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Pressure pain threshold

To determine the PPT the same HHD was used after attaching a metal tip of 1cm” The
PPT was measured with the subject supine on the examination table. In order to place
the algometry tip, subjects with PFPS were asked to point out the most painful location
on the knee. When this was behind the patella the algometer was placed on the center
of the patella. In control subjects, the algometer was placed on the medial patellar facet,
since this is often regarded as the most painful location in PFPS patients (Fig. 1b). The
assessor slowly increased pressure until the subject indicated that it became painful.
Maximum applied force was read from the display of the dynamometer in N/cm?. Asses-
sors placed the algometer on the same location.

To prevent tissue damage a cut-off value of 70N/cm” was defined. N/cm?is the amount
of force per square centimeter, which is the surface of our algometry tip. A recent study
used a cut-off value of 45N/cm?for patellar tendon?' Since a tendon is more vulner-
able, we increased the cut-off value to 70N/cm? (also based on a small test trial among
students). The measurements of both assessors were excluded from the analyses when
either one of the assessors reached the cut-off value of 70N/cm2 in a subject. For both
the strength and algometry measurements, both legs were tested and analyzed in con-
trol subjects while in patients only the (most) affected leg was included.

Figure 1. Measuring methods a) Quadriceps strength b) Pressure pain threshold

Statistical analysis

Statistical analyses were performed with SPSS for Windows, version 20. To compare
subject characteristics, a non-parametric chi squared test for dichotomous variables
and Mann Whitney U test for continuous variables were used. To determine the inter-
rater reliability, a 2 way mixed model of the intraclass correlation coefficient (ICC) was
used on absolute agreement between assessors 1 and 2. The measurements of both
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assessors were excluded from the analyses when either one of the assessors reported
an inadequate measurement. For both tests, ICCs in patients were calculated using the
values of the (most) affected knee. Reliability was considered excellent for ICCs higher
than 0.75, fair to good for values from 0.40-0.75 and poor for values less than 0.40.%
Bland-Altman plots were made to visualize the limits of agreement.

RESULTS

All eligible patients and control subjects seen between February 1 and May 17, 2013
were included for the present study, resulting in a total study sample of 38 subjects:
22 PFPS patients and 16 control subjects. The mean age of the study population was
22.2(6.0) years, BMI 23.6(4.5) and 68% was female. On average, patients had knee pain
for 12 months and 55% had bilateral complaints. Patients and control subjects were only
significantly different in percentage of sports participants (Table 1).

Table 1. Characteristics of the study population (n=38)

Patients Control subjects
(N=22) (N=16) P-value

Ageinyears mean (SD)  22.0(5.8) 22.5(6.5) 0.97
Female gender n(%) 16(72.7) 10 (62.5) 0.50
BMI mean (SD)  23.9 (4.8) 23.3(4.2) 0.83
Sport participants n (%) 12 (54.5) 13(81.3) 0.09
Duration of knee pain in months mean (SD) 12.0 (6.5) n.a n.a
Bilateral knee pain n (%) 12.(54.5) n.a. n.a.
Pain score in rest (NRS 0-10) mean (SD) 4.7 (2.3) n.a n.a
Pain score during activity (NRS 0-10) mean (SD) 7.1(1.9) n.a. n.a.
Recruiting physician

Sport physician n(%) 10 (45.5%) n.a. n.a.
General practitioner n(%) 10 (45.5%) n.a. n.a.
Physiotherapist n (%) 2(9.1%) n.a. n.a.

BMI= body mass index; SD= standard deviation; NRS= numeric rating scale; n.a.= not applicable

Quadriceps strength

Strength measurements of 2 patient knees and 14 control knees were inadequate for
assessor 1, compared to 1 patient knee for assessor 2. Therefore, 20 patient knees and 18
control knees were analyzed. Mean quadriceps strength of patients measured by asses-
sor 1 was 198(39)N, compared to 206(52)N for assessor 2 (Table 2). The ICC of the strength
measurements in patients shows fair to good agreement (ICC 0.72). Mean quadriceps
strength in control subjects was 239(32)N in assessor 1, compared to 270.9(54.9)N in
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Table 2. Descriptive statistics and ICC’s of HHD quadriceps strength measurements in Newtons

Assessor 1 Assessor 2
Group Mean (SD) Range Mean (SD) Range ICC (95% ClI)
Patients 198.4 (39.7) 91.4-267.6 206.3 (52.1) 101.9-301.4 0.72 (0.43-0.88)
(20 knees)
Control subjects 239.0(32.2) 161.9-271.2 270.9 (54.9) 166.2-367.2  0.63(-0.01-0.87)

(18 knees)

SD= standard deviation; ICC= intraclass correlation coéfficient; Cl= confidence interval

assessor 2. The ICC of strength measurements in control subjects shows fair to good
agreement (ICC 0.63).

The Bland-Altman plot shows on average lower assessed values for assessor 1 compared
to assessor 2 (MD 7.9N (95% ClI 59.9;-75.7) and 31.9N (95% Cl 27.1 t0 -90.9N), in PFPS pa-
tients and in control subjects, respectively. (Fig. 2). Furthermore, the Bland-Altman plot
shows an increased difference between assessors when average quadriceps strength
values exceed 250N.
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Figure 2. Bland-Altman plots of dynamometry in patients (left plot) and control subjects (right plot). The
solid black line shows the mean difference between assessor 1 and assessor 2. The black dotted lines show
the 95% Cl = mean difference + 1.96 x SD. All values are in Newtons

Pressure pain threshold

For analysis, 1 PFPS patient was excluded, because the most painful place differed
between assessors. In 12 knees of control subjects, the cut-off value of 70N/cm’ was
reached; in 9 of these knees, the cut-off value was reached by both assessors. Therefore
a total of 21 knees of PFPS patients and 20 knees of control subjects were eligible for
analysis.

Mean PPT of patients assessed by assessor 1 was 32.6(12.4)N/cm?, compared to
35.4(11.1)N/cm” in assessor 2 (Table 3). The ICC of the PPT shows excellent agreement
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(0.79) in PFPS patients. In control subjects, the mean PPT was 34.2(10.1) N/cm” in asses-
sor 1, compared to 40.2(9.7)N/cm? in assessor 2. The ICC shows a fair to good agreement
(0.52) in this group. The Bland-Altman plot of the PPT shows that on average assessor 1
measured lower values compared to assessor 2 in PFPS patients (MD 2.8N/cm? (95%Cl

11.5 to -17.2N/cm?) and in control subjects (5.9N/cm2 (95% CI 11.3 to -23.2N/cm?2)). (Fig.
3)

Table 3. Descriptive statistics and ICC's of HHD pressure pain threshold measurements in Newton/cm?

Assessor 1 Assessor 2
Group Mean (SD) Range Mean (SD) Range 1CC (95% CI)
Patients 32.6 (12.4) 142-61.3 354(11.1) 20.9-61.3 0.79 (0.53-0.91)
(21 knees)
Control subjects 34.2(10.1) 19.1 -60.0 40.2(9.7) 25.8-60.5 0.52(0.09 - 0.78)

(20 knees)

SD= standard deviation; ICC= intraclass correlation coéfficient; Cl= confidence interval
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Figure 3. Bland-Altman plots of PPT testing in patients (left plot) and control subjects (right plot). The solid
black line shows the mean difference between assessor 1 and assessor 2. The black dotted lines show the
95% Cl = mean difference + 1.96 x SD. All values are in Newtons/cm

DISCUSSION

The use of a HHD to test quadriceps strength has a fair to good inter-rater reliability in
patients with PFPS (ICC 0.72) and control subjects (ICC 0.63). The use of a HHD to test
the PPT has an excellent inter-rater reliability in patients with PFPS (ICC 0.79). In control
subjects the inter-rater reliability of the PPT test is fair to good (ICC 0.52).

Inter-rater reliability of quadriceps strength testing was lower compared to other stud-
ies with the same test protocol (ICCs 0.80 to 0.85).'*'® However, samples in these studies
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consisted of patients with advanced cancer or elderly and consequently maximum
strength assessed in these groups was considerably lower; 200 and 218N respectively,
compared to the current study.'®'® Higher values of quadriceps strength cause larger
variability in measurements (Fig. 2a and Fig. 2b), which seem to result in lower ICCs and
wider 95% confidence intervals. When the mean quadriceps strength was higher than
250N the difference between both assessors increased rapidly, with assessor 2 achiev-
ing much higher values. In total, there were 2 PFPS patients and 7 control subjects (14
knees), in which assessor 1 was not able to retain quadriceps strength; for assessor 2, this
involved only 1 PFPS patient (2 knees). Since assessor 1 had a lower weight and height,
it can be assumed that assessor 2 was weaker compared to assessor 1. This might imply
that tester physics plays a role in the inter-rater reliability of HHD use to test quadriceps
strength in stronger individuals. The influence of the tester’physics on the inter-rater re-
liability of HHD use in quadriceps strength has also been reported by other authors.”®"”
To avoid the influence of tester physics, other authors used a fixed HHD, especially in a
healthy athletic population, yielding perfect inter-rater reliability of quadriceps strength
testing with an ICC of 0.96.”° However, to use the fixed HDD additional equipment is
necessary, which compromises the feasibility of the HHD in clinical practice. Further-
more, it is questionable whether it has any clinical implication for PFPS patients, because
in patient knees most quadriceps strength measurements were adequate and did not
exceed 250N, as could be seen in the Bland Altman plot (Fig. 2a).

The inter-rater reliability of the PPT test in PFPS patients is comparable with the inter-
rater reliability of biceps brachii testing in healthy volunteers (ICC 0.74-0.78)* and is
slightly lower compared to the PPT of myofacial trigger points (ICC 0.82-0.86).>* How-
ever, the reliability found in this study is markedly lower compared to the reliability of
the PPT in patients with patella tendinopathy (ICC 0.93)*' This might be explained by the
fact that the assessors in the tendinopathy study were more experienced or by the low
mean PPT value since higher pressure is harder to apply and might account for more
variability between assessors. Furthermore, it is not clear whether they have used ICC’s
on consistency or on absolute agreement. ICC’s on consistency tend to be higher than
those on absolute agreement.*

Strengths and limitations

The most important strength is that the study sample represents the population of PFPS
patients. Furthermore, the lack of external fixture and use of straps makes these results
more generalizable to clinical practice in which use of extra equipment is not feasible.

A limitation might be the use of one trial for the PPT. Previous studies have shown that
the inter-rater reliability is higher when the mean of multiple trials or the value of a
second or third trial is used for analysis.”*** We chose not to perform multiple trials on

219



220

Chapter 7

the painful location, as it would be an extra burden for the participants. Therefore the
ICC found in this study for the PPT test could have been slightly underestimated.
Furthermore, studies suggest standardizing the rate of pressure increase per second.
However, when higher pressure needs to be applied, it is harder to gradually increase
the pressure using a standardized rate.”*** This might in part account for bigger vari-
ability in the differences of measurements between both assessors.

Conclusions

Handheld dynamometry seems to be a reliable method to test both quadriceps strength
and the PPT in PFPS patients. Compared to controls, the inter-rater reliability for both
tests was higher in PFPS patients. Further research on the inter-rater reliability of HHD
used to test quadriceps strength and the PPT is needed.

Practical implications

The HHD is a small, portable and relatively inexpensive device. It offers a fast, reliable
and easy-to-use method for testing quadriceps strength and the PPT in clinical practice
in PFPS patients.
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ABSTRACT

Study Design

Case-control study

Objectives

To investigate differences in pressure pain threshold (PPT) between patients with patel-
lofemoral pain (PFP) and healthy control subjects and study associations between PPT
and patients characteristics.

Background

PFP is a common knee complaint among active adolescents with unknown pathogen-
esis. It has been suggested that repeated overload might sensitize nociceptors causing
local hyperalgesia. This might also lead to an altered central pain processing. The PPT
can be measured to identify pressure hyperalgesia,

Methods

Patients with PFP (n=64) and healthy controls (n=70) were included. Demographics,
pain (numerical rating score) and function (anterior knee pain score) were obtained by
questionnaire. The PPT was measured with a handheld dynamometer with algometry
tip at the most painful spot of the affected knee (medial facet in controls), same spot
contralateral knee and at the contralateral forearm. Differences between groups were
tested with linear regression analyses adjusted for age, gender, BMI and sports participa-
tion.

Results

Patients had significantly lower PPTs compared to controls at all locations (B affected
knee -13.98(-18.62;-9.33); B contralateral knee -6.91(-11.84;-1.97); 3 arm -7.57(-12.07;-
3.07)). A significant interaction effect was found between participant status and female
for the PPT at the contralateral arm ( -9.95, 95%Cl -18.74;-1.16). Female gender was
significantly associated with a lower PPT in the patient population.

Conclusion

Local, distal and generalized pressure hyperalgesia, suggesting alterations in both pe-
ripheral and central pain mechanisms, were present in patients with PFP. Females with
PFP were most likely to suffer from generalized hyperalgesia.
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INTRODUCTION

Patellofemoral pain (PFP) is a common knee complaint among active adolescents and
young adults.' It is characterized by peri-patellar and retro-patellar pain, mainly during
activities as prolonged sitting, kneeling, squating, walking up and down the stairs or
repetitive activities as running and biking.

The exact origin of PFP is still unknown.” The current theory is that PFP originates from
excessive patellofemoral contact stress due to high loading and/or maltracking of the
patella. Dye et al. suggested in 2005 that this may result in a symptomatic loss of tis-
sue homeostasis.®> Next to this structural approach, he suggested the presence of an
altered pain mechanism, by stating that once loss of tissue homeostasis was initiated,
it may persist indefinitely.’ Previous studies by Jensen et al. indicated that aberrations
of the nervous system leading to altered pain perception might play a role in chronic
PFP.** More recently two studies demonstrated the presence of pressure hyperalgesia,
an increased response to a pain provoking mechanical stimulus, in PFP using the pain
pressure threshold (PPT).%” Rathleff et al. were the first to demonstrate lower local and
distal PPTs in female adolescent PFP patients compared to controls.® In a small group of
female adult patients Noehren et al. demonstrated that an increase in both localized and
centralized pain sensitivity in PFP is related to movement mechanics.” These lowered
PPTs found in females PFP patients may have implications for treatment strategies. This
is further strengthened by the fact that female adolescents with PFP deeming them-
selves to be recovered showed a greater improvement in PPT compared to adolescents
who had not recovered following treatment. This indicates that it is possible to change
PPTs as a consequence of treatment.?

So it appears that female PFP patients seem to have pressure hyperalgesia. Though it
is up to now unclear whether this is also present in the general PFP population, includ-
ing both male and female patients. Additionally, there is emerging evidence that pain
processes are age dependent’® and a difference between adult and adolescent patients
with PFP is suggested.'® Furthermore, more knowledge on associations between patient
characteristics and PPT is essential in order to develop better-targeted treatment strate-
gies.

Therefore, the aim of the present study was investigate differences in PPTs between PFP
patients and matched control subjects, to analyze potential differences between adult
PFP and adolescent PFP patients and to explore patient characteristics associated with
altered PPTs.
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METHODS

Study design and participants

This cross-sectional case-control study was performed between January 2013 and Sep-
tember 2014. Patients aged between 14 and 40 years, with PFP for at least two months
and for a maximum of two years were compared to a healthy control group without
knee complaints.

Patients diagnosed with PFP were included by their general practitioner, physiotherapist
or sports physician during consultation. All patients diagnosed with PFP had to fulfill
the following criteria: the presence of at least three of the following symptoms: pain
complaints while stair climbing; while squatting; while running; while cycling; while sit-
ting for a prolonged period with the knee flexed, or crepitus. Exclusion criteria included
a defined pathological knee condition at the affected knee, such as osteoarthritis or
patellar tendinopathy, previous surgery or injury of the affected knee, previous episodes
of PFP more than two years ago or onset of PFP after trauma. Control subjects were
recruited by sports team members, friends or colleagues of the patients. We aimed to
match the control subjects to the patient group on age, BMI, gender and activity level.
Subjects suffering knee pain or a history of PFP, subjects with traumatic injury or knee
surgery and first grade family members were excluded as control subjects. All subjects
with contra-indications for MR scanning with contrast administration (for other study
purposes) or insufficient knowledge of the Dutch language were excluded. Approval
for the study was given by the Institutional Review Board (Medical Ethical Committee
of Erasmus MC, protocol no. MEC-2012-342) and, accordingly, informed consent was
obtained from all participants and if participants were aged < 18 years, their parents
additionally gave informed consent.

Measurements

After signing informed consent, all subjects were asked to fill in a questionnaire and
were additionally invited for a physical examination at the Erasmus MC in Rotterdam.
The questionnaire included questions on demographics (gender, age, weight and height
to calculate BMI), sports participation (yes/no) and type of complaints (bilateral (yes/
no), duration of complaints in months, more pain in cold environment (yes/no), function
(AKP scale)' and pain intensity on a numeric rating scale (NRS) from 0 to 10 at rest and
during activity)." During physical examination the presence of neuropathic pain was
assessed with the DN4'%, widespread pain was assessed according to the tenderpoints
index and according to the Manchester definition of chronic widespread pain with a
mannequin.” Subsequently, crepitation during squatting (present or not), palpation of
the medial patellar facet (painful or not) and the Clarke compression test (positive or
negative) were assessed.
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Pain pressure threshold

The PPT was determined by a handheld dynamometer (HHD) with a special algometry
tip of 1cm? (Biometrics MicroFET 2, Almere, The Netherlands). We showed earlier that this
is a reliable method to test PPT in PFP patients." The PPT measurement was performed
by one assessor (RvdH). Subjects were lying supine on the examination table and the al-
gometry tip was placed at the most painful location on the knee in the patients with PFP.
If this place was located behind the patella (i.e. retropatellar pain), the algometer was
placed on the center of the patella. PPT testing in patients was performed on the same
site of the contra-lateral knee and dorsolateral mid-shaft of the contralateral forearm. In
control subjects PPT testing was done on the medial facet of both knees, since the me-
dial patellar facet is often regarded as the most painful location in PFP, and dorsolateral
mid-shaft of the contralateral forearm. Once the algometry tip was placed, pressure was
slowly increased until the subjects indicated that it became painful. Maximum applied
force was read from the display of the dynamometer in N/cm2 and consequently pain
severity was assessed using the 0-10 NRS. We applied a cut-off of 70N/cm?to prevent
possible tissue damage.

Statistical analysis

Differences in characteristics between patients and control subjects and between adult
and adolescent patients (aged < 18 years) were tested with independent sample t-test
(continuous variables) and chi-square (categorical variables) tests if normal distribution
was present. Otherwise the Wilcoxon test was applied.

Differences in PPT and experienced pain at threshold between patients and control
subjects, and in predefined subgroups divided by age status (adult vs. adolescent)
and gender were analyzed using a linear regression model with adjustment for age,
gender (not in gender subgroup analyses), BMI and sport participation. If differences
were present in these subgroup analyses, effect modification was tested by adding the
relevant interaction term to the primary comparison of patients and control subjects.
The association between patient characteristics and the PPT in a subgroup of patients
was assessed using a multivariable linear regression model, entering all variables at
once. Results are presented in mean differences and Betas () with accompanying 95%
confidence intervals (95%Cl). P-values <0.05 were considered statistically significant.

RESULTS

Participants

The study population consisted of 64 patients with PFP and 70 healthy control subjects
(Figure 1). Both groups comprised 20 adolescents. The mean age of the patient group
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Recruited patients (n=119)
General practitioner (n=42)
Sports physician (n= 41)
Physiotherapist (n=36)

Excluded (n=55)
Onset after trauma (n=13)
Aged 240 years (n=5)
Duration of complaints >2 years (n= 14)

Previous episode >2 years ago (n=4)
Recovered (n=6)
Less than 3 PFP criteria (n= 3)
Other reason (n=10)

Included (n= 64)

Figure 1. Flow diagram of patients.

was 23.4 (SD 7.0), mean BMI was 23.6 (SD 3.8)kg/m? and 54.7% of the participants were
female. Patients had a significantly higher BMI, participated less frequently in sport and
had a lower AKP function score compared to healthy control subjects (Table 1).
Compared to adolescent PFP patients, the adult PFP patients had a significantly higher
BMI and less frequently reported bilateral complaints (Table 2). Compared to male pa-
tients, female patients were significantly younger, had a longer duration of complaints
and reported bilateral complaints more frequently.

Pain measures

Significantly lower PPTs were observed in patients compared to healthy control subjects
(P<0.001) at all three locations (Table 3). Beta’s were -13.98(-18.62;-9.33) in the affected
knee, -6.91(-11.84;-1.97)) in the contralateral knee and -7.57(-12.07;-3.07) in the contra-
lateral arm. In addition, reported pain intensity scores at threshold were significantly
higherin PFP patients compared to healthy controls indicating that patients experienced
significantly more pain when pain was felt.

Subgroup analyses by age status demonstrated a significant lower PPT at the affected
knee in both adolescent and adult patients compared to their control groups (Table
4). Concerning the contralateral knee and contralateral arm, a significant difference
between patients and controls was present only in adults, in which adult patients had
lower PPTs compared to adult control subjects.

Subgroup analyses by gender showed significantly lower PPTs at the affected knee were
present in male and female patients compared to their control groups (Table 4). Con-
cerning the contralateral knee and contralateral arm, a significant difference between
patients and controls was present only in females, in which female patients had lower
PPTs compared to male control subjects. Further analysis showed a significant interaction
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effect between participant status and female with respect to the PPT at the contralateral
arm (3 -9.95, 95%CI -18.74;-1.16). Generalized widespread pain according to either the
Manchester coding or the tenderpoints index was not present in the study population.

Neuropathic pain according to the DN4, was present in 12.5% (n=8) of patients.

The multivariable linear regression model demonstrated a significant association be-
tween female gender and lower PPTs at the affected knee (B -8.20, 95%Cl -16.36;-0.04),
contralateral knee (3-11.10, 95%Cl -20.40;-1.79) and the contralateral arm (3 -18.94,
95%Cl -25.85;-12.02) (Table 5). Furthermore, sports participation was significantly as-
sociated with lower PPTs in the contralateral arm (3-7.62, 95%Cl -13.75;-1.48).

Table 3. Pain pressure thresholds (algometry) for patients and control subjects

Patients  Controls Mean difference B Adjusted

N=64 N=70 (95%ClI) (95%CI)* p-value*
Affected knee (N/cm?) 38.5(15.3) 50.7(14.6) -12.2(-17.33;-7.14) -13.98 (-18.62;-9.33) <0.001
Pain (NRS 0-10) .7 (2.0) 9(2.1) 1.80 (1.10;2.50) 1.88(1.15;2.61) <0.001
Contralateral knee (N/cm?) 44.9(16.2) 49.6(14.7) -4.7 (-10.05;0.52) -6.91 (-11.84;-1.97) 0.006
Pain (NRS 0-10) .0 (2.4) 9(2.2) 1.01 (0.23;1.79) 1.22(0.42;2.02) 0.003
Contralateral arm (N/cm?) 49.6 (13.9) 55.2(14.6) -5.65(-10.53;-0.78) -7.57 (-12.07;-3.07) 0.001
Pain (NRS 0-10) 7 (2.4) 3(2.) 1.34(0.56;2.12) 1.60 (0.81;2.38) <0.001

* adjusted for age, gender, BMI and, sport participation; Cl: confidence interval

Table 4. Pain pressure thresholds (algometry) for patients and control subjects subdivided based on age

and based on gender.

Mean difference B Adjusted

Patients  Controls (95%ClI) (95%Cl)* p-value*
Adolescents N=20 N=20
Affected knee (N/cm?) 30.2(10.1) 46.1(13.9) -15.86(-23.64;-8.08) -15.22(-23.89;-6.64) <0.01
Contralateral knee (N/cm?) 40.7 (16.9) 45.1(13.7) -4.38(-14.21;5.45) -5.85 (-15.68;3.98) 0.24
Contralateral arm (N/cm?)  46.6 (14.8) 523(153) -5.75(-15.38;3.89) -6.72 (-14.96;1.52) 0.11
Adults N=44 N=50
Affected knee (N/cm?) 42.3(15.8) 52.6(14.5) -10.34(-16.56;-4.13)  -13.08 (-18.85;-7.30) <0.001
Contralateral knee (N/cm?) 46.7 (15.7) 51.4(14.8) -4.69(-10.96;1.57) -7.73 (-13.63;-1.82) 0.01
Contralateral arm (N/cm®)  51.0(13.4) 56.4(14.3)  -5.45(-11.14;,0.24) -7.62 (-13.09;-2.14) <0.01
Male N=29 N=29
Affected knee (N/cm?) 47.1(16.7) 55.3(147) -8.19(-16.46;,0.088) -11.28(-19.41;-3.14) <0.01
Contralateral knee (N/cm®) 54.0 (14.3) 54.3(14.3)  -0.30(-7.84;7.24) -2.85(-10.62;4.91) 0.47
Contralateral arm (N/cm®)  59.5(11.4) 59.9(13.4)  -0.49 (-7.04;6.06) -2.07 (-8.81;4.68) 0.54
Female N=35 N=41
Affected knee (N/cm?) 314(9.3) 475(13.7) -16.15(-21.45,10.85) -16.77 (-22.57;-10.99) <0.001
Contralateral knee (N/cm®) 37.2(13.7) 463(14.2) -9.04 (-15.44;-2.64) -9.32 (-16.16;-2.49) <0.01
Contralateral arm (N/cm?)  41.4(9.9) 51.9(14.6) -10.50(-16.15;-4.85) -10.36 (-16.60;-4.11) <0.01

*adjusted for age, gender, BMI and sport participation (no adjustment for gender in the second part of the

table); Cl: confidence interval
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DISCUSSION

The purpose of this study was to investigate whether there is a difference in PPT between
patients with PFP and healthy control subjects. Our results showed that PFP patients
had significant lower PPT’s compared to healthy controls on all three locations, sug-
gesting the presence of local, distal and generalized pressure hyperalgesia. Subgroup
analyses for both age and gender status revealed that PPTs at the contralateral knee and
arm were only significantly lower in adult patients and female patients. Female gender
was identified as effect modifier with respect to the PPT at the contralateral arm. Mul-
tivariable analyses of patient characteristics showed a significant association of female
gender with a lower PPT.

Our finding that PFP patients had significant lower PPTs compared to healthy controls is
in line with recent studies.®’ Rathleff et al. demonstrates lower local and distal pressure
hyperalgesia in female adolescent PFP patients compared to controls.® Noehren et al.
showed an increase in both localized and centralized pain sensitivity in a small group of
female adult patients with PFP compared to controls.” Both studies focused on women
only, probably because the incidence of PFP is seemingly higher in females." In the pres-
ent case-control study also male PFP patients were included. Significant lower PPTs at
the affected knee were present in both male and female patients. However, PPTs at the
contralateral knee and contralateral arm were only significantly lower in female patients
and adult patients. It would be expected that a difference in prevalence of bilateral
complaints among subgroups would influence the difference in PPT of the contralateral
knee, but not the contralateral arm. Therefore, the presence of bilateral complaints was
added to the model for the contralateral knee and indeed differences between sub-
groups for the contralateral knee were no longer significantly different.

The fact that no significant differences between patients and control subjects in PPTs at
the contralateral knee and arm were found in the adolescent subgroup is presumably
due to a lack of power. PPTs at the contralateral knee and arm were consistently lower in
adolescent patients compared to adolescent controls, and based on the 95%Cl intervals
of the mean differences clinically relevant differences, regarded as an effect size of >0.5,
cannot be ruled out.

Female gender was identified as effect modifier for the contralateral arm and was signifi-
cantly associated with lower PPTs in the patient population. This indicates that general-
ized hyperalgesia, indicative for an altered central pain perception, is predominantly
present in female patients. In a recent study, Rathleff et al. also indicated that PFP might
have a central component.'® Other symptoms indicative for a central component, such
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as generalized widespread pain and neuropathic pain, were not explicitly present in our
study. Noehren et al did find hypoesthesia, depicted as an elevated threshold to detect
light touch over the center of their patella. Furthermore, a recent study by Rathleff et al.
showed an impaired conditioned pain modulation, indicative for a central component,
in female adolescents with chronic PFP.”'® Moreover, the profile of the sensory dysfunc-
tions in the study of Jensen et al. also indicates an involvement of the central nervous
system.* Differences in findings between our study and the other two could be due to
the use of different measures. Since a central component could be targeted with pain
modifying drugs, more research focusing on the presence of a central component in
PFP would be worthwhile.'” Further research is also warranted, considering the dose-
response and the effect of additional patient-education, because, Rathleff et al. showed
the ability of exercise therapy to alter PPTs and demonstrated that recovered female
patients with PFP have larger reduction in localized pressure hyperalgesia compared to
non-recovered females.?

Strengths and limitations

To our knowledge, this is the first case-control study focusing on the presence of altered
pain processing in both adults and adolescents, and males and females. Furthermore,
associations between PPT and patient characteristics have also not been studied previ-
ously. In order to develop better-targeted treatment strategies, more knowledge on
association between patient characteristics and PPT is essential.

Since we placed the dynamometer on the most painful spot on the knee in patients
it was not feasible to blind the assessor. Though a previous study showed a good reli-
ability for PPT testing between the current assessor and an independent assessor in a
subgroup of the study population.'

We intended to match the patients and their controls on age, gender, BMI and sports
participation. However, some differences were present concerning BMI and percentage
of sports participants and therefore all analyses were adjusted for these confounders.

It is off course not possible to test the PPT at the most painful spot, when no pain is
experienced. Therefore, the medial patellar facet was chosen. This seems justified, since
most patients indeed pointed the medial facet to be the most painful location. In order
to be sure that placement of the algometer on different surfaces (patellar bone or peri-
patellar soft tissue) would not have influenced our results, PPT location was added to
the multivariate analyses. However, no association between PPT and algometry at the
patellar bone location was present.
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CONCLUSION

In conclusion, our results show that patients with PFP have local, distal and generalized
pressure hyperalgesia. Females with PFP were most likely to suffer from generalized
hyperalgesia.
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DISCUSSION

Patellofemoral pain (PFP) is a common knee complaint, especially among physically
active young individuals.! Unfortunately, PFP is no trivial self-limiting disorder.® A large
percentage of patients have persistent symptoms, despite a variety of treatment mo-
dalities.”" The pathogenesis and treatment modalities of PFP are widely debated, but
no consensus on treatment modalities has been reached and the pathogenesis is still
largely unknown." This thesis includes a systematic review on one of these treatment
modalities and a cross-sectional case-control study that aimed to contribute to a better
understanding of the pathogenesis of PFP.

Exercise therapy

Most patients with PFP are treated conservatively with exercise therapy. In order to as-
sess the effectiveness of exercise therapy in patients with PFP chapter Il comprises a
systematic literature review including multiple comparisons of exercise therapy, like ex-
ercise therapy versus a control strategy (no treatment, placebo or waiting list controls),
a combination of knee and hip exercises versus quadriceps exercises alone and closed
kinetic chain exercises versus open kinetic chain exercises. This review found very low
quality but consistent evidence that exercise therapy for PFP may result in a clinically im-
portant reduction of pain and improvement of function, as well as enhancing long-term
recovery. In addition, there is very low quality evidence that a combination of knee and
hip exercises may be more effective in reducing pain than knee exercises alone. The lat-
ter corresponds with a recent review of Lack et al. that demonstrates the effectiveness of
proximal muscle rehabilitation in PFP."> However, the best form of exercise therapy, and
whether it would be effective in all patients with PFP is still unknown. Comprehensive
studies to identify subgroups of patients who would benefit more from a specific ap-
proach are therefore necessary. Some previous studies did focus on certain hypothetic
subgroups, like females, sedentary patients or patients with maltracking.'®"® Fukuda
et al. only included sedentary females, in which sedentary was defined as not having
practiced physical activity (aerobic and strengthening exercises) any day of the week for
at least 6 months previously.' Their study showed both an effect in pain reduction at
short and long term and improvement of function at long term in favor of hip and knee
exercises compared to knee exercises alone.'® The effect on pain during activity at short
term was notably larger compared to effects on pain or function in other studies of the
same comparison that included people who did not engage regular in sports activity”, a

122 or recreational athletes.” This implies that a larger improve-

general PFP population
ment in pain during activity at short term seems to be achieved in less active patients
by applying a combination of exercises for hip and knee muscles. The reason behind

this might lay in an overall less developed musculature and core-stability in sedentary

23



242

Chapter 9

patients in comparison to the general population or to recreational athletes. Another
possible explanation for such a big improvement might be the presence of a systemic
effect. This systemic effect could be anti-inflammatory as demonstrated for exercise
interventions in knee osteoarthritis.** Supposedly, the systemic effect would be larger
when more or larger muscle groups are targeted with exercise therapy and would also
be larger in patients that are not used to physical exposure at all. However, this has not
yet been studied in PFP. In sedentary females, a systemic effect could also be based on
pain modulation of processing, since altered central pain processing is predominantly
present in female patients with PFP (chapter VIIl) and exercise therapy seems to be able
to diminish pressure hyperalgesia.”® Therefore, further research into this hypothetic
working mechanism is needed.

Another study in a subgroup of patients with untreated PFP of over two months in dura-
tion provides evidence that a high-intensity medical exercise therapy program (MET) is
more effective than a low intensity exercise program in reducing usual pain and improv-
ing functional ability.'®'® Even at long-term, an effect of MET appears to be present.'®
MET is a concept in physiotherapy where the exercises are constructed according to
both open and closed kinetic chain, with variable loads and ranges of motion to enable
the patients to perform highly repetitive (=30 repetitions) exercises without increasing
pain.' Itis suggested that such a graded activity program may modulate fear-avoidance
beliefs, and improve coping and self-efficacy.'” The question, however, is if this fairly
large effect would also apply to the general PFP population. It is important to notice
that the study population has not engaged in treatment despite a long mean duration
of symptoms of 3.6 years in the intervention group and 2.9 years in the control group.
Therefore, it might be a specific subgroup especially struggling with fear-avoidance
beliefs or with an altered pain perception. Nevertheless, MET seems to be effective, but
this is just a single study and therefore further research is warranted.

Recently, Barton et al. proposed a best practice guideline for effective PFP manage-
ment after combining the findings from six high quality systematic reviews with expert
opinions.”® A tailored multimodal intervention program, complemented with patient
education and activity modification would be the key.”® To achieve individual tailored
treatment, the first aim would be to classify clinical subgroups. In 2005, Witvrouw et al.
proposed a clinical classification system based on consensus reached by the European
Rehabilitation Panel and clinical experience. Their aim was to develop a specific non-op-
erative treatment protocol for each individual with PFP, by guiding the clinician through
clinical examination.”’” Recently, Selfe et al. used a series of low cost simple clinical tests
to identify possible subgroups and showed that three subgroups of patients with PFP
may exist.”® The ‘strong’ subgroup had the highest mean hip abductor strength, high-
est mean quadriceps strength and greatest rectus femoris length. Most patients in this
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group were male and had a lower body mass index, a higher level of physical activity,
lower pain scores and better function. The ‘weak and tighter’ group had low mean hip
abductor and quadriceps strength and less flexibility. This subgroup had a higher BMI,
worse function and a trend towards low physical activity and longer symptom duration
was present. The ‘weak and pronated foot’ subgroup was based on the results of the
foot posture index and had greater patellar mobility. This group was younger and had
the shortest symptom duration. The findings of Selfe et al. do seem to coincide with the
findings of the studies that included specific subgroups, as stated above.'®'®'® In these
studies, the effect of exercise therapy in inactive patients or patients with a longer dura-
tion of symptoms, which would fall in the ‘weak and tighter’ group, was larger compared
to the effect in studies with active patients or athletes. This makes sense, since the ‘weak
and tighter’ group has low mean hip abductor and quadriceps strength, and would
therefore benefit more from exercise therapy. Contrary to this, active patients would fit
in the ‘strong’ subgroup, which already has high mean strength scores. Therefore, it is
highly unlikely that strength based exercise training would improve pain and functional
outcome measures in the ‘strong’ subgroup. Still, the question remains whether an im-
provement in strength would lead to an improvement in pain and function. The next
phase would be to study if targeted interventions for these subgroups do improve pain
and functional outcomes.

Pathogenesis

Up till now, the pathogenesis of PFP is still unknown. The current hypothesis is that
high loading conditions of the patellofemoral joint induce PFP by disturbing tissue
homeostasis.'** Loss of tissue homeostasis may, once initiated, persist indefinitely.”
Multiple pathophysiologic mechanisms of knee pain that might also apply to PFP have
been proposed in literature.***¢ This thesis (chapter Il to VIII) focused on three of these
mechanisms, which will be discussed in more detail in the next paragraphs, using a
broad range of advanced MRI techniques.

Structural joint tissue abnormalities

Although multiple arthroscopic studies and a MRI study showed that PFP is not neces-
sarily related to cartilage defects, the term ‘retropatellar chondropathy’ is still used to
characterize PFP>****° Furthermore, abnormalities of patellar retinaculum, synovial
plicae, Hoffa’s fat pad and subchondral bone marrow had long been mentioned in lit-
erature as possible origin of pain, but had not yet been investigated systematically in a
PFP population.’*****' Therefore, Chapter Il of this thesis investigated the association
between structural abnormalities of patellofemoral joint tissues on MRI and PFP using 3
Tesla high-field MRI with high spatial resolution (Figure 1).
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Figure 1. 3D high-resolution sagittal
fat-saturated spoiled gradient-echo of
a control subjects’knee.

Our studies showed that neither full or partial thickness cartilage defects nor minor
cartilage defects were associated with PFP. Together with the previous studies®****,
there seems to be conclusive evidence to state that patellofemoral cartilage damage
is not associated with PFP. Therefore, ‘retropatellar chondropathy’ and ‘chondromalacia
patellae’are incorrect synonyms for PFP and from now on should not be used anymore.
Furthermore, our study showed that structural abnormalities on MRI of patellar retinacu-
lum and plica, such as increased thickness or high signal intensity, were not associated

with PFP. These abnormalities were, in fact, rarely seen in this population.

Other abnormalities, such as minor patellar cartilage defects, patellar bone marrow
lesions (BMLs), and a high signal intensity of fat pads, were frequently seen in both
patients with PFP and healthy control subjects. This might indicate that other factors
need to be present to induce pain in patients. It could be hypothesized that the location
of the abnormality might distinguish between patient and controls. However, additional
analyses of sub-regions (medial or lateral patella, medial or lateral meniscus, superior
or inferior part of patellar tendon) also revealed no significant differences between
patients with PFP and healthy control subjects. Another theory might be that certain
combinations of abnormalities need to be present to induce PFP. A logical combination,
that of both trochlear and patellar abnormalities, could not be tested, because trochlear
abnormalities were only present in very small numbers. Nevertheless, this does imply
that the contribution of this combination to the pathophysiology of PFP is unlikely.
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There are currently no other anticipated combinations based on literature and we lacked
power to study all possible combinations.

Apparently, a large percentage of healthy control subjects had abnormalities of the
patellofemoral joint on MRI. A high prevalence of abnormalities in asymptomatic
knees of adults has also been shown by other studies.’”** Even more remarkable was
the presence of patellar BMLs in 65% of adolescent control subjects and the presence
of patellar osteophytes in 45%, and a high signal intensity in Hoffa’s fat pad in 50%
of these healthy adolescents. This stirs the question whether certain MRI findings are
physiological instead of pathological. With respect to osteophytes, this phenomenon
has already been discussed in osteoarthritis research and a Delphi process has been
undertaken.’® However, the definition of a ‘definite osteophyte’ was not yet delineated
and requires further validation. Thus, the question remains whether small osteophytes
as seen in our case-control study are actually osteophytes as seen in osteoarthritis or
just normal bone-cartilage transitions. In this thesis, the MOAKS MRI score was used,
which distinguishes between medium size osteophytes (grade 2) and small osteophytes
(grade 1).%° A large percentage of our study population had osteophytes, however only
few participants had medium size osteophytes. The presence of small osteophytes in
healthy control subjects, and even in the healthy adolescent population, suggests that
this may be a physiologic finding. Hart et al. investigated the natural history of a K&L
grade 1 osteophyte.®’ The radiographic Kellgren and Lawrence (K&L) score distinguishes
between definite osteophytes, classified as grade 2, and possible osteophytic lipping,
classified as grade 1.%” Hart et al. found that ‘doubtful’ osteophytes are significantly re-
lated to later life radiographic knee OA, and concluded that K&L grade 1 osteophyte can-
not be ignored or classified as normal.®’ Whether this also applies to small osteophytes
on MRl is unknown up to know.

Another interesting finding was the high percentage of patellar BMLs in both patients
and control subjects, even in the adolescent population. Over the past decade, BMLs
have received more attention in the field of OA research, because it has been suggested
that bone rather than cartilage may be the initiating site of pathophysiological events
in OA and that BMLs are related to pain.®*®® But, if BMLs are related to pain, how come
that such a large percentage of healthy control subjects have BMLs? The answer might
be that other factors need to be present to induce pain or that BMLs in healthy control
subjects are a different type of BML than the ones in patients experiencing pain. The
importance of identifying different entities of subchondral BMLs has previously been
emphasized by Roemer et al.”’ It would be interesting to investigate if a specific type,
volume, location of BMLs, or concurrent abnormality is associated with PFP. In the current
study, the distribution of BMLs is comparable between patients and control subjects,
with a 5 times higher percentage of BMLs in the patella compared to the anterior femur
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in both groups. With respect to BML' size, additional analyses to the studies presented
in this thesis showed that only 3 patients had a larger sized patellar BML according to
the MOAKS classification and none of the control subjects. One specific type of BML
that might exist is an activity related BML. The association between physical activity and
BMLs is controversial. A review by Lim et al. found limited evidence for an association be-
tween physical activity and BMLs.%® More recently, Antony et al. studied this association
in young adults and found no association overall.”® However, when dividing physical
activity into moderate and vigorous, a protective association was found in their study for
moderate activity and a deleterious association for vigorous.® In our study, activity was
not associated with the presence of BMLs, however activity was dichotomized and level
of activity was not taken into consideration.

It has been shown that BMLs with different content exists in osteoarthritic knees.®” Fur-
thermore, Lee et al. demonstrated more blood going and a failure to “wash out”in BMLs
compared to normal bone, which can be interpreted as stasis or outflow obstruction.”
Both stasis and an altered content might hypothetically lead to a higher intraosseous
pressure, another hypothetic pathophysiologic mechanism for PFP. With advanced
imaging techniques, like DCE-MRI and ultrashort echo time (UTE) MRI it should be
possible to study these features in the future. Failure to “wash out” can be measured
with DCE-MRI. In the current study DCE-MRI was not yet specifically to BMLs, but only
applied to the patellar bone marrow. UTE-MRI can characterize BML content by imaging
the structure of trabecular bone.”' Additionally, UTE can image the osteochondral junc-
tion’*”®, This osteochondral junction has received increasing attention over the years as

74,75

possible factor in OA pathophysiology.

The current case-control study demonstrated that cartilage defects on MRI are not
associated with PFP. However, in OA compositional alterations are known to precede
morphological alterations of cartilage ® and PFP has been suggested as a precursor
for osteoarthritis.””’® Nowadays, it is possible to study cartilage composition with ad-
vanced MRI techniques. These quantitative MRI techniques for cartilage, such as delayed
gadolinium enhanced MRI of cartilage (dGEMRIC), T1, and T2 mapping, quantitatively
measure cartilage composition by measuring its structural components, like glycosami-
noglycan and collagen.” Therefore, chapter IV of this thesis focused on the association
between PFP and patellofemoral cartilage composition. Previously published in-house
developed software (Software for Post-processing and Registration of Cartilage of the
Knee: SPARCK) was optimized for the patellofemoral joint and used to calculate cartilage

composition (Figure 2).5%

One of the strengths of SPARCK is automated image registration, which compensates for
subject motion within and between sequences. Thereby, facilitating the use of the same
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Figure 2. Color overlays of a
300 T1-map of the patellofemo-
ral joint of a control subject.
Lower T1¢p relaxation times
in milliseconds, shown in
200 black, depict less GAG con-
tent.

region of interest (ROI) for all sequences. Another strength is the automatic removal of
possible included cortical bone pixels in the ROl based on a participant-specific bone-
cartilage threshold. Furthermore, a weighted mean relaxation was calculated using the
reciprocal of the uncertainty of the fit. This is of importance as more uncertain voxels, for
instance at tissue boundaries, could influence the mean relaxation time. By calculating a
weighted mean, voxels for which the estimated relaxation time was more uncertain had
less influence on the mean.

The study population comprised a relatively young population of patients with PFP and
therefore early changes in cartilage composition were expected more frequently than
morphologic defects. However, no significant differences were found in patellofemoral
cartilage composition between patients and control subjects for all applied MRI se-

8 the highest patellofemoral

quences. Since, based on finite elements analysis studies
joint stresses are observed on the lateral side of the patellofemoral joint, it could be
hypothesized that differences are specifically present in the lateral part of the cartilage.
On the other hand, less pressure on the medial side of the joint, theoretically, could
also lead to deterioration of cartilage due to insufficient loading. Therefore, additional
analyses of pre-specified medial and lateral subregions within the patellar and femoral
cartilage were done, but also revealed no significant differences between groups.

Based on the degenerative process with aging, as seen in OA, a diminished cartilage
composition would rather be expected in adult patients than in adolescent patients.
Therefore, additional analysis focused on differences between patients and controls
subdivided in an adult and adolescent age group. This was only done for T1, mapping
and T2 mapping, because T1¢; mapping was not acquired in minors due to contrast
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administration restrictions. A recent in-vivo validation study demonstrated that T1,-
mapping is no substitute for dGEMRIC, thus we lack a GAG measure for the adolescent
population. * Nevertheless, this study also indicated that T1,-mapping is still suitable
for measuring early compositional changes of cartilage by measuring water content or
a combination of composites of the cartilage extracellular matrix instead.?” Analyses
within age groups showed no significant differences, but clinically relevant differ-
ences could not be ruled out for T1,-mapping in the adolescent population. Based on
the degenerative process with aging, mentioned earlier, it is illogical that differences
would occur in the adolescent age group and not in the adult age group. The absence
of a possible clinical relevant difference between patients and controls at the adult age
implies that the possible clinical relevant differences at the adolescent age are transient.
Furthermore, T1,-mapping values of adolescent patients are actually quite comparable
to T1,-mapping values of adult patients and controls. Therefore, it is highly unlikely that
these possible clinically relevant differences in cartilage composition at the adolescent
age contribute to the pathogenesis of PFP.

This does not alter the fact that the difference at the adolescent age is interesting and
presumes there needs to be another factor that influences cartilage composition in
a different degree in adolescent patients and controls. In the current study we have
adjusted our analyses for BMI, age, sex, sports participation and time of image acquisi-
tion, but more confounders may exist. Moreover, the influence of certain confounders
may be more profound in specific age groups. For instance, the influence of activity
level might be more profound. Sports participation was significantly associated with
multiple variables of cartilage composition. Although analyses were adjusted for sports
participation, they were not adjusted for the actual level of activity. Anther confounder,
closely related to activity level, would be muscle strength. Kumar et al. recently dem-
onstrated a relation between cartilage relaxation times and muscle mass anatomical
cross-sectional area, which is strongly correlated to strength measures.® To date, there
is still much unknown with respect to factors influencing cartilage composition and in
what degree, especially in adolescents. Therefore, future research should focus on fac-
tors influencing cartilage composition instead of conducting T1,-mapping in a larger
cohort of adolescent patients.

Based on the absence of morphologic cartilage defects on MRI and the absence of a
diminished cartilage composition in PFP, it is unlikely that PFP is a precursor to patel-
lofemoral OA. It is however important to notice that the cross-sectional design of this
study only facilitates investigation of associations and not of cause and effect.
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Patellar bone ischemia

Local bone tissue ischemia, induced by impaired arterial blood inflow or by increased
intraosseous pressure due to impaired venous outflow, is suggested to be a pathophysi-
ologic mechanism of PFP>**® Blood perfusion can be measured with dynamic contrast-
enhanced MRI (DCE-MRI). DCE-MRI measures the amount of contrast, equivalent to the
amount of blood, getting into and out of a preselected region over a time period. The
most innovative, but also the most challenging, part of this thesis was applying quanti-
tative DCE-MRI in patellar bone. To our knowledge, this has not been done before and
rendered serious acquisition and post-processing challenges due to the sparse vascu-
larization of bone and the typical low contrast enhancement compared to surrounding
tissues. Since, there is no consensus on the optimal acquisition and pharmacokinetic
models for the patellar bone, chapter V of this thesis focused on the development of
a method to apply DCE-MRI in patellar bone. For DCE-MRI, native T1 values are needed
to convert signal intensity to contrast concentration. However, due to acquisition time
restrictions when conducting dGEMRIC and DCE-MRI in one session, acquiring a native
T1 map was not feasible. Nevertheless, native T1 values among subjects were expected
to be similar or at least not strongly correlated with PFP, because T1 itself is not known
to be a biomarker for PFP. Therefore, native T1 values were based on literature. SPARCK,
previously used to study patellofemoral cartilage composition, was optimized for patel-
lar bone blood perfusion.®*® Because the optimal combination of arterial input function
(AIF) model and pharmacokinetic model for the patellar bone is unknown, all possible
combinations of pharmacokinetic models and AIF models were tested. A surprising
finding was that Tofts’ model was likely to be more sensitive to detect group differences

|87

than Brix’ model®, since Brix’ model has been applied in previous studies in bones of

the lower extremity (femur, tibia).”***® With respect to the other two pharmacokinetic

190 and

models that were tested, there were hardly any obvious differences between Tofts
extended Tofts’ model. Tofts’ model appeared to perform consistently better and best
fitted our data combined with a population average AIF based on the model of Parker®'.
Over the entire dataset, the residual was close to the acquisition noise level. Therefore,
this combination was implemented in our method and used to study differences in

patellar bone blood perfusion in our study population in chapter VI (Figure 3).

Low kans and low ke, values were expected to be found in patients with PFP, suggestive
for local tissue ischemia and venous outflow obstruction, respectively. However, higher
but non-significant, values of ky.ns and ke, were found in patients with PFP compared to
healthy control subjects. Furthermore, a statistically significant larger variance of Kans
was observed in patients compared to controls. These results suggest that a subgroup
with higher k., values in the patient population might be present. Higher values cor-
respond with hyperperfusion; more blood going into the patellar bone marrow. Hyper-
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Figure 3. Color overlays of
1 0.01 a kyans Mmap of the patellar
bone marrow of a control
subject. Higher ky.ans values
(min™), shown in red, de-
pict more blood going into
the patellar bone marrow.

vascularization could be a possible explanation for hyperperfusion. It is hypothesized by
Sanchis-alfonso et al. that episodes of ischemia, possibly due to vascular torsion during
sitting, could trigger hypervascularization of the patellar retinaculum in patients with
patellofemoral pain due to malalignment as a result of increased vascular endothelial
growth factor release.’ The same could apply to the subchondral bone of patients with
sitting pain and therefore higher perfusion values would be expected in this subgroup.
However, explorative analyses in our study revealed no significant differences in blood
perfusion of the patellar bone between patients with and without sitting pain. Never-
theless, possible differences could be undetected due to a lack of discriminating power,
because 77% of patients in our study population reported sitting pain. More recently
we showed in an international dataset that 50% of patients with PFP had sitting pain
(unpublished data) and it would thus be possible to discriminate between patients with
and without sitting pain. Therefore, future research might focus on a bigger cohort of
PFP patients. Furthermore, a future prospect might be acquiring DCE-MRI in an open
MRI scanner in patients with sitting pain with their knee in different degrees of knee
flexion. Particularly since Naslund et al. reported a decreased pulsatile patellar blood
flow in patients with PFP during knee flexion.”® Although, this might give insight in the
pathophysiologic mechanism of sitting pain, it would not clarify why patients experience
pain during activities without knee flexion. If the same underlying mechanism would ac-
count for pain with and without flexed knees, than this mechanism can be investigated
without the knees flexed, as was done in our study. Another perspective on ischemia-
induced changes proposed by Sanchis-alfonso et al. is perivascular hyperinnervation
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as a result of increased neural growth factor production.”® It would be logical that this
perivascular hyperinnervation would lead to hyperalgesia, a finding predominantly
present in females (chapter VIII). Therefore, it could be hypothesized that perfusion pa-
rameters are higher in female patients compared to male patients. However, additional
analyses to those presented in this thesis revealed no significant differences in perfusion
parameters between female and male patients.

A more suitable explanation for hyperperfusion would be the presence of BMLs. As
mentioned before, Lee et al. demonstrated more blood going in and a failure to “wash
out”’, which can be interpreted as stasis or outflow obstruction, in BMLs compared to
normal bone in adult patients with OA or avascular necrosis with painful bone marrow
edema.”® Analyses, additional to this thesis, indicate that patients with patellar BMLs
have higher values of both perfusion parameters. Moreover, patients with a larger sized
patellar BML seemed to have higher perfusion values than patients with smaller sized
BMLs. However, these larger sized BMLs were only present in three patients. Accumu-
lation of fluid in a BML may lead to an increased intraosseous pressure, which might
induce pain. Increased intraosseous pressure is one of the hypothetic pathophysiologic
mechanisms for PFP that was not further studied in the current thesis. More recently,
Ho et al. showed elevated patellar water content, indicative for an increased intraosse-
ous pressure, resulting from repetitive patellofemoral joint overloading in recreational
runners with PFP compared to control subjects.’”” Thus, more research regarding the
possibility of an increased intraosseous pressure in PFP is warranted using advanced
MRI techniques, such as DCE-MRI and the recently developed chemical-shift-encoded
water-fat protocol.”’

During the development of the DCE-MRI method that was applied in the case-control
study new challenges arose. Spatial heterogeneity of patellar blood perfusion appeared
to be high. To avoid underweighting of less-perfused areas in the region of interest,
unweighted medians of both perfusion parameters were calculated additionally.
Furthermore, a large inter-subject variability was present. A large inter-subject variabil-
ity makes it difficult to detect significant differences. We were not able to distinguish
between two possible causes of this large inter-subject variability, i.e. measurement
variability or normal tissue heterogeneity, since no reproducibility study was done due
to the contrast burden. Reproducibility, as well as clinical relevant differences of patellar
bone perfusion parameters need further investigation to be sure no clinical relevant dif-
ferences will be missed in future research. Overall, enhancing temporal resolution would
also be preferable, but the dynamic nature of the DCE experiment limits simultaneous
improvement of temporal and spatial resolution. For now, we can conclude that we are
the first who have applied a tailored DCE-MRI acquisition protocol and post-processing
tool to the patellar bone of patients with PFP and healthy control subjects that success-
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fully extracted the dynamic contrast enhancement from the MRI data, and thus can be
used to study patellar bone blood perfusion.

Altered pain perception
Next to this structural approach, an altered pain mechanism might also contribute to

PFP. One of the symptoms of an altered pain perception is hyperalgesia, an increased
sensitivity to pain. The current hypothesis is that repeated overload sensitizes local
nociceptors, which causes local hyperalgesia. The presence of pressure hyperalgesia can
be assessed with the pressure pain threshold (PPT). Chapter VIl showed that handheld
dynamometry with algometry tip is a reliable method to assess the PPT in both patients
with PFP and control subjects, wherein the inter-rater reliability was higher in patients.
Subsequently, differences in PPT between patients with PFP and healthy control subjects
were tested in chapter VIII. PPTs were significantly lower in patients with PFP compared
to controls at the affected knee, the contralateral knee and the contralateral arm, in-
dicative for local, distal and generalized pressure hyperalgesia, respectively. Subgroup
analyses for both age and gender status demonstrated significantly lower PPTs at the
contralateral knee and arm in adult patients and female patients only. Considering age
status, PPTs at the contralateral knee and arm were consistently lower in adolescent pa-
tients compared to adolescent controls, and based on the 95%Cl intervals of the mean
differences clinically relevant differences, regarded as an effect size of >0.5, cannot be
ruled out. Though, no significant interaction effects were found between participant sta-
tus and age status. Considering female gender, a significant interaction effect between
participant status and female with respect to the PPT at the contralateral arm ({3 -9.95,
95%Cl -18.74;-1.16) was identified and multivariable analyses of patient characteristics
showed a significant association of female gender with a lower PPT. Thus, an altered
central pain perception, based on the presence of generalized pressure hyperalgesia, is
predominantly present in female patients. Recent studies also showed results indicative
for a central component in females with PFP.>>*” Because a central component could be
targeted with specific exercise therapy or even pain modifying drugs, more research
focusing on the presence of a central component in PFP would be worthwhile.”® To
our knowledge, it is unknown why central pain processing is only altered in females. A
logical explanation would be hormones, though female patients in the present study
indicated that pain was not associated with their hormonal cycle.

Furthermore, it has been demonstrated that exercise therapy is able to alter PPTs, but
more research is needed considering the dose-response and the effect of additional
patient-education.”® Moreover, insight needs to be gained with regard to patient char-
acteristics associated with altered pain perception and with regard to the working
mechanism(s) and the time it takes to alter pain perception. If this would be known,
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therapy could be targeted and patients could be properly educated in an early stage to
prevent an altered pain perception.

Methodological strengths and challenges

To our knowledge this is the largest case-control study using innovative quantitative
MRI sequences to study the pathophysiology of PFP.

A representative sample of the population comprising both adults and adolescents
patients with PFP and control subjects was included. Patients with PFP were referred for
inclusion by their general practitioner, physiotherapist or sports physician. The diagnosis
PFP had to be based on the presence of at least three of the following symptoms: crepi-
tus, and/or retro or peripatellar pain during stair climbing, squatting, running, cycling, or
during sitting for a prolonged period with the knees flexed. These inclusion criteria were
based on standards from international literature. Exclusion criteria comprised: a current
knee pathology of the affected knee (e.g. osteoarthritis or patellar tendinopathy), or
previous surgery or injury of the affected knee, or previous episodes of PFP more than
two years ago, or onset of PFP after trauma. Because the diagnosis of PFP might be
challenging, all caregivers were thoroughly informed, and the necessity to exclude other
pathology, especially patellar tendinopathy, was emphasized. No pre-determined set
of physical sets was applied during patients’ inclusion, since sensitivity and specificity
of physical tests, such as the Clarke compression test, are disputable.”®'® The strength
of this study is that we included a representative group of patients with PFP without
prior selection of hypothetic subgroups of patients (e.g. maltracking, female gender,
professional athletes). It is highly anticipated that different subgroups in PFP exist.
However, to date, clear subgroups have not been identified in a systematic manner and
due to our sample size it was not possible to test all hypothetic subgroups. Therefore, we
decided only to perform additional analysis in patients with sitting pain with regard to
blood perfusion and to investigate the effect of gender with respect to pain perception.
Furthermore, additional analyses were done for different patient age groups: adults and
adolescents. The inclusion of adolescents, 20 patients with PFP and 20 control subjects,
aged 14-18 years, is a big strength, because many studies excluded this group. There is
a lack of information in adolescents, for instance considering the presence of structural
abnormalities. This is striking, because PFP is especially prevalent in young individuals.?
Moreover, it has recently been suggested that adolescent patients with PFP might differ
from adult patients with PFP based on a different success-rate despite providing similar
exercise treatment and having similar exercise compliance.'”

Symptom duration of the current study patient population was 2 months to 2 years.
It could be hypothesized that patients with longer symptom duration have a differ-
ent pathophysiology compared to patients with shorter symptom duration. However,

253



254

Chapter 9

univariate analyses, additional to this thesis, showed that symptom duration was not
significantly associated with cartilage relaxation times, perfusion parameters, or pain
pressure thresholds. Of all recruited patients, 15% were excluded because their symptom
duration was more than 2 years or they have had previous episodes of PFP more than 2
years ago. Thus, overall, the majority of referred patients was included, and for now there
is no evidence to suggest that patients with longer symptom duration have a different
pathophysiology compared to patients with shorter symptom duration. Nevertheless,
a follow-up study is currently conducted in order to investigate if clinical and imaging
baseline characteristics of recovered and chronic patients differ.

There is still a missing link between the presence of pathology and biomechanical/
kinematic factors that might predispose to PFP. The current hypothesis on PFP patho-
genesis is that high loading conditions of the patellofemoral joint lead to a disturbed
tissue homeostasis.'*** Therefore, conducting both advanced imaging techniques to
study tissue homeostasis together with methods to assess biomechanics/kinemat-
ics need to be aspired. It was not feasible to additionally assess biomechanics and/
or kinematics for the current study, because advanced imaging techniques are rather
time-consuming. This should be a future prospect when advanced imaging protocols
are less time-consuming or when pathophysiology of PFP has already been clarified and
thus a subset of imaging techniques could be chosen. It is important, though, to keep
in mind that in cross-sectional studies it would still be unknown if the biomechanical
and/or kinematic values were the same before onset of PFP and/or if these values would
actually induce pathophysiology. Thus, longitudinal studies will be needed in the future.
For now, emphasis should first be placed on identifying possible origins of pain and,
from a radiology prospect, on improving imaging methods to do so, as was done in this
thesis. If possible origins of pain are identified in the future, it would be of high value
if these could be linked to certain predisposing biomechanics and/or kinematics that
could be targeted in clinical practice.

Clinical implications

Exercise therapy is more effective compared to a control strategy. It is still unknown
which type of exercise therapy is the most effective and whether this effect is present
in all patients with PFP. However, hip and knee exercises seem to be more effective than
knee exercises alone. This implies that exercise therapy, including hip and knee exercises
should be prescribed to patients with PFP. Furthermore, the possibility of an altered
pain perception should be kept in mind when treating patients with PFP, especially
female patients. The PPT, an indication for an altered pain perception, could easily be
assessed in clinical practice with handheld dynamometry. However, to our knowledge
reference values and cut-off points are unknown and would need to be established first.
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Furthermore, treatment options in case of an altered pain perception still need further
investigation, but at this stage it may be worthwhile to give the patient more insight into
his/her condition. For now, a graded activity program, such as high intensity, pain free
exercises, could be given if alterations in pain perception seem to be present, because
it is known that this may modulate fear-avoidance beliefs, and improve coping and self-
efficacy.””

For now, the pathophysiology of PFP is still a black box. Nevertheless, according to the
results of this thesis one pathophysiologic mechanism can be ruled out. Structural ab-
normalities, visible on conventional MRI or a diminished cartilage composition, are not
associated with PFP. Therefore, conventional MRI should not be acquired to diagnose
patients with PFP and ‘chondromalacia patellae’and ‘retropatellar chondropathy’should
not be used as synonyms for PFP anymore.

Furthermore, based on the results of this thesis, there is no evidence to suggest that
PFP pathophysiology differs between adolescent and adult patients. Both groups are
comparable concerning the amount of structural abnormalities, cartilage composition
and pain perception. Unfortunately, patellar bone blood perfusion could not be studied
in adolescents, because we were not allowed to administer contrast to minors.

Future research

The next step in research would be combining the separate MR outcomes with clinical
features and patient characteristics, for instance to further investigate if BMLs or other
structural abnormalities coincide with higher perfusion parameters in patients. There are
far more questions to be answered and combining all data to identify subgroups is even
more aspiring, but unfortunately the current study lacks power to do so. In the future,
conducting larger studies or pooling data, which enables application of statistics such
as latent class growth analysis, would facilitate identifying potential subgroups. Thanks
to rapid advancement in computational tools for analyzing large sets of data, precision
medicine by phenotyping through (quantitative) imaging biomarkers combined with
clinical features is also a realistic future perspective and genomic data can already be
extracted from blood samples conducted in the current study.

The observed trend towards higher blood flow in PFP patients and the larger variance of
keans in patients warrants further research. Therefore, for PFP research, emphasis should
rather be placed on DCE-MRI instead of quantitative MRI of cartilage. Standardization of
our DCE-MRI method is necessary and reproducibility needs to be investigated. Whether
or not clinical relevant differences could be detected with the current measurement
variability indicates if further optimization of the DCE-MRI acquisition protocol is neces-
sary. However, enhancing temporal resolution would be a serious challenge due to the
dynamic nature of the DCE experiment. Another challenge would be acquiring DCE-MRI
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for all knee tissues at once. Recently, DCE-MRI has been applied to measure synovi-
tis.'®'% Synovitis, a sign of inflammation, is linked to knee pain in multiple studies®****’
and thus also a hypothetic pathophysiologic mechanism for PFF (Figure 1). It has been
shown that the presence of inflammatory cytokines, such as IL-6 and TNFaq, is associated
with radiographic osteoarthritis and knee cartilage loss.'”'® Because cartilage loss is
not present in PFP and PFP is considered to be transient in contrast to OA, the presence
of inflammatory cytokines is not the first to be expected in patients with PFP. How-
ever, it is not implausible that excessive patellofemoral stress induces certain biological
cascade pathways including the release of inflammatory cytokines or growth factors.
Maybe, the processes induced by the release of cytokines and growth factors can still
be counterbalanced in transient PFP, whereas in OA the body’s repair mechanism is not
able to achieve this anymore. Synovitis, as sign of inflammation, can be measured with

contrast-enhanced T1'%'%

and more recently DCE-MRI has been applied for the same
purpose.'®'® Both sequences were acquired in the current study and will be used to
investigate synovitis in a later stadium. Furthermore, serological inflammatory markers
can be measured in the blood samples, which were also acquired in the current study.

At the same time, it should be kept in mind for future research that multiple pathways
likely coincide. For instance, both vascular and neural growth factors as well as inflam-
matory cytokines could be present inducing hypervascularisation, inflammation and

hyperinnervation, wherein the latter could lead to an altered pain perception.

With respect to treatment, emphasis should be placed on identification of potential clini-
cal subgroups and elucidating working mechanism of these therapies. As mentioned
before, the latter will probably coincide with the aim to unravel the pathophysiology of
PFP, because the link between the presence of pathology and biomechanical/kinematic
factors that might predispose to PFP is still missing. Next to biomechanical/kinematic
factors, differences in patellofemoral bone shape can hypothetically lead to excessive
patellofemoral contact stress and therefore also needs to be studied. This approach is
currently implemented in our department, where 3D patellofemoral bone shape will
be compared between patients with PFP patients with OA and control subjects using

statistical shape analysis.'®'*

Besides this structural approach, more knowledge is essential on the role of altered pain
mechanisms in patients with PFP. According to Noehren et al. localized and centralized
pain sensitivity are related to movement mechanics. Furthermore, Rathleff et al. dem-
onstrated that exercise therapy seems to be able to diminish pressure hyperalgesia.”’
However, the dose-response is still unknown, as is the effect of additional patient-
education. The presence of altered central pain processing mechanism also warrants
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further research, since these might be targeted by specific exercise therapy or even by
pain modifying drugs in the future.”®

Conclusions

This thesis focused on assessing the effectiveness of exercise therapy in patients with
PFP and on unraveling the pathophysiology of PFP. The main conclusions can be sum-
marized as follows:

o Exercise therapy is more effective than a control strategy (no treatment, placebo or
waiting list controls). It is still unknown which type of exercise therapy is the most
effective and whether this effect is present in all patients with PFP. However, a com-
bination of hip and knee exercises seems to be more effective than knee exercises
alone. Therefore, exercise therapy including knee and hip exercises should be pre-
scribed to all patients with PFP.

o Structural joint abnormalities of the patellofemoral joint on MRI, such as bone mar-
row lesions, plica lesions, and patellar retinaculum lesions, are not associated with
the presence of PFP. It is the question whether certain structural abnormalities are
‘pathologic’or rather’physiologic’. Retropatellar cartilage damage, both morphologic
and compositional, is also not associated with PFP.

o Our tailored DCE-MRI protocol and postprocessing tool successfully extracted quan-
titative dynamic contrast enhancement metrics from the MRI data, and thus can be
used to study patellar blood perfusion. In contrast to expected, higher, but non-
significant values of patellar bone perfusion parameters, indicating hyperperfusion,
were found in patients with PFP compared to healthy control subjects. Furthermore,
a difference in ky.ns Variance was observed. Both findings warrant further research.

o Handheld dynamometry is a reliable method to assess both the PPT and quadriceps
strength in patients with PFP in clinical practice. Especially female patients with PFP
showed generalized pressure hyperalgesia. No differences were found between
adolescent and adult patients with PFP. Further research on the role of altered pain
mechanisms in patients with PFP is warranted.

o Two other hypothetic pathophysiologic mechanisms, increased intraossesous pres-
sure and inflammation, were not studied in the current thesis.

Figure 4 displays the current knowledge on hypothetic pathophysiologic mechanisms
of PFP. Although mechanisms are presented as separate boxes, it is not unlikely that
some of them coincide, as mentioned previously.
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Summary

The aim of this thesis was to assess the effects of exercise therapy aimed at reducing
knee pain and improving knee function in patients with patellofemoral pain (PFP). Fur-
thermore, this thesis aimed to contribute to a better understanding of the pathogenesis
of PFP by focusing on the association between PFP and structural abnormalities, patellar
bone ischemia and altered pain perception using broad range of advanced magnetic
resonance imaging (MRI) techniques.

The objective of chapter Il was to assess the effects of exercise therapy aimed at reducing
knee pain and improving knee function for people with PFP. We searched the Cochrane
Bone, Joint and Muscle Trauma Group Specialised Register (May 2014), the Cochrane
Central Register of Controlled Trials (2014, Issue 4), MEDLINE (1946 to May 2014), EMBASE
(1980 to 2014 Week 20), PEDro (to June 2014), CINAHL (1982 to May 2014) and AMED
(1985 to May 2014), trial registers (to June 2014) and conference abstracts. Randomised
and quasi-randomised trials evaluating the effect of exercise therapy on pain, function
and recovery in adolescents and adults with PFP. We included comparisons of exercise
therapy versus control (e.g. no treatment) or versus another non-surgical therapy; or of
different exercises or exercise programmes. Two review authors independently selected
trials based on pre-defined inclusion criteria, extracted data and assessed risk of bias.
Where appropriate, we pooled data using either fixed-effect or random-effects meth-
ods. We selected the following seven outcomes for summarising the available evidence:
pain during activity (short-term: < 3 months); usual pain (short-term); pain during
activity (long-term: > 3 months); usual pain (long-term); functional ability (short-term);
functional ability (long-term); and recovery (long-term).

In total, 31 heterogeneous trials including 1690 participants with PFP are included in
this review. There was considerable between-study variation in patient characteristics
(e.g. activity level) and diagnostic criteria for study inclusion (e.g. minimum duration of
symptoms) and exercise therapy. Eight trials, six of which were quasi-randomised, were
at high risk of selection bias. We assessed most trials as being at high risk of performance
bias and detection bias, which resulted from lack of blinding. The included studies, some
of which contributed to more than one comparison, provided evidence for the following
comparisons: exercise therapy versus control (10 trials); exercise therapy versus other
conservative interventions (e.g. taping; eight trials evaluating different interventions);
and different exercises or exercise programmes. The latter group comprised: supervised
versus home exercises (two trials); closed kinetic chain (KC) versus open KC exercises
(four trials); variants of closed KC exercises (two trials making different comparisons);
other comparisons of other types of KC or miscellaneous exercises (five trials evaluating
differentinterventions); hip and knee versus knee exercises (seven trials); hip versus knee
exercises (two studies); and high- versus low-intensity exercises (one study). There were
no trials testing exercise medium (land versus water) or duration of exercises. Where
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available, the evidence for each of seven main outcomes for all comparisons was of very
low quality, generally due to serious flaws in design and small numbers of participants.
This means that we are very unsure about the estimates. The evidence for the two larg-
est comparisons is summarised here.

Exercise versus control

Pooled data from five studies (375 participants) for pain during activity at short-term
favoured exercise therapy: mean difference (MD) -1.46, 95%confidence interval (Cl) -2.39
to -0.54. The Cl included the minimal clinically important difference (MCID) of 1.3 (scale
0 to 10), indicating the possibility of a clinically important reduction in pain. The same
finding applied for usual pain at short-term (two studies, 41 participants), pain during
activity at long-term (two studies, 180 participants) and usual pain at long-term (one
study, 94 participants). Pooled data from seven studies (483 participants) for functional
ability at short-term also favoured exercise therapy; standardised mean difference (SMD)
1.10,95% C1 0.58 to 1.63. Re-expressed in terms of the Anterior Knee Pain Score (0 to 100),
this result (estimated MD 12.21 higher, 95% Cl 6.44 to 18.09 higher) included the MCID
of 10.0, indicating the possibility of a clinically important improvement in function. The
same finding applied for functional ability at long-term (three studies, 274 participants).
Pooled data (two studies, 166 participants) indicated that, based on the ‘recovery’of 250
per 1000 in the control group, 88 more (95% Cl 2 fewer to 210 more) participants per
1000 recovered in the long term (12 months) as a result of exercise therapy.

Hip plus knee versus knee exercises

Pooled data from three studies (104 participants) for pain during activity at short-term
favoured hip and knee exercise: MD -2.20, 95% Cl -3.80 to -0.60; the Cl included a
clinically important effect. The same applied for usual pain at short-term (two studies,
46 participants). One study (49 participants) found a clinically important reduction in
pain during activity at long-term for hip and knee exercise. Although tending to favour
hip and knee exercises, the evidence for functional ability at short-term (four studies,
174 participants) and long-term (two studies, 78 participants) and recovery (one study,
29 participants) did not show that either approach was superior.

In conclusion, this review has found very low quality but consistent evidence that ex-
ercise therapy for PFP may result in clinically important reduction in pain and improve-
ment in functional ability, as well as enhancing long-term recovery. However, there is
insufficient evidence to determine the best form of exercise therapy and it is unknown
whether this result would apply to all people with PFP. There is some very low quality
evidence that hip plus knee exercises may be more effective in reducing pain than knee
exercise alone. Further randomised trials are warranted but in order to optimise research
effort and engender the large multicentre randomised trials that are required to inform
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practice, these should be preceded by research that aims to identify priority questions
and attain agreement and, where practical, standardisation regarding diagnostic criteria
and measurement of outcome.

The following chapters focused on hypothetic pathophysiologic mechanisms of PFP.

A cross sectional case-control study was conducted between January 2013 and Septem-
ber 2014 and included a healthy control group and patients with PFP with minimum
symptom duration of two months to a maximum of two years. All participants were
aged between 14 and 40 years. Patients who visited their general practitioner, phys-
iotherapist or sports physician were included if they were diagnosed with PFP based
on the presence of at least 3 of the following symptoms: crepitus or pain while stair
climbing, squatting, running, cycling, or sitting for a prolonged period with the knee
flexed. Patients were excluded if they currently had a defined pathological knee condi-
tion of the affected knee (eg, osteoarthritis or patellar tendinopathy), previous surgery
or injury of the affected knee, or previous episodes of PFP more than two years ago or if
onset of PFP occurred after trauma. Control subjects consisted of team members, friends
or colleagues of the included patients with PFP. We aimed to match control subjects
on age, Body Mass Index (BMI), sex and activity level. Control subjects were excluded if
they had current or past PFP, if they previously had a traumatic injury or surgery on both
knees or if they were first-grade family members of patients.

In total 64 patients and 70 control subjects were included; 40 participants (equally dis-
tributed between groups) were adolescents The mean age was 23.2 + 6.4 years, mean
BMI was 22.9 + 3.4 kg/m2 and 56.7% of the participants were female. Participants were
asked to fill in an online questionnaire, including questions on demographics (age,
sex, BMI), sports participation at the time of inclusion and before onset of pain (yes or
no) and knee complaints (duration of complaints, pain at rest and during activity (Nu-
merical Rating Scale (NRS) 0-10) and function (Anterior Knee Pain (AKP) score 0-100)).
Subsequently, they were invited for a physical examination (including crepitation during
squatting (present or not), palpation of the medial patellar facet (painful or not) and the
Clarke compression test (positive or negative)) and 3 Tesla MRI scan at our university
medical center. The MRI protocol comprised sagittal, axial and coronal fast spin echo
(FSE) proton density weighted sequences, a 3 dimensional (3D) high resolution sagittal
SPGR sequence with high spatial resolution with and without fat-saturation, a 3D sagit-
tal FSE T1, mapping sequence, a 3D sagittal FSE T2 mapping sequence, a 3D sagittal
inversion recovery non-fat-saturated SPGR sequence for delayed gadolinium-enhanced
MRI of cartilage (dGEMRIC) and a sagittal, anterior-posterior frequency-encoded, fat
suppressed 3D SPGR sequence for dynamic contrast-enhanced (DCE)-MRI. The last two
sequences were only acquired in adults due to the need of contrast administration.
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Chapter lll aimed to investigate the presence of structural abnormalities of the patel-
lofemoral joint on high-resolution MRI in patients with PFP compared to healthy control
subjects. No previous study has investigated if PFP is associated with structural abnor-
malities of the patellofemoral joint using high-resolution MRI. All images were scored
using the Magnetic Resonance Imaging Osteoarthritis Knee Score with the addition of
specific patellofemoral features. Associations between PFP and the presence of struc-
tural abnormalities were analysed using logistic regression analyses, adjusted for age,
BMI, sex and sports participation.

Full thickness cartilage loss was not present. Minor patellar cartilage defects, patellar
bone marrow lesions (BMLs) and high signal intensity of Hoffa’s fat pad were frequently
seen in both patients (23%, 53% and 58% respectively) and control subjects (21%, 51%
and 51% respectively). After adjustment for age, BMI, sex and sports participation, none
of the structural abnormalities were statistically significantly associated with PFP.

In conclusion, structural abnormalities of the patellofemoral joint have been hypoth-
esized as a factor in the pathogenesis of PFP, but our findings suggest that structural
abnormalities of the patellofemoral joint on MRI are not associated with PFP

Chapter IV aimed to investigate differences in patellofemoral cartilage composition
between patients with PFP and healthy control subjects using quantitative MRI. Ret-
ropatellar cartilage damage has been suggested as an etiological factor for PFP, but, to
date, there is no conclusive evidence for an association between cartilage defects and
PFP. Nowadays, advanced quantitative MRI techniques enable estimation of cartilage
composition. Differences in relaxation times of patellar and femoral cartilage were com-
pared between groups by linear regression analyses, adjusted for age, body mass index,
sex, sports participation, and time of image acquisition. Higher T2 en T1, and lower T1¢p
relaxtion times mean less content.

For delayed gadolinium-enhanced MRI of cartilage, the mean T1¢p relaxation times of
patellar (657.8 vs 669.4 ms) and femoral cartilage (661.6 vs 659.8 ms) did not significantly
differ between pa- tients and controls. In addition, no significant difference was found in
mean T1, relaxation times of patellar (46.9 vs 46.0 ms) and femoral cartilage (50.8 vs 50.2
ms) and mean T2 relaxation times of patellar (33.2 vs 32.9 ms) and femoral cartilage (36.7
vs 36.6 ms) between patients and controls. Analysis of prespecified medial and lateral
subregions within the patellofemoral cartilage also revealed no significant differences.
In conclusion, there was no difference in composition of the patellofemoral cartilage,
estimated with multiple quantitative MRI techniques, between patients with PFP and
healthy control subjects. However, clinically relevant differences could not be ruled out
for T1, in the adolescent population. Retropatellar cartilage damage has long been hy-
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pothesized as an important factor in the pathogenesis of PFP, but study findings suggest
that diminished patellofemoral cartilage composition is not associated with PFP.

Chapter V and VI focused on patellar bone tissue ischemia. Vascular problems, like
bone ischemia or increased intraosseous hydrostatic pressure due to venous outflow
obstruction, might play a role in PFP. DCE-MRI enables quantitative measurement of pa-
tellar bone blood perfusion. However, application of DCE-MRI for bone has been limited
due to the sparse vascularization of bone and the typical low contrast enhancement
compared to surrounding tissues. Therefore, our first aim was to develop a robust analy-
sis method for quantifying patellar bone blood perfusion with DCE-MRI (chapter V).
DCE-MRI acquisition was optimized and the optimal combination of pharmacokinetic
model and arterial input function (AIF) for quantitative analysis of blood perfusion in the
patellar bone using DCE-MRI was identified. The method design study used a random
subset of five control subjects. We systematically investigated the reproducibility of
pharmacokinetic parameters for all combinations of Orton and Parker AIF models with
Tofts, Extended Tofts (ETofts), and Brix pharmacokinetic models. We evaluated if the
AIF should use literature parameters, be subject specific, or be group specific. Model
selection was based on the goodness-of-fit and the coefficient of variation of the phar-
macokinetic parameters. The vascular component in the ETofts model could not reliably
be recovered and the Brix model parameters showed high variability. A subject specific
AIF performed worse than a group specific AlF, but better than an AIF with literature
parameters. The best reproducibility and goodness-of-fit were obtained by combining
Tofts’ pharmacokinetic model with the group specific Parker AIF.

In conclusion, we identified several good combinations of pharmacokinetic model
and AIF for quantitative analysis of perfusion in the patellar bone. The recommended
combination was Tofts pharmacokinetic model combined with group specific Parker’s
AIF model.

This DCE-MRI method was than applied in chapter VI in our case-control study. Quan-
titative MR perfusion parameters (i.e. Kep, Kians) Of manually segmented patellar bone
were derived from motion-compensated DCE MRI-data by fitting Tofts’ model to the
measured data in each voxel. Differences in perfusion parameters of patellar bone were
compared between groups by linear regression analyses, adjusted for age, body mass
index (BMI), gender, and sports participation. Lower values of patellar bone perfusion
parameters, suggestive for local tissue ischemia or venous outflow obstruction, were
expected in patients with PFP compared to healthy control subjects.

35 adult patients and 44 adult controls were included. Mean age was 26.1 + 5.0, mean
BMI was 24.1 + 3.4 kg/m2 and 49% was female. Mean k., was 0.189 + 0.147 min™ for
patients and 0.154 + 0.114 min™' for controls. Mean K, was 0.019 + SD 0.015 min™ for
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patients and 0.014 + SD 0.009 min™' for controls. Both perfusion parameters were not
significantly different between groups. However, a significant difference in variance
between populations was observed for Kyans.

In conclusion, in contrast to expected, higher values of patellar bone perfusion param-
eters were found in patients with PFP compared to healthy control subjects, but these
differences were not statistically significant. This result, and the observed difference in
kerans Variance warrant further research.

Chapter VII and VIII focused on pain perception. It has been suggested that repeated
overload might sensitize local nociceptors causing local hyperalgesia. This might also
lead to an altered central processing of nociceptive information. In order to identify
pressure hyperalgesia, the pressure pain threshold (PPT) can be measured. Therefore,
our first aim was to determine the inter-rater reliability of handheld dynamometry to
test PPT in patients with PFP. Quadriceps strength was also conducted, because it can
be easily assessed with the same device. A reliability study took place in 22 PFP patients
and 16 matched controls of the case-control study mentioned previously (Chapter
VII). Measurements comprised three quadriceps strength and one PPT measurements
performed by two independent investigators. Inter-rater reliability was analyzed using
intraclass correlation coefficients (ICC) and Bland-Altman plots.

Inter-rater reliability of quadriceps strength testing was fair to good in PFP patients
(ICC=0.72) and controls (ICC=0.63). Bland-Altman plots showed an increased difference
between assessors when average quadriceps strength values exceeded 250 Newton.
Inter-rater reliability of PPT was excellent in patients (ICC=0.79) and fair to good in
controls (ICC=0.52).

In conclusion, handheld dynamometry seems to be a reliable method to test both
quadriceps strength and PPT in PFP patients. Inter-rater reliability was higher in PFP
patients compared to control subjects. With regard to quadriceps testing, a higher vari-
ance between assessors occurs when average quadriceps strength values exceeded 250
Newton.

This method was than applied in chapter VIl in a case-control study to investigate
differences in PPT between patients with PFP and healthy control subjects and study
associations between PPT and patients characteristics. The PPT was measured with a
handheld dynamometer with algometry tip on three locations: most painful spot at
the affected knee (medial facet in controls), same spot contralateral knee and at the
contralateral forearm. Differences between groups were tested with linear regression
analyses adjusted for age, gender, BMI and sports participation.

Patients had significantly lower PPTs compared to controls at all locations. Beta’s were
-13.98(95%Cl -18.62;-9.33) at the affected knee, -6.91(95%CI| -11.84;-1.97)) at the contra-
lateral knee and -7.57(95%Cl -12.07;-3.07) at the arm. A significant interaction effect was
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found between participant status and female with respect to the PPT at the contralateral
arm. (B -9.95, 95%Cl -18.74;-1.16). Female gender was significantly associated with a
lower PPT in the patient population.

In conclusion, local, distal and generalized pressure hyperalgesia, suggesting alterations
in both peripheral and central pain mechanisms, were present in patients with PFP.
Females with PFP were most likely to suffer from generalized hyperalgesia.

Chapter IX discusses the main findings and places them in a wider prospective. Meth-
odological strengths and challengers are discussed. Furthermore, clinical implications
and future research prospectives are given.
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Het doel van dit proefschrift was het vaststellen van de effectiviteit van oefentherapie
gericht op vermindering van kniepijn en verbetering van de kniefunctie in patiénten
met patellofemorale pijn (PFP). Ook beoogde dit proefschrift om bij te dragen aan een
beter begrip van de pathogenese van PFP door middel van het bestuderen van associ-
aties tussen PFP en structurele afwijkingen, ischemie van het bot van de patella en een
veranderde pijnperceptie. Dit werd gedaan met een grote selectie aan geavanceerde
beeldvormende technieken gebaseerd op magnetische resonantie (MRI).

Hoofdstuk Il beschrijft een systematisch literatuuronderzoek naar de effectiviteit van
oefentherapie gericht op vermindering van kniepijn en verbetering van de knie functie
in patiénten met PFP. We doorzochten daarvoor verschillende databases o.a. van de Co-
chrane Bone, Joint and Muscle Trauma Group (Mei 2014) en Cochrane Central Controlled
Trials. Gerandomiseerde en quasi-gerandomiseerde studies, die het effect van oefen-
therapie op pijn, functie en herstel in adolescenten en volwassenen met PFP hadden
onderzocht werden geincludeerd. De studies deden dit door middel van vergelijkingen
van oefentherapie versus een controle strategie (bijv. geen behandeling) of versus een
andere niet-operatieve therapie, en vergelijkingen van verschillende oefeningen of oe-
fenprogramma’s, werden geincludeerd. We selecteerden de volgende zeven uitkomsten
om het beschikbare bewijs in samen te vatten: pijn tijdens activiteit (korte termijn: <
3 maanden), dagelijkse pijn (korte termijn), pijn tijdens activiteit (lange termijn: > 3
maanden), dagelijkse pijn (lange termijn), fysiek functioneren (korte termijn), fysiek
functioneren (lange termijn) en herstel (lange termijn).

In totaal, zijn er 31 studies met in totaal 1196 patiénten met PFP geincludeerd. Er was
sprake van een behoorlijke variatie in patiént karakteristieken (bijv. in activiteiten ni-
veau en diagnostische criteria voor inclusie in de studie (bijv. minimale klachtenduur))
en in de soort oefentherapie tussen studies. De geincludeerde studies, waarbij som-
mige bijdroegen aan meer dan een vergelijking, verschaften bewijs voor de volgende
vergelijkingen: oefentherapie versus controle strategie, oefentherapie versus andere
conservatieve interventies (bijv. tapen), en verschillende oefeningen of oefenpro-
gramma’s. De laatste groep bevatte gesuperviseerde oefeningen versus oefeningen
thuis, gesloten kinetische keten oefeningen versus open kinetische keten oefeningen,
varianten van gesloten kinetische keten oefeningen, andere vergelijkingen of andere
types van gesloten keten oefeningen of ander soort oefeningen, heup- en knie oefenin-
gen versus knie oefeningen, heup versus knie oefeningen en hoge intensiteit- versus
lage intensiteit oefeningen. Het bewijs voor alle zeven belangrijkste uitkomsten was van
erg lage kwaliteit. Dit kwam vooral door serieuze gebreken in de studie opzet, zoals
bijvoorbeeld het niet blinderen van patiénten en behandelaars voor de behandeling
waarin de patiént geplaatst was, en door het kleine aantal deelnemers in de studies.
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Dit betekent dat de validiteit van de uitkomsten discutabel is. Het bewijs voor de twee
grootste vergelijkingen hebben we samengevat in de volgende paragrafen.

Oefentherapie versus controle strategie:

Samengevoegde data van vijf studies voor pijn tijdens activiteit op de korte termijn
toont aan dat oefentherapie meer leidt tot een afname van pijn dan een controle stra-
tegie; gemiddeld verschil van -1.46, 95% betrouwbaarheids interval (Bl) -2.39 tot -0.54.
Dit verschil is klinisch relevant. Hetzelfde was het geval bij dagelijkse pijn op de korte
termijn, pijn tijdens activiteit op de lange termijn en dagelijkse pijn op de lange termijn.
Samengevoegde data van zeven studies toont aan dat voor fysiek functioneren op de
korte termijn oefentherapie meer leidt tot een verbetering in functie; met een gestan-
daardiseerd gemiddeld verschil van 1.10, 95% Bl 0.58 tot 1.63. Uitgedrukt in de ‘Anterior
Knee Pain Score’ (schaal 0 tot 100) was het gemiddelde verschil 12.21 (95% BI 6.44 tot
18.09). Dit is klnisch relevant. Dezelfde bevinding werd gedaan voor fysiek functioneren
op de lange termijn. Samengevoegde data van twee studies liet ook zien dat, gebaseerd
op een herstel van 250 per 1000 in de controle groep, er 88 (95% Bl 2 minder tot 210
meer) meer deelnemers per 1000 op de lange termijn (12 maanden) herstelden in de
oefentherapie groep.

Heup- en knie oefeningen versus knie oefeningen:

Samengevoegde data van drie studies voor pijn tijdens activiteit op de korte termijn
gaf een voorkeur aan heup- en knie oefeningen versus alleen knie oefeningen, met een
gemiddel verschil van -2.20 (95% BI -3.80 tot -0.60). Dit verschil is klinisch relevant effect.
Hetzelfde is van toepassing op dagelijkse pijn op de korte termijn. Een studie vond een
klinisch relevante afname in pijn tijdens activiteit op de lange termijn voor heup- en
knie oefeningen. Ook al neigde het bewijs voor fysiek functioneren op de korte termijn
, lange termijn en herstel naar heup- en knie oefeningen, toch was geen van beide
aanpakken superieur aan de ander.

Concluderend geeft dit systematische literatuuronderzoek bewijs van erg lage, maar
wel consistente kwaliteit, dat oefentherapie in patiénten met PFP kan resulteren in een
klinische relevante afname in pijn en verbetering van de knie functie, als ook in meer
herstel op lange termijn. Er is echter onvoldoende bewijs om vast te kunnen stellen
welke vorm van oefentherapie de beste is en of dit resultaat op alle patiénten met
PFP van toepassing is. Er is ook bewijs, zij het van erg lage kwaliteit, dat heup- en knie
oefeningen effectiever zouden zijn in het verminderen van pijn dan knie oefeningen
alleen. Meer gerandomiseerde studies zijn nodig. Maar om onderzoeksinspanningen te
optimaliseren, moet er eerst onderzoek worden gedaan naar de belangrijkste vragen en
overeenstemming bereikt worden wat betreft diagnostische criteria en uitkomstmaten.
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De volgende hoofstukken richtten zich op het ontrafelen van de pathofysiologische
mechanismen van PFP. Een cross-sectionele case-controle studie heeft plaatsgevonden
van Januari 2013 tot September 2014. Hierbij werden een gezonde controle groep en
patiénten met PFP met een klachtenduur tussen de twee maanden en twee jaar gein-
cludeerd. Alle patiénten waren tussen de 14 en 40 jaar oud. Patiénten die hun huisarts,
fysiotherapeut of sportarts bezochten, werden geincludeerd als ze gediagnosticeerd
werden met PFP gebaseerd op drie van de volgende symptomen: crepitatie (kraken
van het gewricht bij buigen) of pijn bij traplopen, hurken, rennen, fietsen of langdurig
met de knieén gebogen zitten. Patiénten werden geéxcludeerd als ze momenteel reeds
vastgestelde pathologie van de aangedane knie hadden (zoals artrose of patellotendi-
nopathy), als ze een eerdere operatie of blessure aan de aangedane knie hadden gehad,
als ze meerdere episodes van PFP meer dan twee jaar geleden hadden gehad of als
PFP was ontstaan na een trauma. Controlepersonen waren teamgenoten, vrienden of
collega’s van de geincludeerde patiénten met PFP.

In totaal zijn er 64 patiénten en 70 controlepersonen geincludeerd, waarbij 40 deel-
nemers (evenredig verdeeld over de groepen) adolescenten waren. De gemiddelde
leeftijd was 23.2 + 6.4 jaar, het gemiddelde BMI was 22.9 + 3.4 kg/m2 en 56.7% van
de deelnemers was vrouw. Deelnemers werd gevraagd om een online vragenlijst in te
vullen betreffende demografische gegevens (leeftijd, geslacht, BMI), sportdeelname
tijdens inclusie en voordat de pijn begon (ja of nee) en knieklachten (duur, pijn tijdens
rust en tijdens activiteit (Numerical Rating Scale (NRS) 0-10) en functie (Anterior Knee
Pain (AKP) score 0-100)). Daarna werden ze uitgenodigd voor een lichamelijk onderzoek
(met o.a. crepitatie tijdens hurken (aanwezig of niet), palpatie van het mediale patellaire
facet (pijnlijk of niet) en de Clark compressie test (positief of negatief)) en een 3 Tesla
MRI scan in het Erasmus universitair medisch centrum. Het MRI protocol bevatte proton
density sequenties, hoge resolutie sequenties, quantitatieve sequenties voor het meten
van kraakbeen (T1¢p (delayed gadolinium-enhanced MRI of cartilage (dGEMRIC)), T2 en
T1,) en een quantitatieve sequentie om de doorbloeding te meten (dynamic contrast-
enhanced (DCE)-MRI) De laatste twee sequenties zijn alleen gemaakt in volwassen,
omdat hierbij contrast toegediend moest worden.

In hoofdstuk Il wordt de aanwezigheid van structurele afwijkingen van het patellofe-
morale gewricht op hoge-resolutie MRI tussen patiénten met PFP en gezonde controle-
personen vergeleken. Geen enkele eerdere studie heeft onderzocht of PFP geassocieerd
is met structurele afwijkingen van het patellofemorale gewricht met behulp van hoge-
resolutie MRI. Alle beelden werden gescoord volgens de Magnetic Resonance Imaging
Osteoarthritis Knee Score, waarbij er enkele specifieke patellofemorale items werden
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toegevoegd. Associaties tussen PFP en de aanwezigheid van structurele afwijkingen
werden getest met logistische regressie analyses, welke geadjusteerd werden voor
leeftijd, BMI, geslacht en sportdeelname.

Volledige dikte kraakbeenverlies was niet aanwezig. Kleine patellaire kraakbeendefecten,
patellaire beenmerglesies (BMLs) en een hoge signaalintensiteit van Hoffa’s vetlichaam
werd veelvuldig waargenomen, zowel in patiénten (23%, 53% en 58% respectievelijk)
als controlepersonen (21%, 51% en 51% respectievelijk). Na adjustering voor leeftijd,
BMI, geslacht en sportdeelname, was geen van de structurele afwijkingen statistisch
significant geassocieerd met PFP.

Concluderend is het verondersteld dat structurele afwijkingen van het patellofemorale
gewricht bijdragen aan de pathogenese van PFP, maar onze resultaten suggereren dat
structurele MRI afwijkingen van het patellofemorale gewricht niet geassocieerd zijn met
PFP.

In hoofdstuk IV worden verschillen in patellofemorale kraakbeen-samenstelling tussen
patiénten met PFP en gezonde controlepersonen onderzocht met behulp van kwan-
titatieve MRI technieken. Retropatellaire kraakbeenschade wordt verondersteld een
etiologische factor voor PFP te zijn, maar tot op heden is er niet afdoende bewijs voor
een associatie tussen PFP en kraakbeendefecten. Met behulp van geavanceerde, kwan-
titatieve MRI technieken (T1gp, T2 en T1,) is het tegenwoordig mogelijk om de kraak-
beensamenstelling te bepalen. Verschillen in relaxatietijden van patellair en femoraal
kraakbeen werden vergeleken tussen de groepen met lineaire regressie analyses, welke
waren geadjusteerd voor leeftijd, BMI, geslacht, sportdeelname en het tijdstip waarop
de MRI scan gemaakt was. Een hogere T2 en T1, en lagere T1¢p relaxatietijd betekent
minder bestanddelen in het kraabeen en het dus minder stevig, gezond kraakbeen.

De gemiddelde T1¢p relaxatie tijd van het patellaire kraakbeen (657.8 vs 669.4 ms) en
van het femorale kraakbeen (661.6 vs 659.8 ms) was niet significant verschillend tus-
sen patiénten en controles. Ook was er geen significant verschil in de gemiddelde T1,
relaxatietijden van patellair- (46.9 vs 46.0 ms) en femoraal kraakbeen (50.8 vs 50.2 ms) en
de gemiddelde T2 relaxatietijden van patellair- (33.2 vs 32.9 ms) en femoraal kraakbeen
(36.7 vs 36.6 ms) tussen patiénten en controles.

Analyses van vooraf gedefinieerde mediale en laterale subregio’s binnen het patellofe-
morale kraakbeen lieten ook geen significante verschillen zien.

Concluderend was er geen verschil in patellofemorale kraakbeensamenstelling, bepaald
met multiple kwantitatieve MRI technieken, tussen patiénten met PFP en gezonde con-
trolepersonen.Voor T1, in de adolescenten kunnen klinisch relevante verschillen echter
niet worden uitgesloten. Het is lang verondersteld dat retropatellaire kraakbeenschade
een belangrijke factor is in de pathogenese van PFP, maar onze resultaten suggereren
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dat een verminderde patellofemorale kraakbeensamenstelling niet geassocieerd is met
PFP.

Hoofdstuk V en VI richtten zich op ischemie, een verminderde doorbloeding, van het
bot van de patella. Vasculaire problemen, zoals ischemie van het bot van de patella of
een verhoogde inta-ossale druk in de patella door een veneuze afvloeiingsobstructie,
kunnen een rol spelen in PFP. Met DCE-MRI is het mogelijk om de doorbloeding, de
perfusie, van het patella bot te meten. Vanwege de lage vascularisatie van bot en lage
signaalintensiteit ten opzichte van omliggende weefsels is DCE-MRI in bot nog weinig
toegepast. Daarom, was ons eerste doel om een robuuste analyse methode te ontwik-
kelen waarmee we de perfusie van het patella bot met DCE-MRI kunnen kwantificeren
(hoofdstuk V). De acquisitie van DCE-MRI is eerst geoptimaliseerd en daarna hebben
we de optimale combinatie van farmacokinetisch model en arteriéle input functie (AIF)
onderzocht. De studie om de methode te ontwikkelen, bevatte vijf random controleper-
sonen. In deze studie werd de reproduceerbaarheid van de farmacokinetische parame-
ters onderzocht voor alle combinaties van AlF, zoals voorgesteld door Orton en Parker,
in combinatie met het farmacokinetische model van Tofts, Extended Tofts en Brix. We
evalueerden of de AIF gebaseerd moest zijn op literatuur parameters, of geschat moest
worden per subject of over de gehele groep. Voor elke combinatie van modellen, wer-
den de variatiecoéfficiént, als maat van reproduceerbaarheid van de geschatte perfusie
parameters, en de goodness of fit onderzocht.

De vasculaire component in het Extended Tofts model kon niet betrouwbaar worden
verkregen en het model van Brix had een hoge variabiliteit. Een op het subject geba-
seerde AIF was minder goed dan de groep-specifieke AIF, maar beter dan de op litera-
tuur parameters gebaseerde AlF. De beste reproduceerbaarheid en goodness of fit werd
verkregen door Tofts farmacokinetisch model te combineren met de groep-specifieke
Parker AlF.

Concluderend werden verschillende goede combinaties van farmacokinetisch model en
AIF voor de kwantitatieve analyse van doorbloeding van patella bot geidentificeerd. De
uiteindelijk aangeraden combinatie was Tofts farmacokinetisch model gecombineerd
met de groeps-specifieke Parker AlIF.

Deze DCE-MRI methode werd vervolgens toegepast in hoofdstuk VI in onze case-
controle studie. Kwantitatieve MRI perfusie parameters (kep, Kians) Van manueel geseg-
menteerd patella bot werden verkregen uit beweging gecompenseerd DCE-MRI data
waarop Tofts’ model gefit was op voxel niveau. Verschillen in perfusie parameters van
patella bot tussen de groepen werden vergeleken met lineaire regressie analyses, welke
geadjusteerd waren voor leeftijd, BMI, geslacht en sportdeelname. Lagere perfusie waar-
den, suggestief voor ischemie van het bot van de patellar of een veneuze afvloeiingsob-
structie, werden verwacht in patiénten met PFP vergeleken met controlepersonen.
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In totaal weren 35 volwassen patiénten en 44 volwassen controlepersonen geinclu-
deerd. De gemiddelde leeftijd was 26.1 £ SD 5.0 jaar, het gemiddelde BMI was 24.1 + 3.4
kg/m2 en 49% was vrouw. De gemiddelde k., was 0.189 + 0.147 min™ in patiénten en
0.154 + 0.114 min™" in controlepersonen. De gemiddelde kins was 0.019 + 0.015 min™ in
patiénten en 0.014 + 0.009 min™' in controlepersonen. Beide perfusieparameters waren
niet significant verschillend tussen de groepen. Een significant verschil in variantie tus-
sen de populaties was echter aanwezig.

Concluderend werden er, in tegenstelling tot verwacht, hogere waarden gevonden voor
de perfusieparameters van het patellabot in patiénten met PFP in vergelijking met ge-
zonde controlepersonen, maar deze verschillen waren niet statistisch significant. Gezien
dit resultaat en het gevonden verschil in variantie in ky., is verder onderzoek nodig.

Hoofdstuk VIl en VIl richtten zich op pijnperceptie. Het wordt gesuggereerd dat locale
nociceptors gesensitiseerd kunnen worden door herhaalde overbelasting. Dit resulteert
in hyperalgesie en kan ook leiden tot een verstoorde centrale pijnverwerking. Druk
hyperalgesie kan gemeten worden met de pressure pain threshold (PPT). Daarom was
ons eerste doel om de betrouwbaarheid vast te stellen wanneer de PPT wordt gemeten
in patiénten met PFP met een dynamometer die met de hand wordt vastgehouden
door verschillende onderzoekers. De kracht van de quadriceps spier werd gelijktijdig
gemeten, omdat dat eenvoudig kan met hetzelfde apparaat. Deze betrouwbaarheids-
studie vond plaats in 22 patiénten en 16 controlepersonen van de eerder genoemde
case-controle studie (Hoofdstuk VII). De kracht van de quadriceps spier werd drie keer
gemeten en de PPT een keer door twee onafhankelijke onderzoekers. De betrouwbaar-
heid tussen deze onderzoekers werd geanalyseerd met intraclass correlation coefficients
(ICC) en Bland-Altman plots.

De betrouwbaarheid tussen onderzoekers voor het meten van de quadriceps kracht was
redelijk tot goed in patiénten (ICC= 0.72) en controlepersonen (ICC=0.63). De Bland-
Altman plots lieten een toename in het verschil tussen onderzoekers zien wanneer de
gemiddelde quadriceps kracht meer dan 250 Newton bedroeg. De betrouwbaarheid
tussen onderzoekers voor de PPT was uitstekend in patiénten (ICC=0.79) en redelijk tot
goed in controlepersonen (ICC=0.52).

Concluderend, is met de hand toegepaste dynamometrie een betrouwbare methode
om zowel de quadriceps kracht als de PPT in patiénten met PFP te meten. De betrouw-
baarheid tussen onderzoekers was hoger in patiénten dan in controlepersonen. Wat
het meten van de quadriceps kracht betreft, bleek dat er een groter verschil tussen
onderzoekers optrad wanneer de gemiddelde quadriceps kracht meer dan 250 Newton
bedroeg.

Deze methode is vervolgens toegepast in hoofdstuk VIII in de case-controle studie om
verschillen in PPT tussen patiénten met PFP en gezonde controlepersonen te onder-
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zoeken en om te bestuderen welke patiént karakteristieken geassocieerd zijn met PFP.
De PPT is gemeten met de dynamometer met speciale algometrie opzetstuk op drie
locaties: meest pijnlijke plek op de aangedane knie (mediale facet bij controleperso-
nen), dezelfde plek op de contralaterale knie en een plek op de contralaterale onderarm.
Verschillen tussen groepen werden getest met lineaire regressie analyses, welke waren
geadjusteerd voor leeftijd, BMI, geslacht en sportdeelname.

Patiénten hadden een lagere PPT vergeleken met controlepersonen voor alle locaties;
aangedane knie 3-13.98 (95% BI -18.62;-9.33), contralaterale knie 3 -6.91 (95% Bl -11.84;-
1.97)) arm B -7.57 (95% BI -12.07;-3.07). Er werd een significant interactie effect gevon-
den tussen deelnemers status (patiént of controle) en vrouw zijn wat betreft de PPT van
de contralaterale arm (3 -9.95, 95%BI -18.74;-1.16). Vrouwelijk geslacht was significant
geassocieerd met een lagere PPT.

Concluderend waren lokale, distale en gegeneraliseerde druk hyperalgesie, suggestief
voor zowel perifere- als centrale pijnmechanismes, aanwezig in patiénten met PFP.
Vooral vrouwen met PFP hadden gegeneraliseerde druk hyperalgesie.

Hoofstuk IX geeft een overzicht en beschouwing van de belangrijkste bevindingen.
Methodologische sterke punten en uitdagingen worden bediscussieerd. Verder, worden
implicaties voor de kliniek uiteengezet en aanbevelingen gedaan voor verder onder-
zoek.
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Aan alles komt een einde, maar gelukkig komt er ook altijd weer een nieuw begin, zoals
bij mij de opleiding tot radioloog/nucleair geneeskundige. Hopelijk lukt het om ditin de
toekomst te combineren met onderzoek in wat voor vorm dan ook, zodat samenwerkin-
gen kunnen worden voortgezet of nieuwe samenwerkingen kunnen worden aangegaan.
Voor nu wil ik in ieder geval iedereen die mij de afgelopen jaren geholpen, geinspireerd
of geprikkeld heeft of op enige andere manier heeft bijgestaan, zeer hartelijk bedanken.

De inclusie is iets uitgelopen, maar ik ben er trots op dat we met vereende krachten tot
dit deelnemersaantal hebben kunnen komen. Daarom wil ik graag als eerste alle patién-
ten bedanken voor hun deelname. Ik hoop dat we in de toekomst de pathofysiologie van
patellofemorale pijn verder kunnen ontrafelen en uiteindelijk tot betere behandelingen
kunnen komen. Natuurlijk wil ik ook de zorgverleners die de moeite hebben genomen
om deze patiénten naar mij door te verwijzen hartelijk bedanken. Sportarts Maarten
Verschure wil ik hierbij nog extra noemen vanwege het grote aantal deelnemers dat
hij doorverwezen heeft, hartstikke bedankt voor je grote bijdrage! Ook alle collega’s,
vrienden, kennissen die als controlepersoon hebben deelgenomen, bedankt!

Mijn copromotor, Marienke, bedankt voor de goede begeleiding de afgelopen jaren! Als
eriemand is die mij heeft geprikkeld om het beste uit mezelf te halen was jij het wel, ook
al was het ook regelmatig zo dat ik juist afgeremd moest worden (maar desalniettemin is
dat pijn stuk toch nog in dit boekje gekomen ;) ). Naast dat ik veel van je heb geleerd op
wetenschappelijk gebied, waardeer ik het zeer dat jij mij hebt mee gegeven hoe tot een
betere werk-privé balans te komen. Jij bent voor mij een mooi voorbeeld dat de drang
naar een sportief en avontuurlijk leven zeer zeker te combineren is met een drukke,
maar intellectueel uitdagende baan. Op een verdere samenwerking in de toekomst!
Mijn copromotor, Edwin, waar moet ik beginnen... Naast dat ik jouw secure begeleiding
tijJdens mijn promotie zeer fijn vond, ben jij ook diegene die mijn enthousiasme voor
de radiologie verder aangewakkerd heeft. Je hebt gezorgd dat ik een kans kreeg om
te laten zien dat ik de opleiding waardig ben met als gevolg dat ik aangenomen werd.
Ik bewonder enorm hoe je al jouw taken combineert en toch zo rustig, vriendelijk en
toegankelijk blijft. Daarnaast kijk ik op tegen je enorme vakinhoudelijke kennis. Ik hoop
in de toekomst nog veel van je te leren!

Mijn promotor, Sita, bedankt voor de inspirerende gesprekken. Ook al moest ik de hoe-
veelheid (nieuwe) ideeén meestal eerst even laten bezinken, heb ik deze input wel als
zeer waardevol ervaren. Verder wist je, zoals het de professor betaamt, altijd nog wel de
vinger te leggen op belangrijke punten die nog wat beter benadrukt konden worden.
Beste prof. Krestin, bedankt voor de altijd waardevolle reacties op mijn stukken. Ik vind
uw staat van dienst bewonderenswaardig en waardeer het daarom zeer dat u toch elke
keer zo snel op mijn stukken reageerde.
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Beste overige commissieleden, hartelijk dank dat u wilt plaatsnemen in mijn commissie.
Ik kijk er naar uit om met u van gedachten te wisselen.

Thanks patellofemoral research community for the inspiring discussions and social
gatherings at the research retreats! With such a motivated group of people, | am sure we
will tackle patellofemoral pain eventually.

Dan wil ik graag een aantal mensen bedanken die mijn interesse in radiologisch onder-
zoek van het bewegingsapparaat gewekt hebben en mij in meer of mindere mate ge-
holpen hebben tijdens mijn eerste stappen op onderzoeksgebied. Dr. Heijboer, bedankt
voor de interessante discussies over cam-impingement, al kwamen we toch ook wel vaak
uiteindelijk uit bij de wielersport, wat natuurlijk ook een heel interessant onderwerp is.
Dr. Ginai, bedankt voor het wekken van mijn interesse voor de radiologie toen ik nog
student was, ook al had ik toen nog helemaal niet door hoe goed het vak bij mij paste.
Ook bedankt voor de wijze woorden wat betreft de uiteindelijke keuze om hier in op-
leiding te gaan. Prof. Verhaar, bedankt voor de zeer snelle en klinisch relevante reacties
op mijn stukken. Patellofemorale pijn is een onderwerp dat ons beiden aanspreekt, wat
leidde tot interessante discussies over o.a. weker kraakbeen en of er bij vrouwen niet
nog een ander proces speelt. Dank daarvoor. Prof. Weinans, beste Harrie, bedankt voor
het vertrouwen in mij toen ik als student bij je kwam voor keuze-onderzoek en zelfs mee
mocht naar de OARSI in Rome om mijn eerste podiumpresentatie te houden. Ook al is
dat toen niet uitgemond in een promotie, vind ik het leuk dat het cirkeltje nu wel rond is
met jou als commissielid. Erwin, dit laatste geldt natuurlijk ook voor jou, ook al is het niet
als commissielid, maar als collega op de 19e het laatste jaar. Bedankt voor de inwijding
in de active shape modeling en het delen van je uitgebreide statistische kennis.

Beste Peter, bedankt voor je sportgeneeskundige blik op mijn stukken. Ook al ligt mijn
toekomst toch niet in de sportgeneeskunde, is de kans aanzienlijk dat we elkaar weer
tegen zullen komen in de kliniek of op het sportcongres(, als ik tenminste voor de mus-
culoskeletale radiologie kies).

Mijn voorganger, Jasper, ik wil je bedanken voor de tijd die je hebt genomen om mij
wegwijs te maken in de kwantitatieve MR imaging technieken voor kraakbeen en het
zelf maken van MRI scans. Door de tijd en energie die jij reeds had gestoken in het
mede-ontwikkelen van de Software for Post-processing And Registration of Cartilage of
the Knee (SPARCK) software om de MRI beelden te analyseren, is het voor mij mogelijk
geweest om dit over de jaren verder uit te breiden. Ik vind het mooi dat we beiden nu
in opleiding zijn in het Erasmus, ik tot radioloog en jij al wat verder op weg tot orthope-
disch chirurg. Mogelijk kan dit in de toekomst leiden tot verdere samenwerking.
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Over SPARCK gesproken...., ik wil mijn collega’s van de BIGR (Biomedical imaging group
Rotterdam) zeker noemen, want zonder hen was mijn proefschrift niet in deze vorm
tot stand gekomen. Voor jullie allen geldt dat ik hoop dat we de samenwerking in de
toekomst kunnen voortzetten! Esther, samen met Jasper heb jij SPARCK ontwikkeld
en samen hebben we dit verder uitgebreid tot een zeer uitgebreid (misschien iets te
uitgebreid) pakket. Bedankt dat je altijd klaar stond om te helpen, terwijl je dit eigenlijk
gewoon naast je eigen promotietraject deed. Dirk, zonder jou geen kwantitatieve DCE
in mijn boekje. Onze samenwerking heeft zich over de jaren steeds verder ontwikkeld
waarbij we elkaar nu volgens mij mooi aanvullen wat betreft medische kennis en tech-
nische toepassingen. Na vier jaar moeilijke DCE discussies, heeft dit uiteindelijk geresul-
teerd in twee mooie stukken. Bedankt dat je de tijd hebt genomen om samen met mij
kwantitatieve DCE-MRI van de knieschijf mogelijk te maken. Daarnaast wil ik je bedanken
voor de handige en vaak tijdbesparende oplossingen, die je voor me programmeerde,
waaruit onder andere ook de voorkant van mijn boekje is voortgekomen! Felicia Lopes,
thanks for your help considering the development of the DCE-MRI post-processing tool,
all the best! Stefan, bedankt voor je altijd zeer grondige reactie op mijn stukken. Ook al
verloor ik in het begin soms de moed bij de vaak zeer vele kleine aanpassingen, ben ik
je daar toch ook zeer dankbaar voor (want ik hou er zelf eigenlijk ook wel van als het tot
op de puntkomma correct is). Daarnaast vond ik onze gesprekken zeer inspirerend; jij
maakte de abstracte technische materie begrijpelijk en ik vertaalde het vervolgens naar
wat klinisch relevant was. Ik denk dat deze manier van samenwerken zeer waardevol is
om in deze zich technisch zeer snel ontwikkelende wereld tot klinische relevante toe-
passingen te komen. Joost en Bas, wat fijn dat jullie de DCE verder voortzetten, succes
met respectievelijk het afronden en het opstarten van jullie onderzoek!

Janneke, ik vind jouw bijdrage aan het morfologische artikel naast je opleiding bewon-
derenswaardig. Bedankt voor het zo secuur scoren van alle proefpersonen en succes
met het afronden van je opleiding en natuurlijk ons osteofytartikel!

Gyula, though we could not prolong our collaboration, | would like to thank you for
developing my acquisition protocol together with Jasper. Mika, jij was mijn trouble-
shoot wat betreft de MRI scanner. Als de scanner om de een of andere reden weer eens
gereset moest worden, lukte het jou (meestal) om de onderzoek software weer tijdig
draaiende te hebben, bedankt! Als we het dan over troubleshooten hebben, wil ik ook
graag de groep radiologische laboranten noemen, die me altijd welwillend waren als er
wat speelde op K7. Ditzelfde geldt voor diegenen die de infusen prikten bij mijn patién-
ten. Door de hoeveelheid taken die ik moest doen in korte tijd, was het zeer waardevol
dat dit mij uit handen werd genomen. Verder was het zo dat het scannen altijd met
zijn tweeén plaats diende te vinden en er gelukkig over de jaren altijd wel een student
geneeskunde, die zijn/haar afstudeeronderzoek op de afdeling Huisartsgeneeskunde
deed of een collega wilde helpen. Hartelijk dank daarvoor en in het bijzonder Kevin van
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Leeuwen, die veelvuldig heeft geholpen. Ook wil ik de studenten die hun afstudeeron-
derzoek bij mij hebben gedaan, Tessa Vollebregt, Pieter Vissers, Melek Ekinci, bedanken
voor hun bijdrage en heel veel succes wensen in de toekomst! Collega’s van het trial
bureau, bedankt voor alle logistieke hulp! Ton, bedankt voor mijn mooie anatomische
plaatje! Jolanda, ik vind je een zeer prettige leidinggevende, die altijd geinteresseerd is
in hoe het gaat, bedankt.

Ook de onderzoekers van de Radiologie en aanverwante afdelingen wil ik bedanken.
Lotte en Hazel, bedankt voor de gezelligheid tijdens de RSNA en tijdens het koffie
drinken erna. Succes met jullie promoties! Ghassan, Rebecca, Rozanna bedankt voor
het naar me luisteren als ik (weer eens) stoom af kwam blazen bij problemen met de
inclusie of met de registratie van mijn MRI beelden. En natuurlijk bedankt voor de
kleurtips voor mijn voorkant, Rebecca en Rozanna. Ook al bestuderen jullie de hersenen
en ik de knie, is het is toch fijn dat in ieder geval het kleurenprofiel van de doorbloeding
overeenkomt! Succes met het afronden van jullie eigen promotie of met jullie postdoc
werkzaamheden!

Tja waar te beginnen bij mijn collega’s van de Huisartsgeneeskunde. Lang samengevat:
aan alles komt uiteindelijk een einde, maar in het kader van het vasthouden van de
positiviteit gedurende het project kan je beter elke dag bewegen (al ga ik liever moun-
tainbiken dan dat ik ruim 600 treden ga traplopen, Toke); kan je beter dan niet gelijk
ook maar even voor de marathon gaan als je toch bezig bent, toch Caroline? (al vind ik
het knap dat je hem uitgelopen hebt); kan je beter met de Lankhorst groep een wijntje
drinken (hooguit twee) i.p.v. een Cochrane review schrijven; kan je beter zoveel mogelijk
volcano’s rolls tegelijk bestellen als je met Nynke en Alyt sushi gaat eten ook al vindt de
chef-kok dat niet leuk; kan je denk ik beter buiten voetballen dan binnen met Marienke
en Winifred; kan je beter je mascara horizontaal aanbrengen dan verticaal aldus Adinda;
kan je als vrouw beter een draagmoeder regelen dan zelf zwanger worden volgens
Joost; kan je beter een uur van tevoren al je onderzoek deelnemers voor de vierde keer
bellen zodat je zeker weet dat ze komen i.p.v. met een tas die net zo groot is als jijzelf
voor niks de stad door te fietsen, toch Kelly?; kan je beter de giraffe zelf wederom terug
gaan halen i.p.v. wachten tot Josje hem komt brengen; kan je beter een Marieke op de
kamer hebben, want die is altijd zo lief en behulpzaam; kan je beter naar voorbeeld
van Wendy voor internationale samenwerkingen zorgen zodat je er even tussenuit kan.
Bedankt voor de gezelligheid de afgelopen jaren, het was me een waar genoegen.
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Dan toch ook alvast een bedankje aan de mensen, die deel uitmaken van mijn nieuwe
uitdaging:

Prof. Krestin, ik ben u zeer dankbaar dat ik in opleiding mocht komen, nadat ik u eerst
had bevestigd dat ik inderdaad besef dat er meer is dan musculoskeletaal onderzoek
binnen de radiologie. Ik ben ondertussen vol enthousiasme gestart met de opleiding
met all opties nog open!

Winnifred, hartelijk dank dat je me de kans gaf om een dag bij je thorax foto’s te komen
verslaan in het kader van mijn overweging om voor de opleiding te solliciteren. Helemaal
bedankt dat ik vervolgens versneld het sollicitatieproces mocht doorlopen. Ook al blijf
jij zeggen dat ik dat zelf hebt bereikt, is het ook wel heel fijn dat er dan iemand is die zich
voor je inzet en het mogelijk maakt. Bedankt ook voor je nuchtere blik en pragmatische
aanpak toen ik je op dag zeven van mijn opleiding kwam vertellen dat ik vijf weken in
bovenarms gips moest, het leven gaat inderdaad door, ook tijdens je opleiding. Ik kijk er
naar uit om nog veel van je te leren de komende jaren.

Desiree, bedankt voor de hartelijke ontvangst tijdens mijn eerste week van de opleiding!
Graag wil ook de overige medewerkers van het secretariaat bedanken voor hun hulp,
zowel tijdens mijn onderzoek als ook tijdens de start van mijn opleiding.

Nieuwe collega AIOS, hartelijk dank voor de warme ontvangst bij de start van mijn
opleiding. Gerald en Ruben wil ik dan graag nog even apart noemen voor de tijd die ze
gestoken hebben in het mij wegwijs maken wat betreft alles wat geregeld moet worden
en belangrijk is om te weten.

Mijn fietsvrienden, Dirtyhill Syndicate leden, over mijn promotie hebben we het niet zo
vaak gehad, maar het is juist prima om ook echt afleiding te hebben door samen met
de mountainbike erop uit te trekken. Al vereist het wat aanpassingsvermogen als enige
vrouw tussen de mannen, kijk ik al uit naar ons volgende avontuur (als ik tenminste op
tijd uit dit bovenarmgips ben)!

Mijn ‘fiets’ vriendinnetje, Vivian, bedankt voor je betrokkenheid en de altijd hartelijke
ontvangst bij jullie thuis. Het begon allemaal alweer 10 jaar geleden met een downhill
clinic in Winterberg, jaren later kwamen we elkaar weer tegen en werden we zelfs team-
genootjes. De laatste jaren wisselen we elkaar af op het reservebankje, maar er komt een
tijd dat we toch echt samen Lac Blanc onveilig zullen maken!

Mijn ‘oudere broer’ Johan, we kennen elkaar al 30 jaar en hebben dus een hoop meege-
maakt. Ook al zien we elkaar de laatste tijd wat minder, kan ik denk ik wel zeggen dat we
elkaar altijd steunen and nothing else matters. Moke en vooral de Staat waren weer als
vanouds een feestje en dus een mooie afleiding tijdens het schrijven van mijn algemene
discussie. Op nog meer gedenkwaardige avonden!

Mieke, wat lief dat je me op kwam zoeken met die maffe Binkie op de momenten dat
het nodig was. Jij bent iemand die heel begaan is en goed aanvoelt wat de ander nodig
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heeft. Dat vind ik echt mooi aan je! Die mountainbike toertocht komt er echt nog wel
van en anders verzinnen we gewoon iets anders, zoals skydiven of motorrijden ofzo....

Mijn schoonfamilie, Jan, Coby, Monique, Onno en Eline, bedankt voor jullie interesse in
mijn proefschrift en de gezellige familie samenkomsten. Hier zien jullie nu eindelijk wat
ik al die tijd heb gedaan. Jan en Coby, ook bedankt voor het veelvuldige aanbieden van
hulp om mij op die manier iets uit handen te nemen.

Mijn paranimfen, Alyt en Kristel, ik vind het heel fijn dat jullie deze taak op jullie wilden
nemen. Jullie hebben mij de afgelopen jaren al bijgestaan tijdens lastige periodes,
dus ik zie mijn verdediging helemaal zitten met jullie achter me. Alyt, jij bent me reeds
voorgegaan met promoveren en hebt een mooi voorbeeld gegeven van hoe het moet.
We hebben elkaar goed gevonden qua sportieve drang en ambitie. Al zitten we wat
het eerste betreft nu beiden op het reservebankje, zit het gelukkig met het tweede wel
goed en is het mooi om te zien dat je als postdoc je onderzoek kan voortzetten. Het is
fijn dat je begrijpt hoe vervelend het is om je ei niet kwijt te kunnen met sporten, maar
goed dat je me helpt relativeren en dat we ons ook prima kunnen vermaken met hele
leuke onsportieve dingen, zoals de Sneekweek en de Swan market. Kristel, jij zal me
zeker opvolgen wat promoveren betreft. Ook al werken je muizen of de mensen erom-
heen niet altijd mee, toch zet je door, ook in het weekend. Het heeft me zeker geholpen
om mijn perikelen wat betreft planningen die misliepen door onvoorziene zaken met je
te delen. Verder waren onze uitstapjes helemaal mooi, ook al liepen die soms ook een
beetje anders dan gepland: kano’s die omslaan waardoor ik bijna verzuip en Basel was
misschien ook een beetje te, maar wel memorabel.

Dan natuurlijk mijn familie. Opaatje, bedankt voor de steun, dat je maar 100 mag worden!
Maritte en Katelijne, mijn twee superslimme en ambitieuze zusjes. Alhoewel zusjes...
eigenlijk zijn jullie nu toch echt wel volwassen (en dienen jullie je daar dus ook naar te
gedragen he). Bedankt voor de afleiding tijdens de gezellige zussenavonden, die we alle
drie hard nodig hebben, want jullie zijn ook hard bezig met je verdere ontwikkeling.
Maritte, ik hoop dat er spoedig iemand op je pad komt die je kwaliteiten ziet en je de
kans zal geven om je verder te ontwikkelen tot gezondheidszorgpsycholoog. Katelijne,
veel succes met het afronden van je coschappen. En als je weer eens te maken hebt met
een doorgedraaide dokter tijdens zijn/haar spreekuur, bedenk dan dat je je altijd nog
kan bedenken en toch radioloog kan worden. Dat zijn tenminste heel normale mensen
;) 1k ben trots op jullie! Mijn ouders, Alfred en Hanneke, jullie zijn erg belangrijk voor
me. Bedankt voor de onvoorwaardelijke steun en het vertrouwen in mijn kunnen. Pap,
bedankt voor het ook altijd belichten van de zakelijke kant van het verhaal in lastige si-
tuaties. Dit kan je natuurlijk heel goed door je ervaring als rector. Door omstandigheden
hebben we de laatste tijd wat minder gefietst, maar laten we dat weer snel oppakken,
want ik vind dat erg leuk om samen te doen ter ontspanning (en momenteel ga ik toch
niet hard ;) ). Mam, de elfde stelling is voor jou. Wat heb jij een sterke geest, wat heb ik
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onnoemelijk veel steun aan jou gehad en wat leer ik veel van je. Jouw droom was om
professor te worden, totdat je lichaam je in de steek liet na mijn geboorte. Of ik ooit een
professorschap aan je kan opdragen weet ik nog niet, maar dit proefschrift draag ik in
ieder geval aan jou op!

Lieve Dennis, je bent me heel dierbaar. Wat is het een fijn en geruststellend gevoel dat
jij er altijd bent om me bij te staan. En het is helemaal fijn en super leuk dat jij er altijd
bent om het leven mee te vieren of we nou gaan mountainbiken, naar een concert van
Machine Head gaan of tapas gaan eten in Spanje. Op nog vele jaren samen!

295






About the author






About the author

Rianne Aileen van der Heijden was born in Rotterdam, the
Netherlands on the 22 of June in 1986. She attended second-
ary school at ‘Emmauscollege’ in Rotterdam. After graduating
in 2003, she started her medical study at Erasmus University
Medical Center Rotterdam. Besides her career, sports has al-
ways been Rianne’s passion. In her earlier years, Rianne has
performed judo on a high level and more recently she has
been a determined mountainbiker. Complementary to her

personal interest, the musculoskeletal system has received her
special interest while studying Medicine. She, therefore, chose
to write her master thesis on the subject of cam impingement in professional soccer
players at the department of Orthopedics, Erasmus MC, Rotterdam. Because of prom-
ising progress, this project was prolonged for a year in between her internships and
eventually resulted in an article in a high impact journal. After graduating in May 2011,
Rianne started her career as a youth health care physician, which she could combine
with pursuing her ambition as semiprofessional mountainbiker. After a period dedicated
to her cycling passion, a longing for musculoskeletal research made her apply for a PhD
position at the Erasmus MC. In May 2012 she started her PhD project, which was a joined
project of the Department of General Practice and the Department of Radiology, under
supervision of prof. dr. S. Bierma-Zeinstra, dr. M. van Middelkoop, and dr. E.H.G. Oei. She
was appointed for 2.5 years, which was prolonged for half a year, thanks to a RSNA seed
grant awarded to dr. E.H.G. Oei for the promising results Rianne had achieved together
with the BIGR group concerning the development of a quantitative method to measure
bone blood perfusion. Multiple advanced magnetic resonance imaging techniques were
applied in patients with patellofemoral pain (PFP), who were referred by their general
practitioner, sports physician or physiotherapist, in order to clarify the pathophysiology
of PFP. The research carried out during this period led to multiple publications in high
impact journals and was covered by the Volkskrant, one of the largest newspapers of the
Netherlands. In May 2016, Rianne started as a resident in Radiology&Nuclear Medicine
at Erasmus MC.

ra.vanderheijden@erasmusmc.nl
https://nl.linkedin.com/in/riannevanderheijden1
@vdHeijdenRianne

299






PhD portfolio






PhD portfolio | 303

Name PhD student: R.A. van der Heijden

Erasmus MC Departments: General Practice and Radiology & Nuclear Medicine
PhD period: 2012-2016

Promotor: S.M.A. Bierma-Zeinstra

Copromotors: M. van Middelkoop, E.H.G. Oei

General courses and workshops Year Workload
(ECTS)
- During previous employment:
Biostatistics for clinicians (NIHES) 2009
Introduction to clinical research (NIHES) 2009
- Basiscursus regelgeving en organisatie van klinische trials/good clinical 2012 1.0

practice (Molmed)

- MRIsafety and scanning course (Department of Radiology, Erasmus MC) 2013 2.0
- Media contacts for researchers (Press office, Erasmus MC) 2014 0.5
(Inter)national oral presentations Year Workload
(ECTS)
- Annual meeting of the Dutch society for sports medicine, Ermelo, The 2012 1.0
Netherlands
- Patellofemoral pain research retreat, Vancouver, Canada 2013 2.0
- Annual meeting of the Dutch society for sports medicine, Ermelo, The 2013 1.0
Netherlands
- European congress of radiology, Vienna, Austria 2014 20
- Nordic meeting on quantitative imaging, Kuopio, Finland 2014 1.5
- Annual meeting of the Dutch society for sports medicine, Ermelo, The 2014 1.0
Netherlands (3¢ price abstract competition)
- Danish sports medicine congress, Kopenhagen, Denmark,(top 6 competitor 2015 1.5
abstract competition)
- Patellofemoral pain research retreat, Manchester, United Kingdom (2x) 2015 2.5
- Radiologendagen, Rotterdam, The Netherlands 2015 1.0
- Annual meeting of the Dutch society for sports medicine, Ermelo, The 2015 1.0
Netherlands
(Inter)national electronic poster presentations Year Workload
(ECTS)
- Annual meeting of the radiologic society of North America, Chicago, United 2015 2.0
States of America
- Annual meeting of the international society for magnetic resonance in 2016 0.5
medicine, Singapore
(Inter)national paper poster presentations Year Workload
(ECTS)
- Annual meeting of the international society for magnetic resonance in 2014 0.5
medicine, Milan, Italy
- European congress of radiology, Vienna, Austria 2015 0.5
- Osteoarthritis research society international world congress. Seattle, United 2015 0.5

States of America

- Dutch general practice scientific meeting, Rotterdam, The Netherlands 2015 0.5



304

PhD portfolio

- Osteoarthritis research society international world congress Amsterdam, the 2016 0.5
Netherlands

- Lecturing MRl assistants 2013 0.5

- Lecturing general practice trainees 2013 0.5

- MRIscan training of fellow PhD students 2014-2015 0.5

- Supervising MSc theses:4 medical students and 1 biomedical engineering 2012-2015 10.0
student

- Media coverage in 5 issues of the Volkskrant, a large newspaper in the 2013-2014 3.0
Netherlands









Publication list






Publication list

THIS THESIS

van der Heijden RA, Vollebregt T, Bierma-Zeinstra SMA, van Middelkoop M. Strength
and Pain Threshold Handheld Dynamometry Test Reliability in Patellofemoral Pain.
Int J Sports Med. 2015 Dec;36(14):1201-5. doi: 10.1055/5-0035-1555855. PMID: 26158920

van der Heijden RA, Lankhorst NE, van Linschoten R, Bierma-Zeinstra SMA, van Mid-
delkoop M. Exercise for treating patellofemoral pain syndrome.

Cochrane Database Syst Rev. 2015 Jan 20;1:CD010387. doi: 10.1002/14651858.CD010387.
pub2. PMID: 25603546

van der Heijden RA, Oei EHG, Bron EE, van Tiel J, van Veldhoven PLJ, Klein S, Verhaar
JAN, Krestin GP, Bierma-Zeinstra SMA, van Middelkoop M. No Difference on Quantitative
Magnetic Resonance Imaging in Patellofemoral Cartilage Composition Between Patients
With Patellofemoral Pain and Healthy Controls.

Am J Sports Med. 2016 May;44(5):1172-8. doi: 10.1177/0363546516632507. PMID: 26951075

van der Heijden RA, de Kanter JLM, Bierma-Zeinstra SMA, Verhaar JAN, van Veldhoven
PLJ, Krestin GP, Oei EHG, van Middelkoop M. Structural abnormalities on MRI in patients
with patellofemoral pain: a cross-sectional case-control study.

Am J Sports Med. 2016 May 20. pii: 0363546516646107. [Epub ahead of print] PMID:
27206691

Poot DHJ, van der Heijden RA, van Middelkoop M, Oei EHG, Klein S. Dynamic contrast-
enhanced MR imaging of the patellar bone: how to quantify perfusion
Submitted

Van der Heijden RA, Poot DHJ; EkinciM, van Veldhoven PLJ, Klein S, Verhaar JAN, Krestin
GP, Bierma-Zeinstra SMA, van Middelkoop M, Oei EHG. Blood perfusion of patellar bone
measured by dynamic contrast-enhanced MRI in patients with patellofemoral pain: a
case-control study.

Submitted

van der Heijden RA, Rijndertse MM, Bierma-Zeinstra SMA, van Middelkoop M. Pain
pressure thresholds especially lower in female patellofemoral pain patients: a cross-
sectional case-control study

Submitted

309



310

Publication list

OTHER PUBLICATIONS:

Agricola R, Bessems JH, Ginai AZ, Heijboer MP, van der Heijden RA, Verhaar JA, Weinans
H, Waarsing JH. The development of Cam-type deformity in adolescent and young male
soccerplayers.AmJSports Med.2012 May;40(5):1099-106.doi: 10.1177/036354651243838]1.
Epub 2012 Mar 13. PMID: 22415206

van der Heijden RA, Lankhorst NE, van Linschoten R, Bierma-Zeinstra SMA, van Mid-
delkoop M. Exercise for treating patellofemoral pain syndrome. An abridged version
of Cochrane Systematic Review. Eur J Phys Rehabil Med. 2016 Feb;52(1):110-33. PMID:
26158920

Collins NJ, Vicenzino B, van der Heijden RA, Middelkoop M. Pain during prolonged sit-
ting is a common problem in people with patellofemoral pain. J Orthop Sports Phys Ther.
2016 Jul 3:1-19. [Epub ahead of print] PMID: 27374012






