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Context: Exercise-induced fatigue reduces muscle force
production and motoneuron pool excitability. However, it is
unclear if patients with patellofemoral pain (PFP) experience
further loss in quadriceps neuromuscular function due to fatigue
during exercise and postexercise.
Objective: To observe how quadriceps maximal strength,

activation, and force-generating capacity change during and
after repetitive bouts of isokinetic knee-extension exercise in
patients with PFP.
Design: Cross-sectional study.
Setting: Laboratory.
Patients or Other Participants: Twenty-two patients with

PFP (visual analog scale mean pain severity ¼ 4.2 of 10 cm,
mean symptom duration ¼ 38.6 months) and 19 healthy control
individuals matched on age and body mass index.
Main Outcome Measure(s): Quadriceps peak torque (PT),

central activation ratio (CAR), and rate of torque development
(RTD) were assessed at baseline and immediately after every 5
sets of knee-extension exercise (times 1—5). Participants
continued knee-extension exercises until the baseline quadri-
ceps PT dropped below 50% for 3 consecutive contractions.

Results: No group-by-time interaction was observed for
quadriceps PT (F5,195 ¼ 1.03, P ¼ .40). However, group-by-time
interactions were detected for quadriceps CAR (F5,195 ¼ 2.63,
P ¼ .03) and RTD (F5,195 ¼ 3.85, P ¼ .002). Quadriceps CAR
(�3.6%, P ¼ .04, Cohen d ¼ 0.53) and RTD (�18.9%, P ¼
.0008, Cohen d ¼ 1.02) decreased between baseline and time 1
in patients with PFP but not in their healthy counterparts (CAR
�1.9%, P ¼ .86; RTD �9.8%, P ¼ .22). Quadriceps RTD also
decreased between times 4 and 5 in patients with PFP
(�24.9%, P ¼ .002, Cohen d ¼ 0.89) but not in the healthy
group (�0.9%, P ¼ .99).

Conclusions: Patients with PFP appeared to experience an
additional reduction in quadriceps activation, force-generating
capacity, or both during the early and late stages of exercise
compared with healthy individuals. Clinicians should be aware
of such possible acute changes during exercise and postexer-
cise and use fatigue-resistant rehabilitation programs for
patients with PFP.

Key Words: anterior knee pain, neuromuscular fatigue,
strength, central activation, rate of torque development

Key Points

� Fatigue induced during and after isokinetic knee-extension exercises reduced quadriceps neuromuscular function,
regardless of the presence or absence of patellofemoral pain.

� Compared with healthy individuals, patients with patellofemoral pain were more likely to be vulnerable to fatigue in
their ability to maintain quadriceps activation and force-generating capacity.

� Clinicians should be cognizant of potential alterations in neuromuscular function during exercise and postexercise
and use rehabilitation strategies that incorporate fatigue-resistance training when treating patients with
patellofemoral pain.

P atellofemoral pain (PFP) is one of the most common
lower extremity conditions among physically active
individuals.1,2 Although PFP accounts for 25% to

40% of all patients with knee-related disorders in sports
medicine clinics,2 it is still a challenge to manage because
of its poorly identified pathogenesis. A nonspecific pain
condition, PFP is characterized by diffuse peripatellar or
retropatellar pain during daily activities, such as running,
squatting, stair climbing, and jumping.3 More than 90% of
individuals complain of long-lasting pain and symptoms for
up to 16 years after their initial PFP diagnosis.4 Patello-

femoral pain has also been suggested to be a precursor of
patellofemoral osteoarthritis,5 imposing a long-term sub-
stantial clinical and economic burden on both individuals
and health care systems.1 Approximately 3 in 4 athletes
experiencing PFP will also limit or cease sport participation
because of their symptoms.6 However, despite persistent
pain and impaired knee function,7,8 patients with PFP still
attempt to remain physically active in their activities of
daily living.9 Neuromuscular dysfunction in the quadriceps
is frequently seen in individuals with PFP.8,10 As a
protective mechanism, this is termed arthrogenic muscle
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inhibition and can be deemed a natural response designed to
protect the painful knee by discouraging its use and
minimizing painful movements.11 Still, prior researchers12

suggested that prolonged adaptations may negatively affect
joint stability and energy absorption during functional
activities. Failure to maximally or rapidly generate force or
to fully activate the quadriceps has also been theorized to
alter lower extremity biomechanics during functional
tasks,13,14 increase the likelihood of subsequent pain or
injury,15 and accelerate early-onset joint degeneration.16 As
such, adequate quadriceps neuromuscular function would
be essential for optimizing patellofemoral joint health in
patients with PFP.
Neuromuscular fatigue due to continuous exercises and

high-demand tasks leads to decreased lower extremity
function (eg, quadriceps maximal strength and voluntary
activation17 or dynamic balance18), which is an immediate
natural response of the body. However, individuals with
chronic PFP (eg, �3 months) could be particularly
vulnerable to the influences of neuromuscular fatigue
compared with healthy individuals because they often
return to functional activities despite having significant
deficits in muscle strength, central activation, or both.7,10,19

Although anterior cruciate ligament reconstruction is a
different condition, investigators20 found that postsurgery,
individuals experienced greater hip-extensor strength loss
after exercise than healthy people. Yet these authors20,21

studied only a single bout of exercise, which provides
limited information on the effects of fatigue from sustained
and cumulative activities in active individuals. Despite this
reasonable expectation, to our knowledge, no evidence of
neuromuscular responses to exercise-induced fatigue over
time in PFP cohorts is available. Tracking neuromuscular
changes during and after repetitive exercises offers further
insight into developing more tailored rehabilitation pro-
grams for patients with PFP. If trajectories are different than
in a healthy population, for example, clinicians may need to
suggest appropriate rest periods or interventions at specific
time points to increase functional performance and reduce
the risk of other injuries.
The primary purpose of our study was to observe changes

in quadriceps peak torque (PT), central activation ratio
(CAR), and rate of torque development (RTD) during and
after repetitive bouts of isokinetic knee-extension exercise
in patients with PFP compared with age- and body mass
index (BMI)—matched healthy control individuals. The
secondary purpose was to compare fatigue levels (ie, blood
lactate concentration) and muscular endurance performance
(ie, knee-extension repetitions and quadriceps total work
during isokinetic exercise) between patients with PFP and a
matched healthy control group. We hypothesized that
patients with PFP would (1) exhibit additional reductions
in all quadriceps neuromuscular function as exercise sets
progressed and (2) display lower fatigue levels with worse
muscular endurance performance during and after isoki-
netic exercise compared with the control group.

METHODS

A cross-sectional design with repeated measures was
used in this study. The main outcome measures were
quadriceps PT, CAR, and RTD at baseline and immediately
after every 5 sets of isokinetic knee-extension exercise

(times 1—5). Secondary outcome measures were blood
lactate concentration (baseline and times 1—5) and knee-
extension repetitions and quadriceps total work during
isokinetic exercise (sets 1—5). Times 1 to 5 are the time
points at which data were obtained immediately after each
exercise set, whereas sets 1 to 5 are the time points at which
data were obtained during each exercise set.

Participants

Twenty-two patients with PFP (age ¼ 22.4 ± 2.9 years,
BMI ¼ 22.0 ± 2.1) and 19 healthy control individuals
(age ¼ 22.9 ± 1.9 years, BMI ¼ 21.6 ± 2.2) matched on
age and BMI were analyzed in this study (Table 1). All
participants were between 18 and 35 years old and were
recruited from a local university and community via flyers
and social media posts (Figure 1). Inclusion criteria for
PFP were defined according to the 2016 International
Patellofemoral Research Retreat consensus statement.22

Specific inclusion and exclusion criteria for both groups
are presented in Table 2. All participants had to engage in
�150 minutes of moderate-intensity (eg, walking, light
jogging) or 60 minutes of vigorous-intensity (eg, running,
weightlifting) exercise per week.10 All participants provided
written informed consent approved by the university’s
institutional review board (approval KHSIRB-17-030).

Procedures

Once participants had completed the eligibility screening
and given informed consent, they self-reported their sex,
age, amount of physical activity, and symptom duration.
Using a bioelectrical impedance device (model InBody 770;
Biospace Ltd), we measured participants’ height, mass, and
BMI. Afterward, we assessed the severity of their usual
pain in the previous week using the visual analog scale
(VAS; 0 ¼ no pain; 10 ¼ worst pain imaginable) and
patient-reported outcomes using the Lower Extremity
Functional Scale (LEFS); both are valid and reliable tools
commonly used in the PFP literature.7,8,10,13

Testing procedures are described in Figure 2. After a 10-
minute warm-up on a stationary bike at a self-selected pace,
participants were seated on an isokinetic dynamometer
(model 770 Norm; Cybex International Inc). The knee and
hip joints were positioned at 90° and 85°, respectively. The
chest, pelvis, and nontesting thigh were secured with straps
to minimize accessory motions or assisting muscle
contractions. Two 7- 3 12.7-cm stimulating electrodes
(model Dura-Stick II; Chattanooga Group Inc) were
attached to the proximal vastus lateralis and the distal
vastus medialis after the skin of the anterior thigh was
shaved with a razor and cleaned with an alcohol swab. For
the matched healthy control group, the dominant leg
(defined as the leg used to kick a ball) was evaluated.7

Participants pursued a gradual warm-up session of 3-
second isometric contractions (2 submaximal at 50% and
75% and 1 maximal at 100% of PT) coupled with a
superimposed burst (SIB; 2 submaximal at 50% and 75%
and 1 maximal at 100% of stimulation intensity) to
familiarize themselves with the quadriceps neuromuscular
assessments.10 We then asked them to produce their
maximal and explosive force (“as fast and hard as
possible”) and to maintain the contraction for at least 3
seconds. When knee-extension torque reached a plateau, an
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exogenous supramaximal electrical stimulus (100 pulses/s,
600-microsecond pulse duration, 10 train in 100-millisec-
ond duration, 125 V with a peak output current of 450 mA)
was manually delivered to the quadriceps via 2 stimulating
electrodes to recruit any residual motor units.23 The S48
Grass Stimulator with an SIU8T transformer stimulus
isolation unit (Grass-Telefactor Inc) was used to generate
the SIB. For quadriceps neuromuscular function, PT was
evaluated, and then CAR and RTD were calculated using
muscle force waveforms.
After 5 minutes of rest, the assessor collected a 0.7-μL

blood sample using a lancet on the fingertip and lactate test
strip24 to ensure minimal quadriceps neuromuscular fatigue
at baseline. Sample analysis time was 13 seconds by a

portable lactate analyzer (model Lactate Plus Meter; Nova
Biomedical Corp). Once we obtained the baseline blood
lactate concentration (in millimoles), the participants
performed the first set of continuous concentric knee
extensions at 60°/s on the isokinetic dynamometer.25 When
3 consecutive contractions were ,50% of the baseline
quadriceps PT, the individual ceased the contractions and
finished the exercise set.25 Immediately after each set of
exercise, the blood lactate level was measured again to
identify the fatigue level induced by the exercise. We then
repeated the quadriceps function assessment. Five sets of
knee-extension exercise and postexercise testing were
conducted with both visual feedback and oral encourage-
ment to elicit participants’ maximal effort. Data collection

Table 1. Participant Characteristicsa

Variable

Group

P Value

Patellofemoral Pain

(n ¼ 22)

Healthy Control

(n ¼ 19)

Sex, female/male 15/7 9/10 Not applicable

Mean ± SD

Age, y 22.4 ± 2.9 22.9 ± 1.9 .09

Height, cm 165.0 ± 8.6 170.7 ± 7.3 .03

Mass, kg 60.3 ± 10.2 63.2 ± 8.9 .35

Body mass index, kg/m2 22.0 ± 2.1 21.6 ± 2.2 .55

Physical activity, min/wk 232.7 ± 88.9 241.6 ± 80.9 .74

Pain severity, cm on visual analog scale 4.2 ± 1.4 0.0 ± 0.0 ,.0001

Symptom duration (range), mo 38.6 ± 32.0 (4�110) 0.0 ± 0.0 ,.0001

Patient-reported outcome, Lower Extremity Functional Scale score 58.8 ± 9.1 79.2 ± 1.3 ,.0001

a Values in bold represent statistical and clinical significance.

Assessed for eligibility (n = 90)
Excluded (n = 44)

• Not meeting inclusion criteria (n = 12)
• History of lower extremity surgery (n = 5)
• History of lower extremity injury within 6 mo (n = 4)
• Additional sources of anterior knee pain (n = 14)
• Neuromuscular abnormality (n = 1)
• Low back pain (n = 2)
• Professional athletic career (n = 3)
• Other reasons (n = 3)

Healthy control group 
(n = 19)

Patellofemoral pain group 
(n = 22)

Initially included in study cohort (n = 46)

Data collection (n = 46)

Excluded (n = 5)

• Hypersensitive to electrical stimuli (n = 1)
• Failure to complete fatiguing protocols (n = 2)
• Declined to participate (n = 2)

Included in final analysis (n = 41)

Figure 1. Participant recruitment and selection.
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was performed by a single investigator who was blinded to
the presence or absence of PFP until all testing procedures
were completed.
For each set of isokinetic exercises, the number of knee-

extension repetitions was counted. In addition, quadriceps
total work was calculated and normalized to body mass
(joules per kilogram)26 except for the last 3 consecutive

concentric torques, which did not exceed 50% of the
baseline quadriceps PT. For each time point, 3 trials of
quadriceps PT were averaged and normalized to body mass
(newton meters per kilogram). The quadriceps CAR was
calculated by the ratio Force PT/Force PT+SIB.23 The
quadriceps RTD was calculated as the slope (Δtorque/
Δtime) of the torque-time curve from 20% to 80% of PT
and normalized to body mass and time interval (newton
meters per kilogram per second).10

Statistical Analysis

Our sample size was determined using an expected mean
difference in quadriceps CAR of 0.11 with an SD of 0.14,
which yielded a Cohen d effect size (ES) of 0.8.23 Using an
α of .05 and a β of .2, we estimated that 14 participants were
necessary for each group.
Age, height, mass, BMI, amount of physical activity, pain

severity, symptom duration, and patient-reported outcomes
were compared between groups using independent t tests.
The mean and SD were computed from each dependent
measurement at each time point. We conducted a 2-by-6
mixed-model analysis of variance for quadriceps neuromus-
cular function (PT, CAR, and RTD) and blood lactate
concentration. A 2-by-5 mixed-model analysis of variance
was also performed to investigate differences in knee-
extension repetitions and quadriceps total work during
isokinetic exercise. When statistical significance was present,
the Tukey-Kramer post hoc tests were used for pairwise
comparisons. Percentage changes were identified by sub-
tracting the baseline (quadriceps neuromuscular function or
blood lactate concentration) or set 1 (knee-extension
repetitions or quadriceps total work during isokinetic
exercise) value from each subsequent time point value,
dividing that difference by the baseline or set 1 value, and
multiplying by 100. To determine practical significance,
between-times and between-groups Cohen d ESs27 with 95%
CIs were also calculated. Thresholds for ESs were set as
trivial (,0.20), small (0.20—0.49), moderate (0.50—0.79),
and large (�0.80).27 The statistical package SAS (version
9.4; SAS Institute) was used for all tests (P , .05).

RESULTS

Descriptive characteristics of the participants, including
demographics, pain severity, symptom duration, and
patient-reported outcomes, are shown in Table 1. Data
related to quadriceps neuromuscular function and blood
lactate concentration are supplied in Table 3. The
trajectories of quadriceps PT, CAR, and RTD before,
during, and after isokinetic knee-extension exercises are
also visualized in Figures 3, 4, and 5, respectively. Data
related to knee-extension repetitions and quadriceps total
work during isokinetic exercise are provided in Table 4.

Quadriceps PT

At baseline, we did not observe a difference in quadriceps
PT between groups (P ¼ .18). No group-by-time interaction
was present for quadriceps PT (F5,195 ¼ 1.09, P ¼ .37).
Regardless of time (group main effect: F1,195 ¼ 7.35, P ¼
.007), patients with PFP displayed 19.8% less quadriceps
PT compared with the matched healthy control individuals.
Regardless of group (time main effect: F5,195 ¼ 134.95,

Table 2. Inclusion and Exclusion Criteria

Inclusion criteria for patellofemoral pain group

� Insidious unilateral retropatellar or peripatellar pain �3 months

� Usual pain in the previous week of �3 of 10

� Pain �2 during or after
○ Prolonged sitting
○ Kneeling
○ Stair climbing
○ Running
○ Jumping
○ Squatting
○ Patellar compression
○ Quadriceps contraction

Inclusion criteria for healthy control group

� No history of lower extremity or spine surgery

� No history of lower extremity injury or pain within 6 mo

Exclusion criteria for both groups

� Previous knee injury and surgery

� Ligamentous instability

� Internal derangement

� Additional sources of anterior knee pain (eg, tendinopathy)

� Physician-confirmed diagnosis of knee osteoarthritis

� Low back pain

� Professional athletic career

� Contraindication to electrical stimulation:
○ Hypersensitivity to electrical stimulation
○ Neuromuscular abnormality
○ Infection of lower extremity
○ Implanted biomechanical device

10-min Warm-up

5-min Rest

Blood lactate concentration

Isokinetic knee-extension exercise

• Knee-extension repetitions
• Quadriceps total work

Quadriceps neuromuscular function 3

• Peak torque
• Central activation ratio
• Rate of torque development

5

Baseline
Testing

Postexercise
Testing

Fatigue 
Exercise

Blood lactate concentration

Quadriceps neuromuscular function 3

• Peak torque
• Central activation ratio
• Rate of torque development

Figure 2. Testing procedures.
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P , .0001), quadriceps PT decreased at times 1 (�19.1%,
P , .0001, ES ¼ 0.75), 2 (�24.1%, P , .0001, ES ¼
1.00), 3 (�27.4%, P, .0001, ES ¼ 1.16), 4 (�29.9%, P,
.0001, ES ¼ 1.28), and 5 (�32.4%, P , .0001, ES ¼ 1.39)
compared with baseline.

Quadriceps CAR

At baseline, we did not find a difference in quadriceps
CAR between groups (P ¼ .95). A group-by-time
interaction was detected for quadriceps CAR (F5,195 ¼

2.63, P ¼ .03). Compared with baseline, the control group
maintained quadriceps CAR at time 1 (�1.9%, P ¼ .86) and
then demonstrated decreased quadriceps CAR at times 2 to
5 (�3.9% to �4.2%, P � .02, ES � 1.35), whereas patients
with PFP had decreased quadriceps CAR at all time points
(�3.6% to �8.4%, P � .04, ES � 0.53). Regardless of time
(group main effect: F1,195 ¼ 7.84, P ¼ .006), the quadriceps
CAR of patients with PFP was 5.2% less than that of
the control group. Regardless of group (time main effect:
F5,195 ¼ 20.08, P , .0001), quadriceps CAR was decreased

Table 3. Changes in Quadriceps Neuromuscular Function and Blood Lactate Concentrationa

Outcome Measure Time

Group

Between-Groups

P Value; Cohen d

Effect Size (95% CI)c

Patellofemoral Pain (n ¼ 22) Healthy Control (n ¼ 19)

Mean ± SD

Baseline to Each

Time Point Cohen d

Effect Size (95% CI)b Mean ± SD

Baseline to Each

Time Point Cohen d

Effect Size (95% CI)b

Quadriceps peak torque,

N�m/kg

Baseline 2.50 ± 0.57 NA 3.01 ± 0.78 NA .18; 0.76 (0.12, 1.40)

1 1.95 ± 0.46d 1.05 (0.42, 1.68) 2.51 ± 0.77d 0.65 (0.00, 1.30) .10; 0.89 (0.25, 1.53)

2 1.84 ± 0.43d 1.30 (0.65, 1.95) 2.34 ± 0.69d 0.91 (0.24, 1.58) .21; 0.89 (0.25, 1.53)

3 1.80 ± 0.46d 1.35 (0.70, 2.00) 2.20 ± 0.63d 1.14 (0.45, 1.83) .54; 0.74 (0.11, 1.37)

4 1.72 ± 0.45d 1.52 (0.85, 2.19) 2.15 ± 0.60d 1.24 (0.55, 1.93) .42; 0.83 (0.19, 1.47)

5 1.65 ± 0.50d 1.59 (0.91, 2.27) 2.08 ± 0.56d 1.38 (0.69, 2.07) .42; 0.82 (0.18, 1.46)

Quadriceps central

activation ratio

Baseline 0.949 ± 0.054 NA 0.978 ± 0.017 NA .95; 0.71 (0.08, 1.34)

1 0.915 ± 0.072d 0.53 (0.07, 1.13) 0.960 ± 0.025 0.86 (0.20, 1.52) .51; 0.81 (0.17, 1.45)

2 0.906 ± 0.067d 0.69 (0.08, 1.30) 0.938 ± 0.033d 1.53 (0.81, 2.25) .91; 0.58 (�0.05, 1.21)

3 0.879 ± 0.085d 0.98 (0.35, 1.61) 0.937 ± 0.035d 1.48 (0.76, 2.20) .14; 0.87 (0.23, 1.51)

4 0.877 ± 0.090d 0.96 (0.34, 1.58) 0.937 ± 0.036d 1.46 (0.74, 2.18) .12; 0.84 (0.20, 1.48)

5 0.869 ± 0.110d 0.93 (0.31, 1.55) 0.939 ± 0.037d 1.35 (0.65, 2.05) .02; 0.84 (0.20, 1.48)

Quadriceps rate of torque

development, N�m/kg/s

Baseline 7.52 ± 1.38 NA 9.56 ± 1.86 NA .007; 1.26 (0.59, 1.93)

1 6.10 ± 1.41d 1.02 (0.39, 1.65) 8.63 ± 1.98 0.48 (�0.17, 1.13) .0002; 1.49 (0.80, 2.86)

2 6.04 ± 1.65d 0.98 (0.35, 1.61) 8.03 ± 1.71d 0.86 (0.20, 1.52) .009; 1.19 (0.52, 1.86)

3 5.66 ± 1.82d 1.15 (0.51, 1.79) 7.46 ± 1.79d 1.15 (0.46, 1.84) .03; 0.99 (0.34, 1.64)

4 5.46 ± 1.76d 1.30 (0.65, 1.95) 7.60 ± 1.73d 1.09 (0.41, 1.77) .003; 1.23 (0.56, 1.90)

5 4.10 ± 1.25d,e 2.60 (1.80, 3.40) 7.67 ± 1.54d 1.10 (0.42, 1.78) ,.0001; 2.56 (1.73, 3.39)

Blood lactate concentration,

mmol

Baseline 1.65 ± 0.38 NA 1.94 ± 1.00 NA .99; 0.33 (�0.29, 0.95)

1 4.28 ± 1.41d 2.27 (1.51, 3.03) 4.91 ± 1.65d 2.17 (1.37, 2.97) .99; 0.41 (�0.21, 1.03)

2 5.21 ± 1.41d 3.08 (2.21, 3.95) 6.43 ± 2.11d 2.72 (1.84, 3.60) .82; 0.69 (0.06, 1.32)

3 6.04 ± 2.31d 2.53 (1.74, 3.32) 7.34 ± 2.27d 3.08 (2.14, 4.02) .75; 0.57 (�0.06, 1.20)

4 6.40 ± 3.01d 2.16 (1.42, 2.90) 7.35 ± 1.94d 3.50 (2.49, 4.51) .96; 0.37 (�0.25, 0.99)

5 7.94 ± 3.52d 2.46 (1.68, 3.24) 8.29 ± 2.74d 3.08 (2.14, 4.02) .99; 0.11 (�0.50, 0.72)

Abbreviation: NA, not applicable.
a Values in bold represent statistical and clinical significance.
b Effect sizes compared between baseline and each time point.
c P values and effect sizes compared groups at the same time point.
d Statistically different from baseline (P , .05).
e Statistically different from time 4 (P , .05).
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after isokinetic knee-extension exercises. Error bars indicate
standard deviations. a Different from baseline (P , .05).
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indicate standard deviations. a Different from baseline (P , .05).
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at times 1 (�2.7%, P ¼ .006, ES ¼ 0.50), 2 (�4.3%, P ,
.0001, ES ¼ 0.82), 3 (�5.8%, P , .0001, ES ¼ 0.93), 4
(�5.8%, P , .0001, ES ¼ 0.91), and 5 (�6.2%, P , .0001,
ES ¼ 0.84) compared with baseline.

Quadriceps RTD

At baseline, patients with PFP had less quadriceps RTD
than the matched healthy individuals (P ¼ .007). A group-by-
time interaction was evident for quadriceps RTD (F5,195 ¼
3.85, P ¼ .002). Compared with baseline, the control group
maintained quadriceps RTD at time 1 (�9.8%, P ¼ .22) and
then displayed decreased quadriceps RTD at times 2 (�16.0%,
P ¼ .0008, ES ¼ 0.86), 3 (�22.0%, P, .0001, ES ¼ 1.15), 4
(�20.5%, P, .0001, ES¼ 1.09), and 5 (�19.8%, P, .0001,
ES ¼ 1.10), whereas patients with PFP had decreased
quadriceps RTD at all time points (�18.9% to �45.5%, P �
.0008, ES � 0.98). We also observed a percentage reduction
in quadriceps RTD between times 4 and 5 in patients with PFP
(�24.9%, P ¼ .002, ES ¼ 0.89) but not in their healthy
counterparts (�0.9%, P ¼ .99). Regardless of time (group
main effect: F1,195 ¼ 30.40, P , .0001), patients with PFP

exhibited 28.7% less quadriceps RTD compared with the
matched healthy control group. Regardless of group (time
main effect: F5,195 ¼ 30.59, P , .0001), quadriceps RTD
was decreased at times 1 (�13.8%, P ¼ .006, ES ¼ 0.59),
2 (�17.7%, P , .0001, ES ¼ 0.79), 3 (�23.2%, P ,
.0001, ES ¼ 1.02), 4 (�23.5%, P , .0001, ES ¼ 1.9021),
and 5 (�31.1%, P , .0001, ES ¼ 1.27) compared with
baseline.

Blood Lactate Concentration

No group main effect (F1,195 ¼ 2.32, P ¼ .13) or group-
by-time interaction (F5,195 ¼ 0.81, P ¼ .55) was noted for
blood lactate concentration. Regardless of group (time main
effect: F5,195 ¼ 85.65, P , .0001), blood lactate
concentration was increased at times 1 (156.1%, P ,
.0001, ES ¼ 2.21), 2 (224.5%, P , .0001, ES ¼ 2.76), 3
(273.0%, P , .0001, ES ¼ 2.74), 4 (283.2%, P , .0001,
ES ¼ 2.62), and 5 (352.6%, P , .0001, ES ¼ 2.73)
compared with baseline.

Knee-Extension Repetitions and Quadriceps Total
Work During Isokinetic Exercise

No group main effects or group-by-time interactions were
seen for knee-extension repetitions (group main effect:
F1,156 ¼ 0.03, P ¼ .86; group-by-time interaction: F4,156 ¼
0.03, P ¼ .99) or quadriceps total work (group main effect:
F1,156 ¼ 2.37, P ¼ .13; group-by-time interaction: F4,156 ¼
0.13, P ¼ .97) during isokinetic exercise. Regardless of
group (time main effect: F4,195 ¼ 28.55, P , .0001), knee-
extension repetitions during isokinetic exercise were
decreased during sets 2 (�27.6%, P , .0001, ES ¼ 0.77),
3 (�35.5%, P , .0001, ES ¼ 1.01), 4 (�41.5%, P , .0001,
ES ¼ 1.22), and 5 (�44.2%, P , .0001, ES ¼ 1.20)
compared with set 1. Regardless of group (time main effect:
F4,195 ¼ 11.55, P , .0001), quadriceps total work during
isokinetic exercise was decreased during sets 2 (�5.9%,
P ¼ .002, ES ¼ 0.24), 3 (�8.2%, P , .0001, ES ¼ 0.33),
4 (�9.3%, P , .0001, ES ¼ 0.39), and 5 (�8.5%, P ,
.0001, ES ¼ 0.35) compared with set 1.

Table 4. Changes in Knee-Extension Repetitions and Quadriceps Total Work During Isokinetic Exercisea

Outcome Measure Set

Group

Between-Groups P Value;

Cohen d Effect Size (95% CI)c

Patellofemoral Pain (n ¼ 22) Healthy Control (n ¼ 19)

Mean ± SD

Set 1 to Each Set

Point Cohen d

Effect Size (95% CI)b Mean ± SD

Set 1 to Each Set

Point Cohen d

Effect Size (95% CI)b

Knee-extension repetitions, No. 1 41.2 ± 13.8 NA 41.0 ± 18.2 NA .99; 0.01 (�0.60, 0.62)

2 30.4 ± 16.6d 0.71 (0.10, 1.32) 29.1 ± 8.8d 0.83 (0.17, 1.49) .99; 0.09 (�0.52, 0.70)

3 26.7 ± 13.9d 1.05 (0.42, 1.68) 26.3 ± 11.9d 0.95 (0.28, 1.62) .99; 0.03 (�0.58, 0.64)

4 24.6 ± 11.7d 1.30 (0.65, 1.95) 23.5 ± 12.6d 1.12 (0.44, 1.80) .99; 0.09 (�0.52, 0.70)

5 23.1 ± 14.3d 1.28 (0.63, 1.93) 22.7 ± 14.8d 1.10 (0.42, 1.78) .99; 0.02 (�0.59, 0.63)

Quadriceps total work, J/kg 1 62.0 ± 14.5 NA 68.3 ± 17.6 NA .94; 0.40 (�0.22, 1.02)

2 57.4 ± 15.0d 0.31 (�0.28, 0.90) 63.2 ± 15.9d 0.32 (�0.32, 0.96) .83; 0.50 (�0.12, 1.12)

3 56.6 ± 14.3d 0.37 (�0.23, 0.97) 63.5 ± 14.2d 0.30 (�0.34, 0.94) .91; 0.50 (�0.12, 1.11)

4 55.4 ± 14.5d 0.45 (�0.15, 1.05) 62.7 ± 14.6d 0.35 (�0.29, 0.99) .88; 0.51 (�0.11, 1.12)

5 56.1 ± 15.3d 0.39 (�0.21, 0.99) 63.0 ± 15.9d 0.32 (�0.32, 0.96) .91; 0.44 (�0.18, 1.06)

Abbreviation: NA, not applicable.
a Values in bold represent statistical and clinical significance.
b Effect sizes compared set 1 and each set point.
c P values and effect sizes compared groups at the same set point.
d Statistically different from set 1 (P , .05).
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Figure 5. Trajectory of quadriceps rate of torque development
before, during, and after isokinetic knee-extension exercises. Error
bars indicate standard deviations. a Difference between groups at
baseline (P ¼ .007). b Different from baseline (P , .05). c Different
from time 4 (P ¼ .002).
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DISCUSSION

The aims of our study were to observe (1) changes in
quadriceps neuromuscular function during and after
repetitive bouts of exercise in patients with PFP and (2)
fatigue level and muscular endurance performance during
exercise in patients with PFP compared with their age- and
BMI-matched healthy counterparts. We found that patients
with PFP experienced rapid reductions in quadriceps central
activation, force-generating capacity, or both in the early
and late stages of exercise-induced fatigue, whereas
neuromuscular function in the healthy control group
gradually decreased, yet quadriceps maximal strength did
not differ as the exercise sets progressed. Further, fatigue
levels during and after repeated bouts of exercise and knee-
extension repetitions and quadriceps total work during the
exercise sets were similar between groups.
To our knowledge, this is the first investigation to identify

trajectories of quadriceps neuromuscular function before,
during, and after isokinetic knee-extension exercises in
patients with PFP. Understanding neuromuscular alterations
during continuous exercise sets and cumulative fatigue may
lead to improvements in current treatment strategies to
better prepare people with PFP for the return to physically
demanding activities. All quadriceps neuromuscular func-
tion measures (PT, CAR, and RTD) decreased over time,
regardless of the presence or absence of PFP, indicating that
our fatiguing protocol was valid for inducing neuromuscu-
lar fatigue. It has been suggested28 that combined central
and peripheral processes may contribute to neuromuscular
fatigue. Peripheral mechanisms arise from changes in the
contractile elements within skeletal muscle fibers (ie,
fatigue in the muscle itself).28 On the other hand, central
mechanisms arise from changes at any spinal and
supraspinal levels, which may contribute to a further
decline in muscle force production and force-generating
capacity due to reduced neural drive to the motoneuron
pool.28,29

Interestingly, whereas quadriceps central activation and
force-generating capacity were maintained after the first set
of fatiguing exercises in healthy individuals, these neuro-
muscular variables (CAR and RTD) were sharply reduced
in patients with PFP. These results may indicate that
patients with PFP were more susceptible to fatigue even
from the first bout of exercise. Patellofemoral pain is a
common cause of peripheral neuromuscular dysfunction
linked to reduced lower extremity force production.7,30

Chronic pain has been postulated to also influence the
central nervous system,8,31 making it difficult for individ-
uals to fully depolarize all motor units in a motoneuron
pool. Some researchers32,33 suggested that chronic pain
conditions lead to prolonged adaptations, possibly from
long-lasting nociceptive activity in the peripheral joint,
which may affect the extent of neural adaptations over time.
In this regard, a long symptom duration (.3 years; Table 1)
in our participants with PFP may have further contributed to
the central activation failure during repeated muscle
contractions. As the pain severity of PFP has been
associated with quadriceps dysfunction,7,8 a moderate pain
level of 4.2 (of 10 on the VAS) in our patients could have
influenced the magnitude of deficits in neuromuscular
function.
Although authors34 of a recent scoping review reported

that RTD appears to be a valid and sensitive indicator of

neuromuscular fatigue, RTD during the fatigued state in
the PFP population has not been explored. Previous
investigators35 determined that 100 repetitions of quadri-
ceps contraction decreased RTD by 36% in healthy
individuals, whereas a 22% reduction was seen in our
healthy control group after 3 sets (average of 96 knee-
extension repetitions; Table 4) of exercise. Unfortunately,
our results cannot be directly compared with those of the
previous study35 because details of the study design, such
as fatigue protocols (eg, isometric versus isokinetic
contractions) and rest periods (eg, fatigue level and
neuromuscular assessments between exercise sets in our
study), were not identical. In the present study, RTD was
the most impaired function compared with other neuro-
muscular measurements in patients with PFP, with a
reduction of nearly half (�46%) from baseline to the last
set of exercise. This may suggest that RTD is a sensitive
indicator of quadriceps dysfunction in both resting and
fatigued states, whereas CAR seemed to indicate subse-
quent dysfunction only postexercise in our patient cohort.
In addition to the significant decline between baseline and
time 1 (�19%), RTD was reduced in patients with PFP
between times 4 and 5 (�25%). An inability to generate
force rapidly is associated with biomechanical deviations
in the knee joint (eg, quadriceps-avoidance gait) and
altered joint-loading patterns,14 so we should focus on the
nature and magnitude of changes in neuromuscular
function. Further studies are needed to determine whether
a greater loss in quadriceps RTD in the fatigued state is
another contributing factor to deviations in lower extrem-
ity biomechanics or the risk for other injuries. This may
provide clinicians with evidence for restoring neuromus-
cular function before patients return to a physically active
lifestyle or participate in competitive sports events.
Because the lack of task specificity could lead to an

underestimation of neuromuscular fatigue, we adopted a
specific fatigue protocol for the same task (ie, knee
extension) to induce isolated quadriceps fatigue.34 Contrary
to our hypothesis, the increased rates of fatigue based on
blood lactate concentration were not different between
groups. Also, we did not identify statistical differences in
the reduced knee-extension repetitions or quadriceps total
work during isokinetic exercise. Still, healthy individuals
showed greater quadriceps total work with moderate ESs at
times 2 (Cohen d [95% CI] ¼ 0.50 [�0.12, 1.12]), 3 (Cohen d
[95% CI] ¼ 0.50 [�0.12, 1.11]), and 4 (Cohen d [95% CI] ¼
0.51 [�0.11, 1.12]), representing clinically meaningful
differences. These outcomes may suggest that patients with
PFP experience rapid declines in neuromuscular function even
though the number of joint movements and the total muscle
workloads are similar or lower. Our differences in quadriceps
neuromuscular dysfunction, but not in repetition numbers and
total work, may also be due to the different mechanisms of
central and peripheral fatigue between patients with PFP and
healthy individuals. Future studies are needed to confirm this
hypothesis. Readers should also be cautious when interpreting
these data because we used a laboratory-based fatiguing
protocol, such as stopping continuous concentric contractions
at 60°/s until the torque output dropped to ,50% of the
precalculated PT for 3 consecutive contractions.25 A partic-
ipant who produced an isokinetic PT of ,50% of the baseline
isometric PT during 2 consecutive contractions but .50% in
the third was able to continue exercising and increase the
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number of knee-extension repetitions. Investigators should
explore what level of repetition of muscle torque occurs
during specific functional activities and apply it to fatigue
research. Psychological fatigue levels (eg, determination or
perseverance) should also be considered.
Our study was not without limitations. Although age and

BMI were matched between the groups, their heights
differed. This may have influenced the knee moment arm
during testing, but we assumed that this would have a
minimal effect on our results. Also, the sexes were not fully
balanced between groups (females accounted for 32% of
the PFP group and 53% of the healthy control group),
which could have influenced our outcomes. We also tried to
match the amount of physical activity (minutes per week)
between groups using open-ended questions to screen
participants for our physical activity—related inclusion
criteria (ie, �150 minutes of moderate or 60 minutes of
vigorous intensity exercise per week). Nonetheless, vali-
dated questionnaire tools (eg, International Physical
Activity Questionnaire) should be used to obtain more
accurate physical activity data in future research. Lastly,
although pain information (eg, pain level and variability) or
self-reported fatigue (eg, rating of perceived exertion)
during and after a fatiguing protocol may play an important
role in neuromuscular responses, we did not collect these
data. To provide a better treatment approach, investigators
should examine the relationship between changes in pain
perception and neuromuscular dysfunction. In addition,
future researchers should develop and evaluate effective
treatment strategies for PFP that can improve the patient’s
ability to continue performing at a high level with a low risk
of injury during and after a prolonged period of exercise (ie,
fatigue resistance).

CONCLUSIONS

Patients with PFP were more likely to suffer from acute
reductions in quadriceps neuromuscular function due to
fatigue from the first single bout of knee-extension exercise.
Furthermore, the ability to maintain force-generating
capacity appeared to decrease sharply again after repeated
bouts of exercise. Hence, when prescribing rehabilitation
programs and integrating patients back into functional
activities, exercise, and sport, clinicians should be aware of
changes in neuromuscular function during exercise and
postexercise.
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