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Abstract
Inflammation and the related acidity in peri-articular structures may be involved in pain generation and hyperalgesia in knee 
osteoarthritis. This study investigated pain and associated hyperalgesia provoked by infusion of acidic saline into the infra-
patellar fat pad. Twenty-eight subjects participated in two sessions in which acidic saline (AS, pH 5) or neutral saline (NS, 
pH 7.4) were infused into the infrapatellar fat pad for 15 min. Pain intensity, pain area, mechanical and thermal sensitivity, 
and maximal voluntary knee extension force were recorded. Repeated infusions were performed in 14 subjects. Infusion of 
AS caused significantly higher pain intensity, larger pain areas, induced hyperalgesia around the infused knee, and reduced 
extension force. No significant pain facilitation or spreading of hyperalgesia was found after repeated infusions as compared 
with single infusions. Acidic saline infused into the infrapatellar fat pad provoked pain and localized mechanical hyperalgesia. 
Thus, this acid-induced pain model may mimic the early-stage responses to tissue injury of knee osteoarthritis.
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Introduction

Osteoarthritis (OA) of the knee is one of the most fre-
quent painful joint disorders (Dieppe 2005; Jinks et  al. 
2007). Hyperalgesia and spontaneous pain in knee OA are 
most likely related to increased sensitivity of nociceptors 
located in deep tissue (peripheral sensitization) and/or by 
increased responses in dorsal horn or supraspinal neurons 
(central sensitization) (Felson 2005; Arendt-Nielsen et al. 
2010; Schaible 2012). The altered pain processing in knee 
OA has been investigated in recent studies, but the precise 
mechanisms underlying pain sensitization in OA remain 
elusive (Courtney et al. 2012). Like other pain conditions, 
knee OA can decrease strength and motor control of the 
muscles surrounding the painful joint (Messier et al. 1992) 
and affect submaximal muscle force regulation (Hortobagyi 
et al. 2004).

The infrapatellar fat is an intra-articular structure of knee. 
It is densely innervated by nociceptors, and considered to be 

one of the contributing sources of pain in knee OA (Clock-
aerts et al. 2010). Inflammation of the synovial membrane, 
which adheres to the infrapatellar fat pad, is associated with 
pathological changes in the knee of patients with painful OA 
(Hill et al. 2007), and hence pain manifestations associated 
with the infrapatellar fat pad are important to understand. 
Experimental knee pain has been investigated by injection 
of hypertonic saline into the infrapatellar fat pad of healthy 
volunteers. Hypertonic saline injections induce acute pain in 
the infrapatellar fat pad as well as a short-lasting mechanical 
hyperalgesia in the tissues around the injected area (Henrik-
sen et al. 2011; Hirata et al. 2012; Joergensen et al. 2013). 
Experimental knee pain also leads to impaired quadriceps 
muscle strength during contractions, which provides further 
evidence that joint pain affects motor performance (Hodges 
et al. 2009). This experimental model of knee pain in healthy 
subjects may be advantageous to investigate the mechanisms 
of the nociceptive system related to OA pain.

Tissue acidosis has been observed as a regular phenom-
enon following inflammation, ischemia, arthritis, cancer, 
hematomas, and muscle exercise (Hood et al. 1988; Gar-
ber 2003; McMahon and Jones 2004) and hence may also 
contribute to OA-associated pain manifestations. Previous 
studies have also suggested that a pain-potentiating inter-
action exists between acidic pH and several inflammatory 
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mediators and neurotransmitters, with low pH being the 
important factor (Rukwied et al. 2007; Roche-Gonzalez 
et al. 2009). Acid-sensing ion channels (ASICs) are impor-
tant for excitation of nociceptors by low pH (Ikeuchi et al. 
2008; Sluka et al. 2007). Primary mechanical hyperalgesia 
was observed following acid injection into human skin and 
muscle (Steen and Reeh 1993; Jones et al. 2004; Frey et al. 
2008). However, acid infusion into the infrapatellar fat pad 
as an experimental knee pain model to mimic the “early”-
stage OA or “acute” stage of response to tissue injury within 
the joints has not been studied previously.

Previous animal studies have shown that repeated intra-
muscular acidic injections induced spinal hyperexcitability 
with contralateral spreading hyperalgesia that indicates a 
central origin of this phenomenon (Da Silva et al. 2010; 
Sluka et al. 2001; Hoeger-Bement and Sluka 2003; Skyba 
et al. 2005). In recent human studies contralateral spreading 
of pain and hyperalgesia was, however, not observed fol-
lowing repeated infusions of acidic saline (Castrillon et al. 
2013; Ernberg et al. 2013). Thus, a preclinical human model 
that could produce spreading sensitization following acidic 
saline infusion may help in understanding the mechanistic 
transition from an acute pain state to chronic pain in humans.

This study aimed to investigate acid-induced knee pain 
and associated hyperalgesia provoked by acidic infusion into 
the infrapatellar fat pad.

Materials and methods

Subjects

Thirty healthy subjects (16 females) with a mean age of 
23.6 years (range 19–31 years) were included. In total, 28 
subjects (15 females) completed 2 sessions of the experi-
ment. Two subjects (1 female) participated in the first ses-
sion only. Repeated infusions were performed in 14 sub-
jects. None of the subjects had a history of pain, injuries or 
medical conditions that could interfere with normal soma-
tosensory functioning. Women were excluded if they were 
menstruating. The study was approved by the local ethics 
committee (N 2012-0021) and conducted in accordance 
with the Declaration of Helsinki. All subjects gave written 
informed consent.

Experimental protocol

The study was designed as a randomized, controlled, double-
blinded, crossover trial (session 1 and 2). A third session was 
added to the design to test the effects of repeated infusion. 
In total, the subjects attended three separated sessions and a 
follow-up visit 1 day after each session (Fig. 1a).

In each session, neutral phosphate-buffered saline (pH 
7.4, neutral saline = NS) or acidic phosphate-buffered 
saline (pH 5.0, acidic saline = AS) was infused in a ran-
dom order into the infrapatellar fat pad of the right or left 
knee over a period of 15 min. A randomization code for 
the 30 subjects was generated using a computer program 
and used to assign treatment for the session (http://www.
randomizer.org). A 1-week interval between the first two 
sessions was used to eliminate a possible carryover effect. 
To investigate the effects of repeated infusions, the same 
buffer infused in the second session was also infused in 
the third session. The third session took place 2 days after 
the second session.

Pressure pain threshold (PPT), cutaneous mechani-
cal pain sensitivity (MPS), and thermal (heat/cold) pain 
threshold (HPT/CPT) were assessed before (baseline), 
during, immediately after, 1 h after, and/or 1 day after 
the infusion. In addition, maximal voluntary contraction 
(MVC) during knee extension was assessed.

Acidic infusions and pain assessment

NS or AS was infused (5 ml) into the medial infrapatellar 
fat pad of the right or left side, respectively, in a rand-
omized, double-blinded manner. Both buffers were iso-
osmotic and prepared by the pharmacy of Aalborg Uni-
versity Hospital.

The infusion site was cleaned with alcohol and dried 
prior to the needle insertion. A needle (27 G, 19 mm, BD 
Microlance 3, Becton Dickinson, Ireland) was inserted at an 
angle of 45° in a superolateral direction to a depth of 15 mm. 
The inserted needle was fixed to the skin using surgical tape 
and sterile cotton. A tube (200 cm, 1.5 ml, G30303M, Care 
Fusion, Switzerland) was connected to the needle from the 
syringe. The sterile solutions were infused at a constant rate 
of 20 ml/h for 15 min using a syringe pump (Asena CC MK-
III, Alaris medical systems, USA). The needle and tube were 
removed after completion of the infusion.

The pain intensity was continuously scored by the sub-
jects on a 10-cm visual analogue scale (VAS) with the lower 
extreme labelled “no pain” and the upper extreme labelled 
“worst pain imaginable”. The VAS signal was sampled by 
a custom-designed computer program (Aalborg University, 
Aalborg, Denmark) every 2 s from the beginning of the infu-
sion until the pain intensity returned to zero. The maximal 
pain (VAS peak) and the area under the curve (VAS AUC) 
were calculated. After the infusion, the subjects were asked 
to draw the pain areas on an anatomical map and describe 
the quality of the pain on a McGill Pain Questionnaire 
(MPQ) (Drewes et al. 1993). The pain area was measured 
using a digitizer (Vistametrix v. 1.38, Skillcrest LLC, USA) 
and presented in arbitrary units.

http://www.randomizer.org
http://www.randomizer.org
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Assessment sites

The somatosensory sensitivity was assessed at local sites 
(assessing local sensitization) over the knees and mirrored 
contralateral locations (central sensitization) (Fig. 1b). The 
test sites were chosen based on previous literature (Frey 
et al. 2008; Jorgensen et al. 2013) as follows: site 1, 2 cm 
proximal to the inferior medial edge of patella (injection 
site); site 2, 2 cm distal to the inferior lateral edge of patella; 
site 3, 2 cm proximal to the superior medial edge of the 
patella. These sites (site 1, 2, 3) were chosen to test the local 
distribution of mechanical hyperalgesia. Furthermore, two 
regional sites (site 4, 5) away from the knee were assessed 
to test for possible spreading of the mechanical hyperalgesia 
as follows: site 4, the vastus lateralis muscle (VL, 7 cm from 
the lateral upper rim of patella); and site 5, the tibialis ante-
rior muscle (TA, 10 cm below tibial tuberosity). In addition, 
one distant site was tested to assess for possible generalized 
hyperalgesia as follows: site 6, the brachioradialis muscle of 
the arm contralateral to the infusion site (BR, 5 cm from the 
lateral epicondyle). To avoid excessive stimulation during 

the experiment, only PPTs were tested at all testing sites 
whereas the cutaneous mechanical pain sensitivity was 
tested at sites 1, 2, and 3, and cutaneous mechanical pain 
sensitivity was measured only at site 1 in both knees.

Pressure pain sensitivity

Pressure pain thresholds (PPTs), which can be used to exam-
ine the pressure sensation from deep tissues, are an efficient 
tool to detect deep tissue mechanical pain thresholds and 
deep tissue mechanical hyperalgesia (Graven-Nielsen et al. 
2004; Rolke et al. 2006). A decrease in PPT around the knee 
has been found in both experimental and clinical knee pain 
(Frey et al. 2008; Graven-Nielsen and Arendt-Nielsen 2010; 
Arendt-Nielsen et al. 2010). A hand-held pressure algom-
eter (Somedic Senselab, Sweden) was used to assess PPT 
at all testing sites. The pressure was applied at a constant 
rate of 30 kPa/s through a 1 cm2 probe. The subjects were 
instructed to push a button immediately when the applied 
pressure became painful. PPTs were measured twice at 
each site (except for site 1 during the infusion). The interval 

VAS

PPT

MVC

McGill

Before
(baseline)

During Immediately
After

1hr After 1day After
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Fig. 1   Assessments in each session. a Neutral or acid-buffered 
saline was infused into the infrapatellar fat pad of either the right or 
left knee for 15 minutes in each session. Pain intensity (visual ana-
logue scale, VAS) was recorded from the beginning of the infusion 
and until the pain returned to zero. Pain areas and the quality of pain 
(McGill Pain Questionnaire) were assessed after infusion. Pressure 
pain threshold (PPT), cutaneous mechanical pain sensitivity (MPS), 

thermal pain threshold (HPT/CPT), and maximal voluntary contrac-
tion (MVC) upon knee extension (infused side) were assessed at each 
time point as indicated. b Five assessment sites around the infused 
(ipsilateral) knee/leg and six sites on the contralateral leg were 
selected for assessment. Infusions were given at site 1 on either the 
right or left knee. In this figure, site 1 on the left knee (circle) is pre-
sented as the infusion site
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between the two PPT trials was at least 40 s and the mean of 
the two measurements was used in the statistical analysis.

Cutaneous mechanical pain sensitivity

Cutaneous sensitivity was assessed using weight-calibrated 
pins (128 mN) at assessment sites 1, 2 and 3. The interval 
between the pin prick stimulations was at least 10 s. The sub-
jects rated the cutaneous mechanical pain sensitivity (MPS) 
on a 0–5–10 numeric rating scale (NRS) in which “0” rep-
resented “no sensation”, “5” represented “pain threshold”, 
and “10” presented “most pain imaginable”. The mean of 
the three measurements was used in the statistical analysis.

Cutaneous thermal pain sensitivity

Cold pain (CPT) and heat pain thresholds (HPT) were meas-
ured [TSA 2001 II (CHEPS-MEDOC, Israel)] at assessment 
site 1 in both knees at each time point except during the 
infusion. The contact area of the thermode was 9 cm2. The 
baseline temperature was 32 °C (centre of neutral range). 
The method of limits was used by applying ramp stimuli 
at a velocity of 1 °C/s. Cut-off temperatures were 0 and 
55 °C. The volunteers were asked to press a button when 
the respective thermal sensations were perceived. The mean 
threshold temperature of three consecutive measurements 
was calculated.

Maximal voluntary contraction during knee 
extension

The maximal voluntary contraction (MVC) force during iso-
metric knee extension was assessed twice in the infused leg 
at each time point except during the infusion. The mean of 
the two measurements was used for the statistical analysis. 
A six-axis force sensor (MC3A 250, AMTI, USA) was used 
to yield three force components (Fx, Fy, Fz) (Salomoni and 
Graven-Nielsen 2012a, b; Mista et al. 2014). The sensor was 
secured and adjusted to fix its lower edge 5 cm above the 
medial malleolus. The hip was flexed at 90° and the knee 
extended at 120° (180° = straight leg). The arms were placed 
on the thighs. The analogue output of the task-related (Fz) 
force component was amplified (MSA-6 MINIAMP, AMTI, 
USA), sampled at 60 Hz, and stored after 12 bit A/D con-
version. The subjects were instructed to extend their knee 
with maximal force for 4 s. The timing of each task was 
controlled by a cue signal.

Statistics

The statistical analysis was conducted using the SAS Sys-
tem (version 9.2, SAS Institute, USA). The normality of 
the pain, sensory and motor variables was assessed using 

Shapiro–Wilk tests. Logarithmic transformation was per-
formed for data that were not normally distributed (Rolke 
et al. 2006). Side-to-side differences were assessed with 
paired t tests. The homogeneity of the baseline means of 
sensory and motor variables was assessed using repeated 
measures of analysis of variance (ANOVA).

The data from the crossover study (session 1 and 2) were 
first analysed. The VAS and MPQ were analysed using a 
two-way mixed-model analysis of variance (ANOVA; gen-
der and sessions). The PPT, MPS, HPT/CPT, and MVC were 
then analysed using a three-way mixed-model ANOVA with 
gender as between-subject factor, and sessions (NS or AS) 
and time (baseline, during, immediately after, 1 h after, and 
1 day after the infusion) as within-subject factors.

Subsequently, the data from the repeated session (session 
3) were compared with session 2 using a two-way repeated 
measures ANOVA to assess the main effects and interactions 
between sessions (first infusion vs second infusion) and time 
(baseline, during, immediately after, 1 h after, and 1 day 
after the infusion).

A post hoc Tukey test was used to explore the pairwise 
differences if required. p values < 0.05 (with Bonferroni cor-
rection applied where appropriate; p = 0.05/3 = 0.017) were 
considered statistically significant. The data are presented as 
mean and standard error of the mean (SEM).

Results

Acid‑evoked pain

The VAS time profiles for the first and second infusions 
were comparable (Fig. 2). The mean VAS peak and AUC 
after the first and second infusion of AS [peak 5.2 ± 0.4 cm 
(first), 5.3 ± 0.5  cm (second); AUC 59.6 ± 4.4  cm  x  s 
(first), 62.4 ± 6.3  cm  x  s (second)] were significantly 
higher compared with the NS [peak 1.7 ± 0.5 cm (first), 
1.4 ± 0.6 cm (second), ANOVA–Tukey, p < 0.001; AUC; 
17.3 ± 5.0  cm  x  s (first), 15.4 ± 6.7  cm  x  s (second), 
ANOVA–Tukey, p < 0.001] without a gender difference or 
differences between first and second infusion.

The pain area drawings after the first and second infu-
sions are illustrated in Fig. 3. The mean area of the pain 
drawings after the first and second infusion of AS was signif-
icantly larger than for the NS infusion (AS; 2.9 ± 0.6 (first), 
5.1 ± 2.4 (second), NS; 0.6 ± 0.2 (first), 0.4 ± 0.2 (second), 
ANOVA–Tukey, p < 0.001). There was no significant differ-
ence in the mean area of pain when men and women were 
compared or between the first and second infusion. No sig-
nificant difference in pain intensity between the left knee 
infusion and the right knee infusion was detected. Pain in the 
contralateral knee was observed in two subjects only after a 
single injection of AS.
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Mean MPQ scores after the first and second infusion 
of AS were significantly increased compared with NS 
in the sensory, affective, and evaluative dimensions, and 
total scores (ANOVA–Tukey, p < 0.001) without a gen-
der difference or differences between the first and second 
infusion. The data are listed in Fig. 4.

Pressure pain sensitivity 
with and without acid‑evoked pain

The PPTs around the infusion site of the ipsilateral knee (sites 
1–3) were significantly reduced after the AS infusion com-
pared with NS during, immediately after, and/or 1 h after the 

Fig. 2   Visual analogue scale 
(VAS) profile. Mean VAS 
scores after first (filled) or 
second (open) infusion of either 
neutral (pH 7.4, triangle) or acid 
(pH 5, square)-buffered saline 
into the infrapatellar fat pad in 
healthy humans (mean ± stand-
ard error, N = 14). The VAS sig-
nal was sampled by a computer 
program every 2 s and the figure 
shows the mean VAS values 
across that were calculated each 
minute
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Fig. 3   Pain area. The pain area 
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5)-buffered saline (N = 14). 
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superimposed on the left leg 
(right of the diagrams). Blue 
and red drawings represent men 
and women, respectively
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first and second infusion (ANOVA-Tukey, p = 0.013). There 
was no difference in the PPT measured after the first and sec-
ond infusions (Fig. 5a). On the contralateral side, the PPT was 
significantly higher at sites 2 and 4 during the first or second 
infusion of the AS compared with NS (repeated measures 
ANOVA–Tukey, p = 0.011). There was no difference in the 
PPT measured after the first and second infusions (Fig. 5b).

Cutaneous pain sensitivity

There were no significant differences in MPS (Fig. 6), CPT, 
and HPT (Fig. 7) between the AS and NS infusions after the 
first and second infusion at any assessment site (p > 0.05). 
There were no significant differences in any of these param-
eters between the first and second infusions.

Maximal voluntary contraction (MVC)

The MVC was significantly reduced immediately after both 
the first and second AS infusion compared with NS (repeated 
measures ANOVA–Tukey, p < 0.001; Fig. 8). There was no 
difference in the MVC measured after the first and second 
infusions.

Discussion

Infusion of AS evoked pain and localized deep tissue 
mechanical hyperalgesia but did not alter cutaneous mechan-
ical or thermal sensation. The maximal isometric voluntary 

knee extension force was decreased in legs infused with 
the AS. Contrary to previous animal studies, no spreading 
hyperalgesia could be detected and repeated acid infusions 
did not enhance these sensory and motor effects.

Local and referred pain

Injection of local anaesthetics, which can have pH levels 
as low as 5, occasionally produces transient pain (Cepeda 
et al. 2010; Frank and Lalonde 2012) and this property has 
been used to assess the pain modulatory effects of opioid 
analgesics (Cohen et al. 2008). In the present study, single 
infusions of AS into the human infrapatellar fat pad pro-
duced significantly higher pain and mechanical hyperalge-
sia than NS, which is consistent with previous studies on 
acidic muscle pain models (Issberner et al. 1996; Frey et al. 
2008). However, a recent study reported that injections of 
acidic solution into the masseter muscle did not induce any 
pain (Castrillon et al. 2013). In that study, the injected acid 
solution was unbuffered, the volume (0.5 ml) of injection 
was much lower and the duration of administration was 
shorter than in the present study. The lack of pain produced 
by injection of acidic saline into the masseter muscle may 
have resulted from the ability of the muscle tissue to rap-
idly buffer pH changes. While the buffering capacity of the 
infrapatellar fat pad is not known, it is likely that by using 
buffered acidic saline and a slow infusion, an acidic pH was 
maintained in fat pad for the duration of the infusion, which 
may explain the greater pain produced in the present study.

Injections of acidic solution into rat muscles have been 
reported to increase the spinal excitability and activate the 
supraspinal pain pathway to produce a spreading hyperalge-
sia (Sluka et al. 2003; Tillu et al. 2008). Infusion of acidic 
buffer into the infrapatellar fat pad of the knee caused local-
ized ipsilateral pain with a similar pattern of distribution as 
was produced by injection of hypertonic saline in a previous 
study (Joergensen et al. 2013). The findings of the present 
study are in agreement with a previous study reporting that 
hyperalgesia was restricted to the ipsilateral side after intra-
muscular infusion of acidic buffer (Frey et al. 2008). Fur-
ther, intramuscular infusion of acidic buffer resulted in only 
short-lasting pain and hyperalgesia; no long-lasting pain was 
observed. Hence, our model only reflects “early” or “acute” 
joint pain and does not model chronic arthritis pain.

No gender differences in pain intensity or pain areas were 
observed in the present study. After intramuscular infusion 
of buffered acidic saline, women were reported to experi-
ence higher referred pain and exhibited a stronger correla-
tion between local and referred pain than men despite the 
fact that no difference in local pain was detected (Frey et al. 
2008). However, the underlying mechanisms for this sex-
related difference are not clear. Hormonal levels, genetic 
factors and neurobiological factors such as differences in 
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Fig. 5   Pressure pain threshold. The graph shows the mean relative 
change (%) in pressure pain threshold (PPT) from the baseline on the 
infused (a) and contralateral (b) side after the first (filled) and sec-
ond (open) infusions of either neutral (pH 7.4, triangle) or acid (pH 
5, square)-buffered saline into the infrapatellar fat pad in healthy 

humans (mean ± standard error, N = 14). ** and * indicate significant 
(p < 0.01, 0.05, respectively) differences from the first infusion of the 
neutral buffer at each time point. ## indicates significant (p < 0.01) dif-
ferences from the second infusion of the neutral buffer at each time 
point
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descending inhibition may render females more susceptible 
to acid-induced muscle pain (Bartley and Fillingim 2013; 
Hunt 2009; Martel et al. 2013).

Mechanical hyperalgesia

The PPT values around the infused knee were significantly 
decreased during and after the acidic infusion and recovered 
to baseline after 1 day. A similar mechanical sensitization 
was observed in an experimental knee pain model which 
used hypertonic saline injections (Joergensen et al. 2013) 
and in an experimental muscle pain model which infused 
acidic buffer solution into tibialis muscle (Frey et al. 2008). 
In OA patients, decreased PPT values are found at sites dis-
tal to the joint (lower leg and arm) (Arendt-Nielsen et al. 
2010), but this spread of mechanical sensitization was not 
produced by infrapatellar fat pad acid infusion in healthy 
humans. Thus, there was no evidence of “central sensiti-
zation” in the current study, which contrasts with findings 
reported for patients with OA pain.

In addition to deep tissue mechanical hyperalgesia, sen-
sitization to cutaneous thermal and tactile stimulation has 
been reported for OA patients (Arendt-Nielsen et al. 2010; 
Courtney et al. 2012). Previous clinical OA studies have 

reported mechanical allodynia and heat hyperalgesia (Hen-
diani et al. 2003; Fingleton et al. 2015). These changes in 
cutaneous thermal and mechanical sensitivity are assumed to 
be centrally mediated by distinct neurophysiological mecha-
nisms. Altered cutaneous sensitivity was not provoked by 
acid infusion in the present study. This finding is consistent 
with a previous study of hypertonic saline injection into the 
infrapatellar fat pad (Joergensen et al. 2013). The short-last-
ing mechanical hyperalgesia and lack of cutaneous sensitiza-
tion found in the current knee pain model are not reflective 
of the type of persistent pain typical in clinical conditions 
such as OA.

Motor function

The isometric maximal knee extension force measured 
from the infused leg decreased after the acid infusion. It 
has been shown that knee pain is associated with impair-
ment of the motor function in both experimental pain 
models and OA (Henriksen et al. 2011; Salomoni and 
Graven-Nielsen 2012a; Hodges et al. 2009). Knee pain 
provoked by injection of hypertonic saline into the infra-
patellar fat pad decreased the muscle force and quadriceps 
activity by 80% of MVC (Salomoni and Graven-Nielsen 

Fig. 6   Mechanical pain threshold. The graph shows mean change 
(Δ) in cutaneous pain sensitivity (MPS) on infused side over the first 
and second infusions of either neutral or acid-buffered saline into 

the infrapatellar fat pad in healthy humans. No significant differ-
ence was detected between the first and second infusions (p > 0.05) 
(mean ± standard error, N = 14)
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2012b). The present results are consistent with these pre-
vious reports and provide evidence for a direct relation-
ship between inhibition of motor function and knee pain 

evoked by acidic infusion into the infrapatellar fat pad. 
Interestingly, these novel data show that a physiologically 

Fig. 7   Thermal pain threshold. The graph shows mean change (Δ) 
in cold pain threshold (CPT) and heat pain threshold (HPT) from 
baseline of the infused site by the first and second infusions of either 

neutral or acid-buffered saline into the infrapatellar fat pad in healthy 
humans. No significant difference was detected between the first and 
second infusions (p > 0.05) (mean ± standard error, N = 14)

Fig. 8   Maximal voluntary 
contraction. The graph shows 
the mean relative change (%) in 
maximal voluntary contractions 
from in the infused side over the 
first (filled) and second (open) 
infusions of either neutral (pH 
7.4, triangle) or acid (pH 5, 
square)-buffered saline into the 
infrapatellar fat pad of healthy 
humans (mean ± standard error, 
N = 14). ** and ## indicate 
significant (p < 0.01) differences 
between the first and second 
infusions



596	 Experimental Brain Research (2018) 236:587–598

1 3

relevant change in tissue pH in a non-contractile structure 
can impair the motor function.

Effect of repeated infusions

In rodents, repeated intramuscular (gastrocnemius muscle) 
or intrarticular (knee joint) injections of acidic saline pro-
duce a prolonged bilateral mechanical hyperalgesia lasting 
up to 30 days (Sluka et al. 2001, 2003). It has been demon-
strated that activation of ASIC3 receptor expressed by mus-
cle and joint nociceptors is required to initiate this bilateral 
hyperalgesia, but is not required for its maintenance (Gau-
tam et al. 2012). The maintenance of the bilateral hyperal-
gesia appears to result from a mechanism involving central 
NMDA and non-NMDA receptor activation at the level of 
the spinal cord as well as at supraspinal pain facilitatory sites 
(Skyba et al. 2005). Thus, in rodents, prolonged hyperalgesia 
appears to be a result of the induction of central sensitiza-
tion after repeated strong nociceptive input from the muscle 
or joint. In the present human study, contralateral spread-
ing of pain and hyperalgesia was not observed following 
repeated infusions of acidic saline. This finding is consistent 
with previous human studies where repeated injection of 
unbuffered acidic saline or infusion of buffered saline into 
human masseter or anterior tibialis muscle, respectively, did 
not produce a prolonged bilateral mechanical hyperalgesia 
(Castrillon et al. 2013; Ernberg et al. 2013; Frey et al. 2008). 
In these previous studies, the intensity of muscle pain from 
administration of acidic solutions was rated as mild by most 
subjects. Although pain intensity levels were reported to be 
moderate after acidic saline infusions into the fat pad, this 
pain was not intense enough to routinely result in reports 
of pain referral or in alterations of cutaneous pain sensi-
tivity over the injection site, suggesting that it was insuf-
ficiently intense to induce signs of central sensitization in 
these human subjects.

The lack of direct or clear translation of findings in the 
rodent models to human experimental models could be due 
to a species difference between rodent and human anatomy 
and physiology. Species differences are highly apparent at 
the molecular level as well (e.g., Ahmad et al. 2007; Chen 
et al. 2013). Another explanation might be the difference in 
the relative amount of acid stimulation between the animal 
and human studies as a larger part of the muscle was actually 
stimulated in the animals, whereas only a small part of the 
muscle was affected in humans.

Thus, we conclude that the acidic saline injection model 
of prolonged hyperalgesia in rodents, which might be use-
ful for modelling chronic musculoskeletal pain, could not 
be translated into a human model of long-term deep tissue 
hyperalgesia as shown in the present study. Although specu-
lative, widespread mechanical hyperalgesia may be induced 
using a lower pH level buffered acidic solution, higher flow 

rate, and/or a larger volume injection to produce higher pain 
levels. Future studies are needed to address this.

Limitations

It is important to note that the current model appears to 
reflect the early or acute response to injury. Further, the 
source of pain in the present study is different from the 
source in clinical pain conditions such as OA (Hodges 
et al. 2009). Thus, the sensorimotor changes observed in 
response to this experimentally produced pain cannot be 
directly translated to clinical pain conditions. In addition, 
given the short duration of the hyperalgesia, it is unlikely 
that the current model can be adequately characterized with 
pharmacological tools such as NSAIDS or anticonvulsants 
used in the treatment of OA.

Conclusions

This is the first study to evoke experimental knee pain by 
acid infusion into the infrapatellar fat pad of healthy humans. 
Acid infusion induced pain with localized mechanical hyper-
algesia around the knee, but did not produce signs of central 
sensitization like that found in animal models. Despite this 
difference, the present model may reflect the early stage of 
responses to tissue injury of clinical knee pain conditions 
such as knee osteoarthritis.
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