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Background and Aims: Spinal manipulation (SM) is currently recommended for

the management of back pain. Experimental studies indicate that the hypoalgesic

mechanisms of SM may rely on inhibition of segmental processes related to temporal

summation of pain and, possibly, on central sensitization, although this remains unclear.

The aim of this study was to determine whether experimental back pain, secondary

hyperalgesia, and pain-related brain activity induced by capsaicin are decreased by

segmental SM.

Methods: Seventy-three healthy volunteers were randomly allocated to one of four

experimental groups: SM at T5 vertebral level (segmental), SM at T9 vertebral level

(heterosegmental), placebo intervention at T5 vertebral level, or no intervention. Topical

capsaicin was applied to the area of T5 vertebra for 40min. After 20min, the interventions

were administered. Pressure pain thresholds (PPTs) were assessed outside the area of

capsaicin application at 0 and 40min to examine secondary hyperalgesia. Capsaicin pain

intensity and unpleasantness were reported every 4min. Frontal high-gamma oscillations

were also measured with electroencephalography.

Results: Pain ratings and brain activity were not significantly different between groups

over time (p > 0.5). However, PPTs were significantly decreased in the placebo and

control groups (p < 0.01), indicative of secondary hyperalgesia, while no hyperalgesia

was observed for groups receiving SM (p = 1.0). This effect was independent of

expectations and greater than placebo for segmental (p< 0.01) but not heterosegmental

SM (p = 1.0).

Conclusions: These results indicate that segmental SM can prevent secondary

hyperalgesia, independently of expectations. This has implications for the management

of back pain, particularly when central sensitization is involved.

Keywords: manual therapy, central sensitization, back pain, pressure pain threshold, gamma band oscillations,
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BACKGROUND

Back pain is the leading cause of disability worldwide, entailing
individual, social, and economic costs (1, 2). Every year,∼37% of
the population is affected by low back pain (3). In high-income
countries where the prevalence is higher (3), the economic
burden has been estimated to total in the billions of dollars
(1, 4, 5). In addition to the economic impact, inadequate clinical
interventions can increase costs and worsen clinical outcomes
(1, 6).

Current clinical practice guidelines for the treatment of
back pain recommend the use of conservative interventions
(7–9). These include spinal manipulation (SM), among several
other manual therapies. SM is the main intervention used by
chiropractors for the management of back pain (10, 11). Recent
meta-analyses including individual participant data indicate that
SM may be as effective as other recommended therapies for
the management of chronic low back pain (12, 13). However,
current data does not allow the identification of patients that
will benefit more or less from SM therapy (14), in part because
the mechanisms of both low back pain and its relief by SM
remain unclear.

For most cases of back pain, the source of pain cannot be
determined, which makes the choice of clinical intervention
challenging (1, 15). When pain recurs or persists over time, it
has been proposed that it is a condition in and of itself and that
altered pain-related mechanisms may contribute to the disorder
(16, 17). Altered pain sensitivity has been reported in patients
with chronic primary low back pain (18). Central sensitization is
one of the pathological processes that may contribute to altered
pain sensitivity in these patients. It refers to increased spinal
nociceptive transmission following sustained nociceptive inputs,
which is involved in patients with chronic pain, including chronic
back pain (19, 20).

Although central sensitization cannot be measured directly
in humans (21), its perceptual correlates have been examined
in healthy individuals using experimental pain and in patients
with clinical pain (18, 22, 23). A topical application of capsaicin
can evoke secondary hyperalgesia, one of the features of
central sensitization that is characterized by hypersensitivity to
mechanical pain stimuli beyond the area of capsaicin application
(24–28). Further, capsaicin-induced pain and ongoing clinical
back pain induce changes in prefrontal cortex activity (29–31).
Recent findings also suggest that high-gamma oscillations can
be used to examine ongoing pain-related brain processes (32–
35). Thus, the assessment of secondary hyperalgesia and cerebral
high-gamma oscillations could be used to evaluate the pain-
relieving mechanisms of SM for back pain.

The mechanisms underlying hypoalgesia induced by SM are
still largely unknown (36). SM consists of the manual application
of a mechanical force on the spine, in the form of a high
velocity and low amplitude thrust (37, 38). This mechanical force
alters spinal biomechanics, which impacts paraspinal tissues (39–
41) and sensory afferents (38, 42, 43). In turn, this initiates a
cascade of neurophysiological effects that could be responsible
for hypoalgesia and other clinical outcomes (38, 43, 44). It
has been suggested that SM may inhibit pain through spinal

segmental mechanisms, including the reduction of temporal
summation during prolonged pain states (36, 45–47). Temporal
summation can lead to synaptic plasticity in the spinal cord and
to central sensitization (21, 48). It remains to be determined
whether SM reduces central sensitization and whether this
reduction underlies clinical pain relief.

The aim of the present study was to determine whether SM
could reduce the development of capsaicin-induced secondary
hyperalgesia and frontal high-gamma oscillations. In addition,
we examined whether these effects were greater when SM was
applied to the spine segments where capsaicin was applied
(T5-painful area) compared with when SM was applied to
spine segments without capsaicin (T9-non painful area). We
hypothesized that SMwould reduce capsaicin pain and secondary
hyperalgesia when applied to the painful area, through segmental
mechanisms. We also anticipated that SM would reduce frontal
high-gamma oscillations associated with capsaicin pain.

METHODS

Ethics Approval
All experimental procedures in this study conformed to the
standards set by the latest revision of the Declaration of Helsinki
andwere approved by the Research Ethics Board of theUniversité
du Québec à Trois-Rivières (Canada), as well as the Clinical
Research Ethics Board of the Hospital Clínico San Carlos,
Madrid (Spain). All participants gave written informed consent
acknowledging their right to withdraw from the experiment
without prejudice, and received a compensation of e10 for their
travel expenses, time, and commitment.

Participants
Participants were included if they were between 18 and 65 years
old. They were excluded if they had been diagnosed with a
physical or psychological condition, consumed alcohol regularly
(>3 days per week) or on the day of the experiment, had taken
any drugs during the previous 2 weeks, had a spinal surgery
or physical trauma to the spine in the previous 3 months, or if
they reported having an allergy/intolerance to chili peppers. One
hundred and two healthy volunteers were recruited via word of
mouth on the campus of the Madrid College of Chiropractic to
participate in the study. Nineteen participants were included in
Experiment 1 (8 women and 11 men; range 20–37 years old;
mean ± SD: 22.8 ± 3.8 years old) and 83 were recruited for
Experiment 2. From these 83 participants, two did not complete
the experiment, resulting in the inclusion of 81 participants for
Experiment 2 (40 women and 41 men; range 18–64 years old;
mean± SD: 36.5± 11.7 years old).

Experimental Design: Experiment 1
Experiment 1 was a pilot study and relied on a within-subject
design to characterize tonic pain produced by capsaicin applied
to the back, to confirm its suitability for the main study
(Experiment 2). Since capsaicin has not been used to evoke
primary and secondary hyperalgesia in the back previously,
the experiment aimed at identifying the time course of this
experimental pain model. Participants (n = 19) lay prone for the
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FIGURE 1 | Experimental design of Experiment 2. Schematic representation

of the experimental design for Experiment 2. Pressure pain thresholds (PPTs)

were measured before capsaicin application and at the end of the experiment.

Capsaicin was applied to the back of participants for 40min. Pain intensity and

unpleasantness were rated verbally (0–100) every 4min and continuous brain

activity was recorded with EEG. Twenty minutes after capsaicin application,

the intervention was performed (placebo; spinal manipulation at T9: SM–T9;

spinal manipulation at T5: SM–T5), except for the control group.

entire duration of the experiment and were instructed to rate
pain evoked by capsaicin for 60min. These data were used to
determine the duration of capsaicin application for Experiment 2.

Experimental Design: Experiment 2
Experiment 2 relied on a mixed design to compare changes
in pain perception and pain-related brain activity between
four groups. A random-number generator was used to create
a randomization sequence and assign participants to one of
the four experimental groups: no intervention (control; n =

21), placebo (light mechanical stimulus applied segmentally to
capsaicin pain; n= 20), SM applied segmentally to capsaicin pain
(SM–T5; n= 20) and SM applied heterosegmentally to capsaicin
pain (SM–T9; n = 20). Capsaicin was applied to the skin in the
T5 vertebral segment area for 40min while participants rated the
capsaicin-evoked pain and brain activity was recorded. Pressure
pain thresholds were measured in tissues surrounding the area of
capsaicin application at the beginning and end of the experiment.
After 20min, the placebo, SM–T5, and SM–T9 groups received
the designated intervention (see Figure 1).

Capsaicin Pain
For both experiments, 0.6mL of a capsaicin 1% cream
(CapsiGroup, Palmira, Colombia) were applied over a 3 × 3 cm
area of skin surrounding the spinous process of the T5 vertebra.
This capsaicin concentration has been used to produce tonic
pain in previous studies (27, 49–53). Capsaicin was uniformly
distributed and pressed against the skin by applying a piece of
plastic wrap over the covered region. It remained in place for
60min in Experiment 1 and for 40min in Experiment 2.

Interventions
Two chiropractors performed SM. To avoid any bias that may
be due to individual differences, participants were randomly
assigned to one of the two chiropractors, while counterbalancing
between groups. Accordingly, each chiropractor performed SM
for half of the participants in both SM group. SM consisted of a
short-duration, high-velocity, low-amplitude force applied to the
spine to generate an audible release (cavitation). The spine was
manipulated using a bilateral thenar or hypothenar contact over
the transverse processes of the T5 or T9 vertebrae, depending
on group allocation, after which a posterior to anterior thrust
was applied to the spinal segment (47). These segments were
chosen for SM to allow participants to lie prone in a stable
position for the entire duration of the experiment, including
the intervention period. This is necessary to allow artifact-free
recording of EEG activity. A previous study showed a segmental
reduction in temporal summation when SM was applied in the
upper thoracic area (47). Therefore, T5 was chosen for segmental
SM and T9 for heterosegmental SM. This type of manipulation
typically lasts <200ms and involves a force of ∼500 Newtons
(54). The placebo intervention consisted of a calibrated force of
25N applied for 2 s on the T5 vertebral segment with a contact
over the spinous process (47), using a hand-held dynamometer
(model 01165, Lafayette Instrument Company, Lafayette, IN,
USA). Choosing a placebo intervention for SM is challenging,
as no placebo intervention can account for all aspects of SM
(55). A commonly used placebo intervention consists of skin
contact with no thrust, or with only soft pressing (55). The
intervention aims at reproducing the SM set-up and contact with
the participant. For the placebo intervention in the present study,
skin contact was achieved with a hand-held dynamometer to
standardize the applied force. This procedure is identical to that
used in a previous study (47). In addition to the placebo group,
we included a control group (no intervention) to determine if
the placebo produced any effect and to measure non-specific
temporal effects.

Pain Ratings
In Experiment 1, an electronic VAS (e-VAS) consisting of a
sliding transducer (Biopac Systems TSD115, Santa Barbara, CA,
USA) was used to provide continuous pain intensity ratings
evoked by capsaicin. Cursor position on a scale anchored at “no
pain” and “worst pain imaginable” was converted to a numeric
value from 0 to 100. In addition, participants were requested to
rate unpleasantness verbally every 60 s using a numeric rating
scale, where 0 indicated no unpleasantness and 100 indicated
the worst unpleasantness imaginable. In Experiment 2, both
dimensions were evaluated using verbal numeric rating scales
from 0 to 100 with the same anchors. Ratings were provided every
4min in order to limit artifacts in the EEG recordings.

In Experiment 2, before initiating the protocol for the three
groups that received an intervention, participants were instructed
to rate the expected change in capsaicin pain induced by the
intervention. Expectations of pain relief have been shown to
modulate or predict pain relief for both experimental and clinical
pain (56, 57). Participants were unaware of the segmental level of
SM application and that different interventions were compared
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FIGURE 2 | Time course of pain ratings during Experiment 1. Mean pain intensity (A) and unpleasantness (B) after capsaicin application. Both pain intensity and

unpleasantness significantly increased over time (both p < 0.001). The shaded area represents standard deviations corrected to remove between-subject variability

(see Methods).

between groups. The ratings were provided using a visual analog
scale anchored at −100 with the descriptor “maximum pain
reduction,” 0 with “no change,” and +100 with “maximum
pain increase.”

Pressure Pain Thresholds (PPTs)
In Experiment 2, in order to examine secondary hyperalgesia
induced by capsaicin, pressure pain thresholds (PPTs) were
evaluated at points 15mm superior and lateral to both upper
corners of the area to which capsaicin was applied, using
a pressure algometer (Wagner Force Dial FDK/FDN 10,
Greenwich, CT, USA) fitted with a 1 cm diameter foam pad at the
end (58). Pressure was applied at a rate of∼1 kg/s, measurements
were repeated twice, and threshold values were averaged (59).
Participants were instructed to give a quick verbal response when
pressure became painful (≥1/100). When thresholds exceeded
10 kg, the value assigned to the measurement was marked
as equal to 10 kg. Thresholds were obtained before capsaicin
application and at the end of the experiment, before removing
the capsaicin.

Electroencephalographic Recordings
Continuous electroencephalographic (EEG) activity was
recorded at electrodes FPz, Fz, F3, F4, Cz, and Pz according
to the International 10–20 system, using a linked ear lobe
reference (Electro-Cap International Inc., Eaton, OH, USA). Eye
movements and blinks were recorded using electro-oculographic
(EOG) activity with electrodes placed at the suborbital ridge
and lateral to the external canthus of the right eye. EEG and
EOG were grounded with an electrode applied on the nasium
and electrode impedance was kept below 10 kΩ . EEG and EOG
signals were filtered using a hardware 0.1–500Hz band-pass
filter and sampled at 1,000Hz for offline analyses.

Electroencephalographic Analyses
Continuous EEG and EOG data were exported to MATLAB
(Mathworks, Natick, MA, USA) and analyzed with EEGLAB
version 14.1.0 (60). Data was down-sampled to 500Hz and band-
pass filtered (1–100Hz) (33). A 50Hz notch filter was set to

reduce noise from external electrical sources (61). The filtered
data was then re-referenced to the common average and visually
inspected for infrequent and non-stereotyped artifacts (33).
Finally, eye movements and muscle artifacts were removed using
an independent component analysis (ICA) algorithm (62). The
pre-processed data was then imported into Spike2 (Cambridge
Electronic Design, Cambridge, UK) to analyze the signal from
Fz as reported previously (32, 35). The continuous signal at Fz
was normalized to the whole recording period (63, 64) using a Z
transformation (33). The normalized EEG signal was bandpass
filtered to obtain high-gamma oscillations (60–90Hz) using a
fourth-order Butterworth filter (35). The continuous recording
was then transformed into the frequency domain with a Fast
Fourier Transform of 512 points (33) with a Hanning window
(35). High-gamma oscillation power was calculated as the area
under the curve of the power spectrum from 60 to 90Hz. This
was done for each 4-min period, which included 236.1 s of data
on average, after removal of artifacts. EEG data from three
participants were excluded due to excessive noise (>6.5% of the
time recorded, representing more than three standard deviations
from the mean data rejection across participants). Rejected EEG
data from the remaining participants were 1.97 % SD ± 1.51
of the total recording on average, with no significant difference
between groups (p = 0.16). The final sample for statistical
analyses consisted of 70 EEG recordings (37 women and 33 men;
range 18–64 years old; mean± SD: 36.2± 11.8 years old).

Statistical Analyses
Statistical analyses were performed with Statistica v13.0 (Dell
Inc., Tulsa, OK, USA). All data are expressed as mean ± SD. SD
values were corrected to remove between-subject variability (65)
for the repeated measures. Values of p ≤ 0.05 were considered
statistically significant. Distribution normality was assessed with
the Kolmogorov-Smirnov test and homogeneity of variance was
assessed with the Levene test. Baseline measures were collected
at 20min for pain ratings (last pain rating reported before the
application of the interventions) and between 16 and 20min
for gamma oscillations (last 4min block measured before the
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TABLE 1 | Experiment 2: characteristics of participants.

Control Placebo SM-T9 SM-T5 Total sample

Number of participants per group 19 19 19 16 73

Sex ratio: Females/Males 10/9 9/10 10/9 9/7 38/35

Age: mean ± SD 35.5 ± 12.2 36.9 ± 9.4 37.4 ± 14.4 34.0 ± 11.2 36.0 ± 11.8

Expected change in pain: mean ± SD – −17.9 ± 41.5 −21.1 ± 57.4 −38.2 ± 45.5 −25.0 ± 48.7

TABLE 2 | Experiment 2: pain intensity and unpleasantness ratings (mean ± SD).

4 min 8 min 12 min 16 min 20 min 24 min 28 min 32 min 36 min 40 min

Control n = 19 Intensity 1.3 ± 13.1 3.7 ± 12.1 7.1 ± 8.3 10.2 ± 7.2 13.7 ± 9.7 16.5 ± 6.6 18.5 ± 8.1 19.3 ± 9.5 18.8 ± 9.4 17.5 ± 9.6

Unpleasantness 1.3 ± 11.7 4 ± 11.8 8.2 ± 7.9 12.1 ± 8.6 17.9 ± 9.1 21.3 ± 7.0 23.6 ± 8.1 23.4 ± 8.9 23.6 ± 9.5 21.7 ± 10.2

Placebo n = 19 Intensity 0.3 ± 9.6 0.8 ± 9.7 2.9 ± 8.3 7.6 ± 5.4 11.4 ± 7.4 13.1 ± 10.0 14.3 ± 8.4 14.6 ± 6.4 13.3 ± 7.1 12.4 ± 12.8

Unpleasantness 0.4 ± 11.5 4.1 ± 12.3 6.8 ± 8.7 11.9 ± 6.4 15.6 ± 6.5 16.5 ± 7.0 20 ± 8.5 21.2 ± 9.1 18.7 ± 9.0 17.3 ± 14.1

SM-T9 n = 20 Intensity 0.3 ± 9.3 1.1 ± 8.7 1.4 ± 8.7 6.3 ± 7.7 8.9 ± 7.7 9.5 ± 6.1 12.3 ± 11.1 10.8 ± 8.3 9.1 ± 6.4 8.9 ± 7.4

Unpleasantness 0.9 ± 10.4 4.7 ± 12.1 7.5 ± 10.6 12.3 ± 9.4 16.5 ± 10.6 15.5 ± 10.1 18.4 ± 13.1 16.8 ± 11.1 14.6 ± 11.8 14.9 ± 12.9

SM-T5 n = 16 Intensity 0.3 ± 9.2 1.6 ± 8.1 3.2 ± 8.3 7.1 ± 7.1 12.2 ± 10.1 11.8 ± 5.0 13.6 ± 5.5 14.3 ± 5.9 14.7 ± 8.1 13.4 ± 10.3

Unpleasantness 1.1 ± 14.2 3.1 ± 12.4 5.8 ± 12.3 12.4 ± 11.7 18.3 ± 9.0 19.3 ± 5.4 23.1 ± 9.4 24.7 ± 10.9 24.4 ± 13.6 23.9 ± 13.6

application of the interventions). The change in pain ratings
and gamma power relative to baseline was then calculated
for subsequent time points and used to compare groups
over time (5 time points) using Greenhouse-Geisser corrected
mixed ANOVAs. Right and left PPT values were averaged
and compared between groups over time (baseline vs. end of
the experiment) using a Greenhouse-Geisser corrected mixed
ANOVA. Significant effects were decomposed using Bonferroni-
corrected planned contrasts to test a priori hypotheses (eight
contrasts for changes in PPTs, and three contrasts for the effects
of expectations). Effect sizes are reported based on partial eta
squared (η2p).

RESULTS

Experiment 1
Capsaicin Pain
In Experiment 1, participants reported a progressive increase in
pain intensity and unpleasantness over time [F(60, 180) = 16.8; p
< 0.001; η2p = 0.48 and F(58, 1044) = 22.6; p < 0.001; η2p = 0.56,
respectively; see Figures 2A,B]. Between 8 and 60min, capsaicin
produced low pain intensity (mean ± SD: 20.3 ± 15.3) with a
maximum of 40.1 ± 23.3. Between 2 and 60min, capsaicin also
produced low to moderate unpleasantness (mean ± SD: 31.5 ±

13.1) with a maximum of 57.6 ± 19.7. The sensation reached a
plateau between 30 and 45min after capsaicin application, from
31.1min on average. These results were used to determine the
duration of the protocol for Experiment 2 (40 min).

Experiment 2
Capsaicin Pain
Only the participants reporting minimum ratings of 5/100
in at least one of the two pain dimensions (intensity or

unpleasantness) were included for analyses. The final sample
comprised 73 participants (38 women and 35 men; range 18–
64 years old; mean ± SD: 36.0 ± 11.8 years old; see Table 1 for
participants’ characteristics). Capsaicin pain ratings are reported
for each time point during 40min in Table 2 and the change
in pain ratings from baseline are presented in Figure 3. After
baseline, capsaicin pain intensity and unpleasantness did not
change significantly over time for all groups combined [main
effect of time: F(4, 276) = 1.4; p = 0.2; η2p = 0.02 and F(4, 276)

= 2.4; p = 0.10; η2p = 0.03, respectively]. Moreover, pain
intensity and unpleasantness were not significantly different
between groups over time [interaction: F(12, 276) = 0.3; p
= 0.9; η2p = 0.01 and F(12, 276) = 0.5; p = 0.8; η2p =

0.02, respectively].
In order to limit a potential floor effect, the analysis was

repeated with participants that reported pain ratings of 20
or more. This resulted in a sample of 46 participants (35.1
± 11.8 years old, 46 women), with the following group
allocation: control: n = 13, placebo: n = 11, SM–T5: n =

11, SM-T9: n = 11. With this sample, pain intensity, and
unpleasantness did not change significantly over time [main
effect: F(4, 168) = 1.7; p = 0.20; η2p = 0.04 and F(4, 168 = 2.4;

p = 0.10; η2p = 0.05, respectively] and the pain intensity and
unpleasantness were not significantly different between groups
over time [interaction: F(12, 168) = 0.3; p = 0.9; η2p = 0.02

and F(12, 168) = 0.6; p = 0.7; η2p = 0.04, respectively]. Thus,
whether participants with light pain are included or not, results
are similar.

Secondary Hyperalgesia
PPTs were significantly decreased over time [main effect: F(1, 66)
= 9.8, p = 0.003; η2p = 0.12], and this effect was significantly

different between groups [interaction: F(3, 69) = 5.6; p= 0.002; η2p
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FIGURE 3 | Changes in pain ratings relative to baseline in Experiment 2. Comparison of the change in capsaicin pain intensity (A) and unpleasantness (B) between

groups over time, relative to baseline. Error bars represent standard deviations corrected to remove between-subject variability (see Methods). Pain intensity and

unpleasantness were not significantly different between groups over time (p = 0.9 and p = 0.8, respectively). SM–T5 = spinal manipulation at T5. SM–T9 = spinal

manipulation at T9.

= 0.19; see Figure 4 and Table 3]. Bonferroni-corrected planned
contrasts revealed that PPTs were significantly decreased in the
placebo group and the group that received no intervention (p
= 0.005 and p = 0.006, respectively), indicative of secondary
hyperalgesia. In contrast, no change was observed in groups that
received SM at T5 (p = 1.0) or T9 (p = 1.0). Moreover, changes
in PPTs were significantly different between the group that
received SM at T5 and the placebo group (p = 0.006), indicating
that SM at T5 prevented secondary hyperalgesia. However,
changes in PPTs were not significantly different between the
group receiving SM at T5 and the group receiving SM at T9
(p = 0.7). This suggests that SM at T9 produced some effects
although they were not significantly different from placebo (p
= 0.6). Lastly, the placebo group did not show significant
effects compared with the group that received no intervention
(p= 1.0).

Expectations
Expectations of pain relief were compared between groups
(placebo, SM-T5, and SM-T9) with a one-way ANOVA.
Expectations were not significantly different between groups
[F(2, 51) = 0.8, p = 0.44, η2p = 0.03; see Table 1], although the
SM- T5 group expected approximately twice as much pain relief
compared with the other two groups. To confirm the lack of
contribution of expectations to the effect of SM on secondary
hyperalgesia, a covariance analysis was conducted with PPTs
from the placebo, SM-T5, and SM-T9 groups, with expectations
as a covariate. This ANCOVA revealed that the decrease in
PPTs over time was still significantly different between groups
[interaction: F(2, 51) = 7.5; p = 0.001; η2p = 0.23], indicating that
the group differences in secondary hyperalgesia over time were
not explained by different (although not significant) expectations
of pain relief between groups.
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Brain Activity
High-gamma oscillation power is reported for each time point
during 40min in Table 4 and the change in high-gamma
oscillation power from baseline is presented in Figure 5. High-
gamma power significantly increased over time [main effect:

FIGURE 4 | Pressure pain thresholds in Experiment 2. Comparison of

changes in pressure pain thresholds (1PPT ) between groups. Secondary

hyperalgesia was observed in the control and placebo groups (both p < 0.01).

SM at T5 prevented secondary hyperalgesia and the effect was significantly

different compared with the placebo (p < 0.01). Thick dashed lines represent

the median and thin dotted lines represent the 25th and 75th percentiles.

SM–T5, spinal manipulation at T5. SM–T9, spinal manipulation at T9. **p <

0.01, within-group; ##p < 0.01, between-group.

TABLE 3 | Experiment 2: mean pressure pain thresholds (mean ± SD in kg).

Pre Post 1(Post-Pre) p

Control n = 19 5.2 ± 2.4 4.4 ± 2.1 −0.9 ± 1.3 0.006

Placebo n = 19 4.2 ± 1.7 3.4 ± 1.2 −0.9 ± 1.0 0.005

SM-T9 n = 19 4.0 ± 1.4 3.8 ± 1.7 −0.2 ± 1.1 1.0

SM-T5 n = 16 4.0 ± 2.1 4.4 ± 2.4 0.4 ± 0.7 1.0

Statistically significant (< 0.05) p values are shown in Italic.

F(4, 264) = 9.4; p < 0.001; η2p = 0.10], but this effect was not
significantly different between groups [interaction: F(12, 264) =
0.9; p= 0.5; η2p = 0.04].

DISCUSSION

In the present study, topical capsaicin was applied to the back
to evoke tonic pain. Spinal manipulation at the location of
capsaicin-induced pain prevented the development of secondary
hyperalgesia. However, capsaicin pain and frontal high-gamma
oscillations were not significantly different between groups over
time. The present findings suggest that SM produces anti-
hyperalgesic effects that attenuate central sensitization.

Segmental Reduction of Secondary
Hyperalgesia
Pressure algometry has excellent reliability in the assessment of
PPTs with an intra-class coefficient ranging between 0.8 and
0.99 (59, 67). Deep PPTs as measured in the present study are
commonly used to examine changes in central sensitization (68).
The results of the present study show that topical capsaicin
applied to the back produces secondary hyperalgesia, as indicated
by lower PPTs 15mm outside the area of capsaicin application,
in participants that received the placebo intervention or no
intervention. This is consistent with previous studies that showed
decreased mechanical pain thresholds 45min to 2 h after topical
capsaicin application to the volar surface of the forearm, in an
area 8–10mm beyond the area of application (26, 69).

In the SM–T5 group, SM prevented secondary hyperalgesia
and this effect was significantly greater than placebo. In the SM–
T9 group, SM also attenuated the development of secondary
hyperalgesia, although this effect was not significantly different
compared with the placebo. These results are consistent with and
extend findings from a previous study that showed a reduction
in the area of secondary hyperalgesia following SM, compared
with a control intervention consisting of SM positioning and
light manual contact (27). In this study, SM was applied at
one or multiple spinal segments irrespective of the region of
capsaicin application (on the forearm). These findings provide
support to the hypothesis that pain relief by SM is mediated
centrally, however, no specific mechanism could be inferred.
By controlling for segmental and heterosegmental effects,
the present study provides novel findings that indicate that
secondary hyperalgesia is attenuated by SM through segmental
mechanisms. Similarly, an animal study showed that ankle joint
mobilization could reverse secondary hyperalgesia induced by
intradermal capsaicin injection in the lateral ankle (70). Together,

TABLE 4 | Experiment 2: Normalized power spectral density of gamma oscillations (µV2/Hz).

4 min 8 min 12 min 16 min 20 min 24 min 28 min 32 min 36 min 40 min

Control n = 19 0.65 ± 0.22 0.81 ± 0.35 0.99 ± 0.40 1.06 ± 0.45 0.97 ± 0.36 0.81 ± 0.24 0.86 ± 0.30 0.91 ± 0.34 0.93 ± 0.37 0.92 ± 0.45

Placebo n = 19 0.64 ± 0.27 0.80 ± 0.30 0.89 ± 0.32 0.96 ± 0.30 0.96 ± 0.36 0.78 ± 0.27 0.84 ± 0.23 1.00 ± 0.31 1.01 ± 0.42 0.96 ± 0.42

SM-T9 n = 18 0.83 ± 0.32 1.02 ± 0.38 0.93 ± 0.27 0.90 ± 0.25 0.85 ± 0.32 0.72 ± 0.24 0.80 ± 0.26 0.97 ± 0.31 0.95 ± 0.42 0.94 ± 0.35

SM-T5 n = 14 0.66 ± 0.32 0.82 ± 0.35 0.89 ± 0.34 0.94 ± 0.30 0.88 ± 0.24 0.68 ± 0.27 0.84 ± 0.35 1.00 ± 0.30 1.13 ± 0.24 1.09 ± 0.29
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FIGURE 5 | Changes in high-gamma power in Experiment 2. (A) Comparison of the change in high-gamma oscillation power relative to baseline between groups over

time. Error bars represent standard deviations corrected to remove between-subject variability (see Methods). High-gamma power was not significantly different

between groups over time (p = 0.5). (B) Changes in the power spectrum density in the high-gamma frequency range (60–90Hz, at a definition of 0.977Hz) relative to

baseline, for the four different intervention groups. The thick black and white line represents the baseline (20min.). Subsequent time points are represented by lines of

different colors: 4min. post-baseline (24min. - navy-blue), 8min. post-baseline (28min. - light blue), 12min. post-baseline (32min. - purple), 16min. post-baseline

(36min. - pink) and 20min. post-baseline (40min. - red). SM–T5, spinal manipulation at T5; SM–T9, spinal manipulation at T9.

these findings indicate that the activation of joint and/or muscle
mechanoreceptors during SM or mobilization (38) regulates
central sensitization processes, likely via segmental mechanisms.

The segmental effects of SM in the present study are
consistent with a large body of evidence showing that PPTs are
increased segmentally after the application of SM (71–73). While
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previous research has focused predominantly on investigating
segmental effects in non-painful segments in healthy participants,
the present results indicate that SM may influence PPTs of
sensitized segments. This is in line with an increase of PPTs
when SM is applied to the segment with the highest pain
sensitivity compared with the segment with the higher stiffness
in patients with low back pain (66). However, it should be
noted that in the SM–T9 group, SM also attenuated the
development of secondary hyperalgesia, although the effect was
not significantly different compared with placebo. This suggests
that SM may also produce anti-hyperalgesic effects when applied
heterosegmentally, although they may be weaker than when SM
is applied to the painful segment.

In addition to the segmental mechanism underlying increased
PPTs, SM-induced pain inhibition in the back or in related
dermatomes was shown to depend on the inhibition of processes
related to temporal summation (45, 47, 74). Repeated or
sustained activation of nociceptive C-fibers is thought to be
necessary for the induction of both temporal summation and
secondary hyperalgesia (21, 75–77). Altogether, these results
suggest that SM may regulate pain and prevent the transition
from acute to chronic pain, which is associated with C-fiber
activation through anti-hyperalgesic mechanisms involving the
stimulation of joint and muscle receptors. This remains to be
confirmed and should also be examined in patients with back
pain using a series of SM interventions.

Contribution of Expectations
In the current study, expectations of pain relief were measured
at the beginning of the experiment in the three intervention
groups to control for a potential contribution of expectations
to the effects of SM. Participants were not told that different
interventions were compared so we expected no difference
in expectations between groups. Accordingly, no significant
difference was observed. Nevertheless, we conducted a
covariance analysis and confirmed the lack of contribution of
expectations to the group difference in secondary hyperalgesia.
This is consistent with previous findings that showed a C-fiber
mediated hypoalgesic effect of SM independent of expectations
(78, 79). It should also be noted that the placebo intervention in
the present study did not produce any effect compared with no
intervention, despite some expectations of pain relief, indicating
that expectations did not reduce secondary hyperalgesia and that
the placebo was inert.

Capsaicin Pain
In the present study, capsaicin pain was not significantly
decreased by SM. This contrasts with the significant decrease
of capsaicin pain by SM reported previously (27). In this
experiment, however, capsaicin was applied to the forearm and
SM was delivered at multiple segments after the capsaicin was
removed. These methodological differences may explain the
different findings. More recently, no significant change in pain
intensity or unpleasantness induced by a tonic cold stimulus was
observed following SM (80). However, tonic pain was applied to
the upper limb in that study, so it is not clear how these results
are comparable.

It has been proposed that SM may have selective effects
on pain thresholds, affecting mechanical pain sensitivity
preferentially (81). The present results are consistent with this
hypothesis; SM did not modulate chemically-mediated capsaicin
pain but may attenuate the development of mechanical pain
hypersensitivity. This suggests that the anti-hyperalgesic effects
may be stronger than hypoalgesic effects or that primary
hyperalgesia is not affected by SM, which may explain some
discrepancies between studies (36, 82). This remains to be
confirmed in future studies and the anti-hyperalgesic effects of
SM should also be examined in regards to primary hyperalgesia,
with the application of a mechanical stimulus to skin sensitized
by capsaicin.

Brain Activity
Consistent with the results for capsaicin pain, high-gamma
power significantly increased over time, but this effect was not
significantly different between groups. Navid et al. also reported
no change in pain perception and in cerebral oscillations evoked
by tonic pain after SM (80).

Frontal high-gamma oscillations were shown to be related to
tonic experimental pain (32–34) and spontaneous clinical pain
(35, 83). An association between pain ratings and high-gamma
oscillation power at sensorimotor electrodes has also been
reported for phasic pain stimuli (84–86). A limited number of
studies have assessed whether gamma oscillations could be used
as a biomarker of treatment-specific pain changes. For example,
a significant reduction of pain-evoked gamma oscillations was
reported after the use of Transcutaneous Electrical Nerve
Stimulation (TENS) (61). However, the specific location of this
brain activity was not examined, and no control condition was
included to confirm the specificity of TENS effects. Nonetheless,
future studies in which SM inhibits tonic pain compared with
placebo may show a reduction of gamma oscillation power.

Although the lack of gamma power reduction is consistent
with the lack of effects on capsaicin pain, one factor to consider
in future studies is the position of participants during EEG
recording. In the present study, EEG recordings were performed
while subjects were in a prone position and some participants
reported discomfort, which may have influenced EEG activity.
Indeed, a recent study reported that prolonged cervico-facial
contractions (grimaces) increase gamma oscillations at fronto-
temporal electrodes (87). Thus, future studies should limit or
control for muscle activity and ensure that pain-evoked activity
and muscle activity can be separated. Another alternative would
be to examine the suppression of alpha oscillations, which are
suggested to be less sensitive to muscle artifacts (87). EEG
recording with a larger number of electrodes would be essential in
order to overcome these limitations and to allow the comparison
of scalp topographies with previous studies.

Limitations of This Study
Topical application of capsaicin to the back has not been used
to evoke experimental pain in previous studies. Pain intensity
and unpleasantness induced by capsaicin did not exceed 5/100
in eight participants (∼10%). Large variability in the response
to capsaicin application has been reported (88) and this should
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be considered in the design of future experiments. In the present
study, it is possible that the low pain ratings in some participants
may have limited the sensitivity to detect an inhibition of
capsaicin pain and pain-related brain activity by SM.

Another point to consider in future studies is to confirm to
what extent participants were blind to different interventions
by asking whether they think they received a real or a sham
intervention. In the present study, participants were informed
that a force would be applied to their spine in the middle of the
experiment, but they were unaware that different interventions
were performed in different groups. Thus, participants were not
asked if they thought that the intervention was real or sham.

CONCLUSION

Overall, the present results indicate that segmental SM can
prevent capsaicin-induced secondary hyperalgesia independently
of expectations of pain relief. In contrast, spontaneous pain and
frontal high-gamma oscillations induced by capsaicin were not
modulated by SM. This suggests that SM may produce anti-
hyperalgesic effects, which are relevant to patients with back pain
in which central sensitization is involved. The anti-hyperalgesic
effects of SMmay also contribute to the treatment and prevention
of chronic back pain, but this remains to be investigated.
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