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Context: Patellofemoral pain (PFP) has poor long-term
recovery outcomes. Central sensitization describes central ner-
vous system changes altering pain modulation, which can com-
plicate recovery (poorer prognosis and worse function). Signs
of central sensitization include amplified pain facilitation, pain
hypersensitivity, and impaired pain inhibition, which can be mea-
sured with temporal summation of pain (TSP), pressure pain
thresholds (PPTs), and conditioned pain modulation (CPM),
respectively. Sex differences exist for these test responses, but
female-only PFP investigations of sensitization are uncommon.
Understanding pain modulation in females with PFP could
improve treatment protocols.

Objective: To determine whether females with PFP exhibit
signs of central sensitization (greater TSP, lower PPTs, and
reduced CPM) compared with pain-free females.

Design: Cross-sectional study.

Setting: Laboratory.

Patients or Other Participants: Thirty-three females ([20
PFP, 13 pain free]; age: PFP 29.2 = 7 years, pain free 28 +
7 years; height: PFP 166.7 = 5.9 cm, pain free 166 = 9.5 cm;
mass: PFP 66.7 = 9.6 kg, pain free 69.3 = 7.5 kg).

Main Outcome Measure(s): Temporal summation of pain
was assessed with 10 punctate stimuli applied to the knee and

calculated by the difference in pain intensity between beginning
and end responses. Pressure pain thresholds were tested at 4
sites (3 for local hypersensitivity [knee] and 1 for widespread
hypersensitivity [hand]). Conditioned pain modulation was con-
ducted by comparing PPTs during 2 conditions (baseline and ice
immersion). Conditioned pain modulation response was defined
as the percent difference between conditions. Between-groups
differences in TSP response were analyzed with a Welch test.
Separate Welch tests analyzed group comparisons of PPTs and
CPM responses at 4 sites.

Results: Females with PFP exhibited greater TSP response
(P =.019) and lower CPM response at patella center (P = .010)
and hand sites (P = .007) than pain-free females. Pressure pain
thresholds group differences were not observed at any site (P >
.0125).

Conclusions: Females with PFP modulate pain differently
than pain-free females. Clinicians should recognize signs of
central sensitization and their potential effect on treatment
options.

Key Words: anterior knee pain, central sensitization, quan-
titative sensory testing, conditioned pain modulation, temporal
summation, pressure pain thresholds

rehabilitation strategies targeting the knee.

Key Points

» Females with patellofemoral pain exhibit impaired pain inhibition relative to pain-free females.
» Females with patellofemoral pain exhibit amplified pain facilitation compared with pain-free females.
« Clinicians should assess for clinical signs of central sensitization, as treatment approaches may differ from typical

tal condition causing persistent pain around the patella

with activity.! Females are more likely to experience
PFP and symptoms tend to persist longer than males, with
no fundamental explanation why.*? Treatment for PFP is
based on the concept that nociception is driven by pathome-
chanics; however, pain becomes recurrent or persistent in
over 50% of participants in longitudinal studies lasting 1 to
8 years, regardless of treatment approach.>* It is possible

P atellofemoral pain (PFP) is a common musculoskele-

that pathomechanical variables alone may not explain the
persistence and recurrence of PFP but that changes in pain
modulation may provide additional context for these poor
recovery outcomes.

Central sensitization describes structural and functional
changes within the central nervous system pathways, alter-
ing pain modulation.” Motor cortex reorganization and
changes in functional sensorimotor connectivity have been
observed in individuals with PFP, providing evidence of
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central nervous system changes.®’ Central sensitization
complicates recovery and is associated with poor treatment
outcomes including poorer prognosis, worse function, and
greater disability.® These poor outcomes occur because
pain is no longer indicative of tissue damage or nociceptive
input but rather reflects a heightened state of the central
nervous system.’ Treatment of central sensitization differs
from traditional treatments focused on the extremity itself
and would warrant exploration of different centrally driven
interventions.’ If individuals with PFP exhibit signs of cen-
tral sensitization, it may warrant further exploration of a
shift in treatment paradigm.

Central sensitization is characterized by amplified pain
facilitation, widespread pain hypersensitivity, ineffective
pain inhibition, or any combination of the above.'® Mani-
festations of central sensitization can be assessed using
quantitative sensory testing.' Quantitative sensory testing
collectively describes procedures used to measure pain
facilitation, pain hypersensitivity, and pain inhibition in a
clinical setting.'® Quantitative sensory testing has helped
identify altered pain modulation in patients with chronic
musculoskeletal conditions. Quantitative sensory testing
has also been useful in differentiating between patients
who respond well and respond poorly to common treat-
ment regiments in chronic musculoskeletal conditions."
Finally, it has been proposed that quantitative sensory
testing could drive pain mechanism-based treatment
approach to improve patient outcomes in chronic muscu-
loskeletal pain®'*> Temporal summation of pain (TSP),
pressure pain thresholds (PPTs), and conditioned pain
modulation (CPM) are 3 common quantitative sensory
testing procedures.

Temporal summation of pain can assess pain facilitation,
which is a normally occurring phenomenon in which pain
perception increases in response to a repeated stimulus of
the same intensity over time due to a summative effect the
spinal cord.'® In populations demonstrating signs of central
sensitization, a greater increase in pain intensity occurs
more quickly than in pain-free individuals.'

Pressure pain thresholds help detect changes in pain sen-
sitivity.”* A standardized, steadily increasing pressure is
applied until the patient indicates the pressure sensation
changes to pain. Lower PPTs indicate that it takes less stim-
ulus pressure to achieve a pain response at the affected site,
meaning that area is more sensitive to pain.'* Lower local
or widespread (ie, remote) PPTs and can be a sign of
peripheral or central sensitization."

Conditioned pain modulation is used to detect changes in
descending pain inhibition networks.'®'* Conditioned pain
modulation is assessed by repeating a noxious test stimulus
(eg, PPTs) before and during a secondary noxious condi-
tioning stimulus (eg, ice immersion) and determining the
amount of change between conditions.'* For functional
CPM, the addition of the conditioning stimulus would send
a pain inhibition signal, increasing the pain threshold,
allowing more pressure to be applied (ie, increased PPTs)
before pain sensation occurs.'® If CPM is impaired, little or
no change in pain threshold would occur, meaning it would
still take less pressure application for pain sensation, even
in the presence of a conditioning stimulus. Therefore, PPTs
would demonstrate less or no change during the condition-
ing stimulus compared with baseline PPTs."*

Authors of recent meta-analyses have suggested that at
least a subgroup of individuals with PFP experience signs
of central sensitization, but the strength of these conclu-
sions is debatable.'>!'¢ First, lower PPTs demonstrated the
greatest amount of evidence with the strongest support.'>'¢
However, Woolf has suggested that pain hypersensitivity
alone is not enough to establish central sensitization as the
source because peripheral mechanisms also contribute to
lower PPTs.” Pressure pain threshold assessment of a
remote limb (eg, upper extremity) may contribute addi-
tional support for widespread pain sensitivity. Strong evi-
dence of between-groups differences was also reported for
CPM and TSP, but this information was based on small
group differences in a small number of total studies.'’
Additionally, only PPT data could be analyzed based on the
sex of the sample despite the fact that sex differences have
been well documented in quantitative sensory testing.'>™"”
Therefore, meta-analysis results could be affected by sex
differences in the population that were not accounted for in
individual study designs. More studies are needed to estab-
lish whether females with PFP exhibit different CPM and
TSP responses compared with pain-free females.

The purpose of this study was to identify whether females
with PFP exhibit signs of central sensitization compared with
pain-free females. We hypothesized that females with PFP
exhibit higher TSP response, lower PPTs, and lower CPM
response than a healthy control (CON) group of females.

METHODS
Study Design and Protocol

This cross-sectional study took place in a laboratory set-
ting in a large midwestern university. This study was
approved by the university’s institutional review board.
Data were collected from the affected (or most painful)
side for individuals with PFP. Unequal groups made it diffi-
cult to match participants based on age, height, or body
mass; however, we did match the distribution of each group
relative to test limb (Table). No significant differences
between groups existed based on age, height, or body mass.
Once screened, participants took part in one 45-minute ses-
sion consisting of several clinical measures, quantitative
sensory testing (order for all participants: TSP, PPTs, and
CPM), followed by a series of self-reported inventories.
This order was standardized for all participants to limit any
cross-over effects of sensory tests and to reduce the need
for washout time after CPM."

Participants

Thirty-three female participants volunteered for the
study (Figure 1). Twenty females with PFP and 13 pain-
free controls (CON) participated. Females aged 18 to 40
were recruited for participation from a large metropolitan
area and 3 local college campuses using flyers and social
media. The age range was limited due to the potential for
differences in quantitative sensory testing results between
adolescents and adults with PFP and the increased risk of
patellofemoral and knee osteoarthritis after age 40 for
females.'®'® Requirements of the PFP group included non-
traumatic onset of retro- or peripatellar knee pain, along
with pain during at least 2 of the following: squatting or
kneeling, stair ambulation, prolonged sitting, or during or
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Table. Demographics and Self-Reported Data by Group

PFP Group, CON Group,
Measure Mean =+ SD or Median (IQR) Mean *= SD or Median (IQR) P Value
Age (y) 292 +7.0 28 +7.0 634
Height (cm) 166.7 = 5.9 166.0 = 9.5 778
Weight (kg) 66.7 = 9.6 69.3 7.5 415
Body mass index 240+ 35 251 +26 674
Symptom duration (mo) 15 (5, 120) NA NA
Test limb (R/L) 35% L, 65% R 30% L, 70% R NA
VAS-current pain (mm) 16.6 + 16.6 NA NA
Bilateral vs unilateral PFP (%) 60% bilateral/40% unilateral NA NA
Reported taking medications for knee pain (%) 55% yes/45% no NA NA
KOOS-overall 711 £12.0 98.5 2.0 <.001*
IPAQ (total metabolic-min) 7802.2 + 6622.7 8591.5 + 5970.4 731
Stress (100 mm VAS) 37.4 =252 254 +21.8 158
Pain Catastrophizing Scale 96*+72 NA NA
Fear-Avoidance Beliefs Questionnaire-Knee 22.7 =93 NA NA
Pain Self-Efficacy Questionnaire 52.5 (50.2, 58.0) NA NA
McGill Pain Questionnaire (summed rank) 21.9 +10.7 NA NA
McGill body pain map (pixel area, cm?) 10666.0 (8586.75, 15627.0) NA NA

Abbreviations: CON, control; IPAQ, International Physical Activity Questionnaire; IQR, interquartile range; KOOS, Knee Injury and Osteo-
arthritis Outcome Score; L, left; NA, not assessed; PFP, patellofemoral pain; R, right; VAS, visual analog scale.
@ PFP group reported significantly lower KOOS scores, indicating greater perceived knee dysfunction than the CON group.

after physical activity or exercise.'® Additional exclusion
criteria were previous knee injury or surgery; lower
extremity or back pain or injury in the previous 6 months;
pain in the lower extremity, back, or hand at the time of
testing; other chronic pain conditions (eg, fibromyalgia,
osteoarthritis); neurological conditions; pregnancy at the
time of testing; history of adverse reactions to cold or ice;
and high blood pressure at the time of testing, which could
have affected the biomechanical, quantitative sensory test-
ing, or both or increased participant risk during testing.'2%2!
Lastly, due to data collection during the COVID-19 pan-
demic, individuals deemed at high risk for COVID-19 per
Centers for Disease Control and Prevention guidelines were
not eligible to participate.

All interested individuals were screened for inclusion
and exclusion criteria. As participants passed the screen-
ing, they were offered the opportunity to have their knees
evaluated. A certified and state-licensed athletic trainer
conducted the evaluation, aimed to rule out knee pain in
healthy volunteers and to rule out other causes of knee
pain in the PFP group. Once eligibility was determined,

Screened: 46 Total
CON group screened =
16
PFP group screened = 29
Withdrew: 1 (PFP)

Included: 33
Total
20 PFP
13 CON

Excluded: 12 total
Raynaud's or cold allergy:
4 PFP, 1 CON
Prior Surgery:

2 PFP, 1 CON
Concurrent pain condition:
1 PFP (Low back pain)
Other suspected pathology:

PFP

PFP CON
Group Group
n=20 n=13

COVID-High Risk:
1 CON

Figure 1. Participant flowchart. Abbreviations: CON, control group;
PFP, patellofemoral pain group.

participants agreed to a statement of informed consent and
were enrolled.

Measurements and Procedures

Participant height (cm) and mass (kg) were measured
using a stadiometer and scale, respectively, upon arrival.
The PFP group then provided a baseline visual analog scale
(VAS) for pain intensity at the time of testing on the 100-
mm line and shaded in a body pain map from the McGill
Pain Questionnaire to reflect location(s) of pain. All partici-
pants then participated in quantitative sensory testing and
self-reported inventories. For the PFP group, quantitative
sensory tests were conducted on the affected side or the
side with worse symptoms. For the CON group, test side
was determined by the distribution of (R:L) test limbs in
the PFP group.

Temporal summation of pain was assessed using a punc-
tate method with a 300-g nylon monofilament (Baseline).?
The monofilament was applied perpendicular to the center
of the test-side patella until observable bending of the
monofilament occurred. The monofilament application was
repeated each second for 10 consecutive seconds, and VAS
was marked after each application (Figure 2A). Here, TSP-
I represented the average VAS of the second through fourth
monofilament applications, and TSP-II represented the
average VAS for the eighth through tenth monofilament
applications. Temporal summation of pain response was
defined as the difference between TSP-II and TSP-I (e,
TSP response = TSP II — TSP I) in a manner similar to
other studies.”® Temporal summation of pain response was
used for data analysis. Amplified pain facilitation was defined
as greater TSP response over time. Intrarater reliability for
the TSP measurement for the lead researcher was excellent
(intraclass correlation coefficient [ICC][3,2] = 0.955).

Pressure pain thresholds were assessed with a computerized
pressure algometer (Algomed) at a pressure rate of 30 kPa/s
with a 1-cm? round rubber-tipped applicator (Figure 2B)."
Pressure pain thresholds were assessed at 4 locations: center
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Baseline PPTs

During Ice Immersion

Figure 2. Quantitative sensory testing methods. A, Temporal summation of pain using the monofilament method. B, Knee pressure
pain thresholds (PPTs) measured using a computerized pressure algometer. Conditioned pain modulation (CPM) using the cold pressor
test, which repeats PPTs in 2 conditions: C1, baseline and, C2, during (7°C) ice immersion. For functional CPM, PPTs increase during ice
immersion. If CPM is impaired, PPTs will not change or will be lower during ice immersion compared with baseline PPTs. If CPM is

impaired, PPTs will be lower in ice immersion than the control group.

of the patella, 3 cm medial to the medial patellar border on
the medial femoral condyle (labeled medial throughout
text), 3 cm lateral to the lateral patellar border on the lateral
femoral condyle (labeled /ateral throughout text), and on
the middle phalanx of the contralateral third finger (labeled
hand throughout text). These knee sites were selected based
on expecting greatest pain for females with PFP over the
patella or femoral epicondyles, and the hand site was
selected as a remote, upper extremity site with tissue type
and superficiality compared with the patella.'*** Two repe-
titions of PPTs were recorded at each site, and the average
of each site was used for analysis, consistent with other

protocols.'® Pain hypersensitivity was denoted by lower
PPTs, meaning it took less pressure before pain was sensed.
Lower PPTs at knee sites would indicate a sign of periph-
eral sensitization. Lower PPTs at the hand would indicate
widespread pain hypersensitivity, 1 sign of central sensiti-
zation. Intrarater reliability of the PPT measurement was
good to excellent for all test sites for the lead researcher
(ICC[3,2] = 0.88-0.92).

Conditioned pain modulation was assessed by repeating
PPTs (test stimulus; performed in the aforementioned man-
ner and locations) at baseline and during ice water immer-
sion (conditioning stimulus) of the contralateral foot and
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ankle (Figure 2C). Ice water immersion temperature was
maintained at 7°C using a water circulation and tempera-
ture control device. Pressure pain thresholds measurement
began 20 seconds after immersion occurred.'* Intrarater
reliability of the CPM measurement was moderate to excel-
lent for all test sites for the lead researcher (ICC[3,2] =
0.730-0.949). The average PPTs for each of the 2 time
points (baseline and during ice water immersion) were
calculated for each test site, and the percent difference
was used for analysis. Conditioned pain modulation
response is defined as the percent difference between
conditions.?> A typical CPM response occurs when the
individual can withstand greater pressure before pain is
sensed during the ice immersion (ie, higher PPTs). This
would also be demonstrated by greater percent differ-
ence between baseline and immersion conditions.'* An
impaired CPM response occurs when the participant senses
pain with less pressure applied during the immersion condi-
tion (ie, lower PPTs) than they experienced during the base-
line condition." This would also be demonstrated by a lower
percent difference between conditions.

Self-reported inventories were used to characterize the
sample. All participants completed a health question-
naire, self-reported knee function inventories, and physi-
cal activity levels. The health questionnaire inquired
about overall health status, knee injury and treatment
history, history of depression and anxiety, and medica-
tion use. Participants rated knee function using the Knee
Injury and Osteoarthritis Score (KOOS) and associated
patellofemoral subscale (KOOS-PF), which asks partici-
pants about their experiences over the previous 7 days.
Physical activity levels were reported on the Interna-
tional Physical Activity Questionnaire (IPAQ).2*?’ The
PFP group also completed the following related to their
pain: McGill Pain Questionnaire, Pain Catastrophizing
Scale, Fear-Avoidance Beliefs Questionnaire for the
Knee (FABQ-Knee), and Pain Self-Efficacy Question-
naire (PSEQ).>*7!

Statistical Analysis

Statistical analyses were conducted using SPSS 28.0
(IBM Corporation). Due to small, unequal sample sizes
between groups, we conducted separate Welch tests for
TSP, PPTs, and CPM. Due to the PPT and CPM measure-
ments occurring at 4 test sites, a Bonferroni-corrected, o
level was applied a priori (o0 = .0125). Descriptive statistics
(mean = SD for normally distributed variables and median
[interquartile range] for nonnormally distributed variables)
were used to characterize the sample. Data normality was
assessed using Kolmogorov-Smirnoff tests. Demographic
and self-reported data were analyzed with Welch tests to
illustrate group characteristics. Effect sizes were calculated
using Cohen d for all comparisons and interpretations were
based on <0.19 = rivial, 0.2-0.59 = small, 0.06-1.19 =
moderate, and >1.2 = large.**

RESULTS

Participant Characteristics

Thirty-three females participated in the study (13 in the
CON group, 20 in the PFP group). No significant differences
were found between groups for age, height, weight, or body
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Figure 3. Temporal summation of pain (TSP) by group. TSP-l =
mean of applications 2-4, TSP-ll = mean of applications 8-10.
Note that, in the statistical analysis, the difference score = (TSP
response = TSP-lIl — TSP-l) was compared between groups. Patel-
lofemoral pain (PFP) group (dark line) TSP difference scores were
higher than the control (CON) group (light line). This figure illus-
trates changes in pain intensity (visual analog scale) over time.
Error bars represent standard deviations. Significant differences
were observed at the P = .05 level.

mass index. The PFP group reported greater perceived dys-
function (ie, higher KOOS and KOOS-PF scores) but similar
physical activity levels compared with the CON group (mod-
erate to high activity levels in >90% of each group sample).
Descriptive group statistics for these and for self-reported
inventories are reported in the Table.

Quantitative Sensory Testing

Females with PFP exhibited higher TSP responses
(mean = 6.5 = 7.7; 95% confidence interval [CI] = 2.9,
10.1) than the CON group (mean = 1.9 = 2.6; 95% CI =
0.31, 3.45; Welch W [1, 25.1] = 6.23; P =.019; Figure 3)
with moderate effect sizes (d = 0.76).

No significant between-groups differences in PPTs were
observed at any of the 4 test sites: lateral (Welch W
[1,30.5] = 2.06; P = .161; PFP group 95% CI = 248.4,
364.2; CON group 95% CI = 305.4, 414.4), the center of
the patella (Welch W [1, 26.95] = 0.003; P = .959; PFP
group 95% CI = 312.9, 438.8; CON group 95% CI =
301.9, 454.6), medial (Welch W [1, 22.05] = 0.177; P =
.678; PFP group 95% CI = 238.2, 332.7; CON group 95%
Cl = 228.1, 377.4), or the hand (Welch W [1,22.29] =
0.512; P = .482; PFP group 95% CI = 251.9, 435.6; CON
group 95% CI = 255.2, 435.6; Figure 4).

Females with PFP exhibited lower CPM percent differ-
ence (eg, CPM response) than the CON group at the hand
(Welch W [1,19.582] = 9.02; P =.007; PFP group 95%
Cl = —19.8, —1.6; CON group 95% CI = —0.9, 32.7)
and at the center of the patella (Welch W [1, 25.34] =
7.86; P =.010; PFP group 95% CI = —18.4, 5.9; CON
group 95% CI = 4.0, 36.2). Moderate effect sizes were
observed at the center of patella (d = 1.03) and remote
sites (d = 1.19). No differences were observed at sites medial
(Welch W [1, 30.39] = 0.083; P =.775; PFP group 95% CI =
—12.1, 22.3; CON group 95% CI = —4.2, 20.2) or lateral
(Welch W [1,25.99] = 0.138; P =.71; PFP group 95%
CI = —13.9, 6.8; CON group 95% CI = —13.9, 12.6) to the
patella (Figure 5).
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Figure 4. Pressure pain thresholds (PPTs) by test site. PPT group
means are displayed as bars (patellofemoral pain [PFP] = dark
bar, control [CON] = light bar), with error bars indicating the stan-
dard deviation. Lateral = 3 cm lateral to the patella, center = cen-
ter of patella, medial = 3 cm medial to the patella, hand = third
middle phalanx (remote site). No significant differences were
observed at the P = .0125 level.

DISCUSSION

The purpose of this study was to determine whether
females with PFP demonstrate signs of central sensitiza-
tion compared with pain-free females. We observed differ-
ences in TSP and CPM responses but no differences in
PPTs at local or remote sites. Our findings add to the
mounting evidence that females with PFP demonstrate
manifestations of central sensitization, including ampli-
fied pain facilitation mechanisms and impaired descend-
ing pain inhibition. Clinicians should be aware of these
complex pain responses and their implications on treat-
ment approach.*

When taken together, amplified pain facilitation and
impaired pain inhibition can lead to an greater pain intensity,
prolonged pain sensation, or both.®> It is possible that the
pain experienced in PFP is not the result of continual noci-
ceptive input but rather is the net effect of dysfunctional

CPM Differences

7

% Differnce in PPTs
(Baseine to Immersion)
o & 8
—
—

Lateral

Center

pain modulation.” This is an important clinical distinction,
though, as central sensitization pain may require differ-
ent treatment mechanisms than nociceptive pain.’>? In
our study, two-thirds of the PFP group demonstrated 2 or
more of the 3 assessed signs of sensitization, and every
PFP participant demonstrated lower CPM at 1 or more
test sites.

Females with PFP exhibited higher TSP than the CON
group, suggesting amplified excitatory pain facilitation.'”
Results from the previous 4 studies, in which authors
examined TSP in participants with PFP, have not demon-
strated a consensus, making comparison difficult.?*-*3
Methodological differences are most likely to account for
differences in study findings. A range of TSP assessment
methods have been used in PFP investigations with no gold
standard.'® We used a monofilament method of TSP assess-
ment, which has been used to identify TSP in other chronic
musculoskeletal conditions but had not yet been evaluated
in patients with PFP.>* The monofilament method we used
was developed as a reliable, cost-effective method, using
equipment familiar to clinicians.??> Comparatively, pinprick
assessments, cuff algometry, and thermal heat testing meth-
ods have been used previously to assess TSP in individuals
with PFP with equivocal results across studies.****~** Using
the monofilament test facilitates clinical interpretation of
our TSP findings to patient care. Females with PFP who
have higher TSP may experience greater pain intensity than
those without amplified pain facilitation.

Authors have widely reported lower PPTs in PFP groups
compared with pain-free groups.'*?***3¢ Females with
PFP in our study did not exhibit greater pain sensitivity we
expected, and in this study, we are the only researchers to
demonstrate a lack of hypersensitivity to pain. The PPT
group means in our study appear to be consistent with other
PFP studies for the PFP group; however, the CON group
means were lower than those in several studies.?*#°-%3*
The same inclusion and exclusion criteria (other than pres-
ence of PFP) were applied to both groups, so extraneous
pain conditions or comorbidities should not have affected

Medial Hand

PPT Test Site
uPFP zCON

Figure 5. Conditioned pain modulation (CPM) percent difference. Bars indicate the percent difference between the ice immersion and
baseline pressure pain threshold (PPT) values during the cold pressor test, with error bars representing the standard deviation. Patello-
femoral pain (PFP) group = gray bars, control (CON) group = diagonal-lined bars. Lateral = 3 cm lateral to the patella, center = center of
the patella, medial = 3 cm medial to the patella, hand = third middle phalanx (remote site). Positive values indicate that the ice-immer-
sion PPTs were higher than baseline (functional CPM), while negative values represent ice immersion values that did not reach baseline

(impaired CPM response). ? Significance at the P = .0125 level.
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the CON group PPT results. While we assessed several
contextual and psychosocial factors, we did not identify a
predominant contextual factor that led to lower CON group
PPT means. Depression and low physical activity levels are
associated with low PPTs (ie, increased pain sensitivity);
however, the PFP and CON groups in our study reported
similar self-reported stress, depression, and physical activ-
ity levels, and we were unable to identify rationale for the
lower CON group values.?” It is also possible that any num-
ber of factors could affect the individual pain experience
(ie, social or physical activity changes, nutrition, caffeine
use, hormone levels, inflammatory markers, pain-related
anxiety, social anxiety) that may not have been identified in
this study.'®

We observed impaired CPM (ie, lower PPTs during ice
immersion) at the center of the patella and remote site
(hand) in the PFP group, indicating impaired pain inhibi-
tion mechanisms. We did not observe between-groups
differences at the medial and lateral test sites between
groups. We had hypothesized that both the patella and
the femoral condyles (eg, medial, lateral sites) would
induce an increased central nervous system response. It
is possible that compression of the patella into the
groove could have occurred during testing due to the
position and direction of pressure application. This
increased posteriorly directed pressure could mimic the
increased patellofemoral joint contact forces females
with PFP experience during activity. It is possible that the
underlying condyles may not induce the same type of noci-
ceptor response as the patella. These test-site-specific differ-
ences could also indicate that the peripheral nociceptor, rather
than the central nociceptive neuron, is sensitized; however,
the lack of group PPT differences does not support that
hypothesis. Because the order of testing was standardized, the
delivery of PPTs at the patella may have also led to height-
ened awareness or pain anticipation for the second set of
PPTs delivered during the CPM protocol.

Conditioned pain modulation results in this study may
differ from other authors due to our examination of female
participants or due to methodological differences testing
CPM. Authors who have examined a single group consist-
ing of both males and females with PFP have tended not to
report differences relative to a control group.?>*-* How-
ever, those who have only included females with PFP have
observed between-groups CPM differences.”*** Sex differ-
ences in quantitative sensory testing exist in the population,
though they have not been directly compared in PFP stud-
ies to our knowledge.!” Additionally, several CPM assess-
ment methods exist with no current gold standard for
assessment. We chose to use the cold pressor test, as it is
the most common CPM assessment method.'* Though the
cold pressor test has previously been used to assess CPM in
individuals with PFP, minor differences in data collection
methods, such as the temperature of ice immersion, can
affect results.'**>3-% Ultimately, our data support the
notion that CPM is impaired in females with PFP. Females
with PFP who have impaired descending pain inhibition
may experience prolonged pain or may not achieve as
much pain relief as those who have effective pain inhibition
networks.

The biopsychosocial nature of pain produces some limi-
tations in this study. For example, self-reported inventories
regarding pain and function were only provided to the PFP

group, assuming the CON group would not have data to
report (given the long list of exclusion criteria). How-
ever, the CON group did report lower PPTs than the PFP
group; therefore, the lack of data regarding pain and
function in the CON group is a limitation. As previously
stated, several methods of quantitative sensory testing
are available to assess the efficiency of the central and
peripheral nervous systems. No current gold standard
exists that is practical in both research and clinical situa-
tions.'* Females also demonstrate higher variability than
males in existing assessment methods.'* Second, within
each quantitative sensory testing method, a variety of
options exist for analysis. We selected methods that
aligned with results of other PFP and knee osteoarthritis
studies, but standardization is needed and has been called
for by other authors.'* High interpersonal variability
exists with each of these measures, so results are best
interpreted for the individual patient with PFP. Addition-
ally, it is far more likely, given what is known about
other chronic musculoskeletal pain conditions, that those
with centrally sensitized PFP make up a subgroup of the
PFP patient population.'>-'® Therefore, we are not advo-
cating that every patient with PFP be treated as if his or
her pain is centrally driven but that clinicians should
assess signs of central sensitization for each patient as 1
part of the evaluation process and make appropriate
patient-centered treatment considerations.

Several treatment approaches exist to restore pain facili-
tation and inhibition mechanisms for individuals with mus-
culoskeletal pain conditions.*® A PFP-specific approach
does not yet exist. The current clinical practice guidelines
for management of PFP only direct clinicians toward
movement-based interventions such as strengthening and
gait retraining.! These approaches may not be effective for
someone exhibiting signs of central sensitization, as effec-
tive pain inhibition and facilitation mechanisms need to be
restored. If these mechanisms are not restored, pain persis-
tence or recurrence is likely.®° Researchers should continue
to investigate the interaction of central sensitization and
pathomechanics, treatment strategies, and psychosocial fac-
tors in patients with PFP. Once these factors are better
understood, treatment paradigms aligning with pain types
should be explored and tested across sex and age groups
with PFP.

CONCLUSIONS

Results from this study suggest that the pain experienced
in PFP could, in part, be due to changes in pain modulation
(specifically, amplified pain facilitation and impaired pain
inhibition). Recognition of central sensitization is impor-
tant in providing effective patient-centered care. Signs of
altered pain modulation can be assessed clinically with
quantitative sensory testing. When treatments target altered
central pain mechanisms, restoration of effective pain mod-
ulation can occur.*’ Clinicians should consider pain sensiti-
zation status as an important factor in the development and
persistence of PFP, to align treatments that target central
pain modulation.
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