knieartrose. De optimale trainingsintensiteit van deze 
spierversterkende oefeningen bij knieartrose was niet onderzocht. Daarnaast zijn er aanwijzingen 
dat vitamine D-suppletie in combinatie met krachttraining mogelijk een additioneel effect kan 
hebben op de spierkracht, maar dit was nog niet onderzocht bij patiënten met knieartrose.

Spierkracht wordt in de meeste studies van patiënten met knieartrose gemeten door een 
isokinetische meting van de piekkracht. Een andere maat voor spierkracht is de geschatte 
‘1-repetition maximum’- waarde (1-RM). Deze 1-RM-waarde is mogelijk sterker gerelateerd aan 
dagelijkse activiteiten. Deze twee metingen van spierkracht werden echter nog niet eerder naast 
elkaar bestudeerd bij patiënten met knieartrose in relatie tot dagelijkse activiteiten.
Het doel van dit proefschrift was tweeledig. Het eerste doel was het beschrijven van de 
mogelijke determinanten van spierkracht bij patiënten met knieartrose. Het tweede doel was het 
optimaliseren van de toename in spierkracht bij patiënten met knieartrose. Hoofdstuk 1 geeft een 
algemene introductie van de onderzoeksonderwerpen van dit proefschrift. In hoofdstuk 2 wordt 
een uitgebreid overzicht gegeven van factoren die geassocieerd zijn met spierkracht bij patiënten 
met knieartrose op basis van een ‘scoping review’. In hoofdstuk 3 wordt de dagelijkse eiwitinname 
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bij patiënten met knieartrose en de associatie met spierkracht beschreven. Hoofdstuk 4 beschrijft 
het beloop van spierkracht gedurende 48 maanden en de daarbij behorende voorspellers bij 
patiënten met knieartrose. Hoofdstuk 5 presenteert de resultaten van een interventiestudie 
naar het effect van hoog- versus laag-intensiteit krachttraining en vitamine D suppletie versus 
placebo op spierkracht bij patiënten met knieartrose. In hoofdstuk 6 beschrijft de bevindingen 
met betrekking tot het testen van de hypothesen op twee maten van spierkracht in relatie tot 
dagelijkse activiteiten. In hoofdstuk 7 worden de belangrijkste resultaten van de beschreven 
studies bediscussieerd en worden suggesties gedaan voor verder onderzoek.

In hoofdstuk 2 hebben we een ‘scoping review’ uitgevoerd om te onderzoeken welke factoren 
geassocieerd zijn met spierkracht bij patiënten met knieartrose. Daarin werden factoren 
gecategoriseerd in drie subgroepen: basale spiereigenschappen, algemene en artrose-specifieke 
factoren. Wat betreft de basale spiereigenschappen (d.w.z. spierkwaliteit, spierkwantiteit en 
spieractivatie), vonden we overtuigend bewijs voor de associatie tussen lage spierkwaliteit en 
lage spierkracht bij patiënten met knieartrose, maar niet voor de associatie tussen spierkwantiteit 
en spieractivatie met spierkracht. Met betrekking tot de algemene factoren bij patiënten met 
knieartrose, concludeerden we dat een oudere leeftijd, vrouwelijk geslacht, hoger lichaamsgewicht 
en lichamelijke inactiviteit geassocieerd bleken te zijn met een lagere spierkracht. Met 
betrekking tot de artrose-specifieke factoren bij patiënten met knieartrose, bleken ernstigere 
gewrichtsdegeneratie en meer pijn geassocieerd te zijn met een lagere spierkracht. Bij patiënten 
met heupartrose, vonden we een tekort aan studies voor alle factoren die mogelijk geassocieerd 
zijn met spierkracht.

In hoofdstuk 3 hebben we een cross-sectionele studie in het Osteoarthritis Intiative (OAI) 
cohort (n=1390) uitgevoerd, waaruit bleek dat de eiwitinname vanuit de voeding bij 65,1% van 
de patiënten met knieartrose onder de aanbevolen dagelijkse hoeveelheid (ADH) van 0,80 g/kg 
lichaamsgewicht voor gezonde volwassenen lag. Voor oudere volwassenen en patiënten met acute 
of chronische ziekten, bv. de knieartrose populatie, wordt echter een nog hogere eiwitinname van 
1,0 - 1,2 g/kg/dag en 1,2-1,5 g/kg/dag aanbevolen. Daarnaast toonden wij ook aan dat een lagere 
eiwitinname geassocieerd was met een lagere spierkracht bij deze patiënten met knieartrose. Dit 
suggereert dat eiwitinname een rol speelt bij lage spierkracht bij knieartrose, maar het is nog niet 
duidelijk of deze relatie anders is dan bij oudere volwassenen zonder artrose. Verder onderzoek is 
nodig bij patiënten met knieartrose om het effect van eiwitsuppletie op spierkracht te bestuderen, 
vooral in combinatie met weerstandstraining om de spierkracht te optimaliseren.

In hoofdstuk 4 hebben wij een studie uitgevoerd op de longitudinale data in het OAI cohort 
(n=1390). Hier vonden wij een afname in spierkracht over een periode van 4 jaar bij patiënten met 
knieartrose. Voorspellers voor de waargenomen afname in spierkracht over 4 jaar waren oudere 
leeftijd, vrouwelijk geslacht, hogere body mass index (BMI), lagere eiwit inname en radiografische 
ernst van de artrose. Onverwacht was hierbij dat pijn en fysieke activiteit, die in hoofdstuk 2 
een sterk verband bleken te hebben met spierkracht, geen afname van spierkracht voorspelden. 
Toekomstig onderzoek naar voorspellers van spierkracht is nodig, inclusief externe validatie, 
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om een predictie-regel te kunnen ontwikkelen, die door artsen kan worden gebruikt om die 
patiënten te identificeren die risico lopen op een afname in spierkracht. Dit is vooral belangrijk 
omdat een afname in spierkracht sterk gerelateerd is aan een toename in pijn en een afname in 
fysiek functioneren bij patiënten met knieartrose.

In hoofdstuk 5 hebben wij bij patiënten met knieartrose onderzocht of (i) krachtstraining met 
een hoge intensiteit leidt tot een toename in spierkracht, vergeleken met krachttraining met een 
lage intensiteit. Wij vonden dat bij patiënten met knieartrose, hoog-intensieve krachttraining niet 
leidde tot een grotere verbetering in isokinetische spierkracht in vergelijking met laag-intensieve 
krachttraining. Onze bevindingen van de isokinetische gemeten spierkracht suggereren dat de 
dosis-responsrelatie van de intensiteit van de krachttraining (d. w. z., hogere trainingsintensiteit 
leidt tot grotere verbeteringen dan lagere trainingsintensiteit) die bij oudere volwassenen is 
beschreven, niet lijkt te gelden voor patiënten met knieartrose. Twee andere studies bevestigen 
deze bevindingen. Ondanks deze uitkomst toont deze studie aan dat het mogelijk is om bij 
patiënten met knieartrose hoog-intensieve krachttraining toe te passen. In hoofdstuk 5 
beschreven wij ook dat krachttraining met vitamine D suppletie niet leidde tot een toename in 
spierkracht vergeleken met placebo, maar deze bevinding is gebaseerd op ‘underpowered’ data.

In hoofdstuk 6 bestudeerden wij de isokinetische piekkracht en de geschatte 1-RM in relatie 
tot dagelijkse activiteiten. In tegenstelling tot onze hypothese toonde isokinetische piekkracht 
sterkere verbanden met alle dagelijkse activiteiten, inclusief lopen, stoel opstaan en traplopen, 
dan de geschatte 1-RM. Deze bevindingen ondersteunen het gebruik van isokinetische pieksterkte 
in vergelijking met de geschatte 1-RM in onderzoek bij patiënten met knieartrose, in het bijzonder 
bij onderzoek waarin de relatie tot dagelijkse activiteiten wordt beschreven. Activiteiten die 
spieruithoudingsvermogen vereisen, zoals lopen, bleken niet sterker geassocieerd te zijn met 
de geschatte 1-RM dan met isokinetische spierkracht, in tegenstelling tot onze hypothese. Dit 
is mogelijk te verklaren door het feit dat de gebruikte 10-RM test, slechts 10 herhalingen bevat 
wat mogelijk niet voldoende is om het spieruithoudingsvermogen adequaat te testen. Tenslotte 
worden in hoofdstuk 7 de belangrijkste resultaten van dit proefschrift samengevat en besproken 
en worden richtingen voor verder onderzoek aangegeven.

              



153

Dankwoord

 
 

 
 
 
 

 
 
 
 
 
 
 
 

 
 
 
 

 

 
 

 
 

 
 
 

              



 
 

 
 
 

 

 

 

 
 

 
 

 

 
 
 
 
 

 
 

              



 
 

 

 

 

 
 
 

              



  
 
 
 
 
 
 
 
 
 

              



157

List of publications

LIST OF PUBLICATIONS

International journals
de Zwart AH, van der Esch M, Pijnappels MA, Hoozemans MJ, van der Leeden M, Roorda 
LD, Dekker J, Lems WF, van Dieën JH. Falls associated with muscle strength in patients with 
knee osteoarthritis and self-reported knee instability. The Journal of rheumatology. 2015 Jul 
1;42(7):1218-1223.

Koeckhoven E, van der Leeden M, Roorda LD, van Schoor NM, Lips P, de Zwart A, Dekker J, van 
der Esch M, Lems WF. The association between serum 25-hydroxy vitamin D level and upper leg 
strength in patients with knee osteoarthritis: results of the Amsterdam Osteoarthritis Cohort. The 
Journal of rheumatology. 2016 Jul 1;43(7):1400-1405.

de Zwart AH, Dekker J, Lems WF, Roorda LD, Van Der Esch M, Van Der Leeden M. Factors 
associated with upper leg muscle strength in knee osteoarthritis: a scoping review. Journal of 
rehabilitation medicine. 2018 Feb 5;50(2):140-150.

de Zwart AH, van der Leeden M, Roorda LD, Visser M, van der Esch M, Lems WF, Dekker J. Dietary 
protein intake and upper leg muscle strength in subjects with knee osteoarthritis: data from the 
osteoarthritis initiative. Rheumatology international. 2019 Feb 7;39(2):277-284.

de Zwart AH, van der Leeden M, Roorda LD, van der Esch M, Twisk JW, Lems WF, Dekker J. Course 
and predictors of upper leg muscle strength over 48 months in subjects with knee osteoarthritis: 
Data from the osteoarthritis initiative. Osteoarthritis and Cartilage Open. 2020 Jun 1;2(2):100038.

Knoop J, Ostelo RW, van der Esch M, de Zwart A, Bennell KL, van der Leeden M, Dekker J. Construct 
validity of the OCTOPuS stratification algorithm for allocating patients with knee osteoarthritis 
into subgroups. BMC musculoskeletal disorders. 2021 Dec;22(1):1-3.

Hall M, van der Esch M, Hinman RS, Peat G, de Zwart A, Quicke JG, Runhaar J, Knoop J, van der 
Leeden M, de Rooij M, Meulenbelt I. How does hip osteoarthritis differ from knee osteoarthritis?. 
Osteoarthritis and cartilage. 2021 Sep 29.

de Zwart AH, Dekker J, Roorda LD, van der Esch M, Lips P, van Schoor NM, Heijboer AC, Turkstra 
F, Gerritsen M, Häkkinen A, Bennell K, Steultjens MPM, Lems WF, van der Leeden M. High-
intensity resistance training and vitamin D supplementation for knee osteoarthritis: a randomized 
controlled trial. Clinical Rehabilitation 2022, 02692155211073039

de Zwart AH, Dekker J, Verberne SK, Roorda LD, van der Esch M, Lems WF, van der Leeden M. The 
association between two different measures of muscle strength and daily activities. Submitted 
to Journal of Rehabilitation Medicine, 2021

              



158

Appendices

 
 

 

 

  

  

  

  

  

  

  

  

  

              





              




