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Effect of manual approaches with 
osteopathic modality on brain 
correlates of interoception: an fMRI 
study
Francesco cerritelli  1,2,3, Piero chiacchiaretta  1,2*, Francesco Gambi1,2, 
Mauro Gianni perrucci1,2, Giovanni Barassi4, Christian Visciano4, Rosa Grazia Bellomo5, 
Raoul Saggini4 & Antonio ferretti1,2

The present randomised placebo controlled trial explored the extent to which osteopathic manipulative 
treatment (OMT) affects brain activity, particularly the insula, during both an “interoceptive awareness” 
and “exteroceptive awareness” task in a sample of 32 right-handed adults with chronic Low Back Pain 
(CLBP) randomly assigned to either the OMT or sham group. Patients received 4 weekly sessions and 
fMRI was performed at enrolment (T0), immediately after the first session (T1) and at 1 month (T2). The 
results revealed that the OMT produced a distinct and specific reduction in BOLD response in specific 
brain areas related to interoception, i.e., bilateral insula, ACC, left striatum and rMFG. The observed 
trend across the three time points appears uncharacteristic. At T1, a marginal increase of the BOLD 
response was observed in all the above-mentioned areas except the rMFG, which showed a decrease in 
BOLD response. At T2, the response was the opposite: areas related to interoception (bilateral insula 
and ACC) as well as the rMFG and left striatum demonstrated significant decreased in BOLD response. 
The findings of this study provide an insight into the effects of manual therapies on brain activity and 
have implications for future research in the field.

The interaction between the sense of touch and the body is a well recognised process that takes place at different 
neural levels, with different effects and mechanisms of action. In the brain, the effect of this interaction produces 
different mental representations or experiences - also called feelings - of the body1. These include inputs from the 
physiological milieu of the body in terms of metabolic, structural and functional conditions at any given moment, 
a concept referred to as interoception2. Those feelings can be modulated by different stimuli and sources, includ-
ing touch, ultimately modifying the perception of the internal and external world3.

Several neurobiological studies posed that the insula (INS) is a critical hub for multimodal interoceptive inte-
gration, involved in interoceptive processes, such as awareness of sensations from the body4, but also extero-
ceptive elements, such as perception of pain5,6, taste7–10, smell11, and touch12. In fact, external stimuli, i.e. pain, 
smell or taste, serve as body-mapped signals of the so-called peripersonal space [that is the space immediately 
surrounding the body]13,14. Moreover, in the anterior insula exteroceptive and interoceptive information over-
lap with emotional domains11, suggesting an underlying commonality15. In fact, the insula has been referred as 
a meeting point between external and internal milieus16–19. Detailed reviews of the interoceptive evidence are 
available elsewhere2,3,20.

Methods to measure interoceptive differences comprise the use of questionnaires and behavioural tests that 
either exploit natural fluctuations in internal physiological signals or manipulate organ physiology experimen-
tally21,22. For practical reasons, heartbeat detection tasks are measures largely utilised to assess differences among 
individuals regarding interoceptive accuracy and ability23–25. These tests quantify an individual’s ability to dis-
tinguish his own heartbeat at rest, by counting, tapping or by judging heartbeat timing relative to an external 
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stimulus. Due to their nature, these tasks can be utilized in the context of an fMRI study with good validity and 
reliability26.

Low back pain (LBP) is a widespread health problem and a major cause of disability worldwide27,28. Lifetime 
prevalence estimates of LBP range from 60% to 70%27. In Europe, LBP represents the second highest cause of 
morbidity measured by disability-adjusted life years28. Research evidence suggests that several brain areas are 
modified after exposure to chronic low back pain (CLBP) - typically defined as pain lasting more than 3 months29. 
Indeed, these changes seem to be correlated to changes in the anterior INS and Anterior Cingulate Cortex 
(ACC)30. Other studies highlighted the predominance of the medial prefrontal cortex (mPFC) as a key regulator 
of pain perception31. Apkarian et al. demonstrated that modelling the activity of mPFC and INS it is possible to 
quantify the magnitude and duration of back pain with an error of 20%31. Furthermore, other research showed 
that subjects with chronic pain are characterised by an abnormal function of the resting state networks with 
higher firing on the INS and ACC32–34, as well the mPFC33. Taken together, these studies seem to indicate a critical 
role for the INS and ACC in the modulation of pain.

Preliminary research in field of manual therapies such as osteopathy indicates that interoception mediated 
through the sense of touch may play an important role in their therapeutic effects35–37. Touch is recognised 
as both an exteroceptive and interoceptive modality, where the latter seems to be supplied by small-diameter 
low-conducting unmyelinated C-tactile (CT) fibres, which uses the lamina I spinothalamocortical tract to sub-
serve homeostasis and create the basis for feelings2. Researchers have proposed an ‘affective’ homunculus in the 
insula that maps the hedonic properties of gentle touch, based on the inferred increase in innervation density of 
CTs in more proximal body sites38. On this point, the CT fibres might be key neurobiological component in the 
touch-based manual therapies underpinning mechanisms38.

Although not formally tested, it can be argued that the link between the observed manual therapy effects, 
specifically osteopathy, and interoception is plausible, particularly in the light of current neuroscience literature. 
Our hypothesis, therefore, is that touch-based therapy can affect neural activity when perceiving heartbeat. In 
this study, we investigated the effect of an osteopathic treatment on brain correlates, specifically insula-based 
networks, on patients with CLBP.

Results
Description of the sample at baseline. Thirty-two right-handed patients were randomised and divided 
into the study (N = 16) and control groups (N = 16). Three patients (1 in the study group and 2 in the control 
group) dropped out during the trial, leading to a final sample size of 29 patients. At baseline, there were no statis-
tically significant differences between groups in terms of age, gender, BMI, marital situation, and academic and 
professional qualifications (Table 1). Considering the pain measurements, groups were comparable for level of 
pain measured by VAS and McGill score, and disability index measured both by Roland-Morris and Oswestry 
(Table 1).

Behavioural results. When the mean error for the IA is considered, the results of MVM analysis showed a 
group × time interaction effect (F = 6.78; p < 0.01) but not group effect (F = 4.98; p = 0.12).

Indeed, no statistically differences were observed between groups at both baseline (OMT: 3.5 ± 0.50 vs sham 
3.4 ± 1.1; t = 0.33, df = 20.95, P = 0.74, two-tailed) (Fig. 1). Statistically significant differences were found at T1 
(OMT: 2.2 ± 0.7 vs sham 3.2 ± 1.2; t = −2.88, df = 24.15, p-value <0.001) and T2 (OMT: 1.94 ± 0.63 vs sham 
3.0 ± 0.96; t = −3.69, df = 25.90, p-value <0.001). Besides, OMT group showed a significant reduction compared 
to baseline both at T1 (mean of differences: 1.30; 95% CI: 0.86–1.74; t = 6.04; df = 27.15; p < 0.001) and T2 (mean 
of differences: 1.53; 95% CI: 1.15–1.97; t = 7.76, df = 28.53, p-value <0.001). Analysis of the EA task did not 
reveal any differences between groups and time. Amongst 14 patients allocated to the sham group, none of them 
was able to correctly guess the nature of the treatment.

fMRI results. To study the relationship between IA, OMT and brain activity in the insula and in other cor-
related interoceptive areas, a well-established fMRI paradigm39 including IA and EA tasks, was applied. Task 
difficulty effects between interoceptive and exteroceptive awareness (IA and EA) were excluded by showing no 
significant differences between the total mean error of IA (mean: 3.43 ± 0.6) and EA (mean: 2.28 ± 0.53) condi-
tion (t = 1.43, df = 470.63, p-value = 0.15).

Firstly, the group activation maps at T0 showed a significant activation of bilateral insula, bilateral cingulate 
cortex, bilateral sensory-motor cortex and medial prefrontal cortex for the IA task and bilateral superior tempo-
ral gyrus, bilateral sensory-motor cortex for the EA task (Fig. 2). At baseline, there were no differences between 
OMT and SHAM group in the activation of interoceptive and exteroceptive areas. These results confirm that 
the two groups were balanced regarding the interoceptive and exteroceptive tasks. Considering ROIs analysis 
for the IA task, there was a significant effect of group (OMT < SHAM) in the right anterior cingulate cortex 
(ACC, F = 10.81; p < 0.001), right insula cortex (rINS, F = 10.12; p < 0.001), left insula cortex (lINS, F = 9.96; 
p < 0.001), left striatum (F = 11.42; p < 0.001) and right middle frontal gyrus (rMFG, F = 7.12; p < 0.001) (Fig. 3). 
Significant effects were found also for time (ACC: F = 8.67, p < 0.001; rINS: F = 8.98, p < 0.001; lINS: F = 9.11, 
p < 0.001; left striatum: F = 7.67, p < 0.001; rMFG: F = 8.42, p < 0.001) as well as group × time interaction (ACC: 
F = 10.21, p < 0.001; rINS: F = 10.43, p < 0.001; lINS: F = 10.01, p < 0.001; left striatum: F = 11.67, p < 0.001; 
rMFG: F = 10.11, p < 0.001).

Comparing the two groups, OMT showed a significant reduction of beta values in the ACC (t = −4.07, 
p < 0.001), rINS (t = −3.87, p < 0.001), lINS (t = −3.16, p < 0.001), left striatum (t = −4.97, p < 0.001) and rMFG 
(t = −3.45, p < 0.001) mainly at T2 (Fig. 4). Interestingly, only the rMFG revealed a statistically significant differ-
ent between the two groups at T1 (t = −2.65, p < 0.01).
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The within group timepoints comparison showed statistically significant differences for the OMT group 
only. In general, there was a significant difference between T2 and T0 beta values for ACC (T2 vs T0: t = −2.97, 
p < 0.01), lINS (T2 vs T0: t = −2.47, p < 0.01), rINS (T2 vs T0: t = −2.35, p < 0.01), left striatum (T2 vs T0: 
t = −3.34, p < 0.01) and rMFG (T2 vs T0: t = −2.54, p < 0.01).

In relation to the EA task, the OMT and sham groups were comparable, with no significant difference detected 
in brain activation.

Study group (OMT) Control group (Sham) p < |t|

Age 41.8 ± 6.6 42.7 ± 8.0 0.73

Gender 0.70*

   Male 9 (60) 11 (73.3)

   Female 6 (40) 4 (26.7)

BMI 24.1 ± 3.5 25.5 ± 2.4 0.19

Civil condition 1.00*

   Unmarried 7 (46.7) 6 (40)

   Married 8 (53.3) 9 (60)

Study title 0.62*

   Middle school 2 (13.3) 2 (13.3)

   High school 4 (26.7) 5 (33.4)

   Bachelor degree 5 (33.3) 2 (13.3)

   Master degree 4 (26.7) 6 (40)

Disease duration (m) 15.1 ± 9.2 14.1 ± 6.7 0.72

General scores

   BAQ 68.5 ± 31.4 51.8 ± 30.0 0.15

   STAY-Y1 42.4 ± 3.4 42.7 ± 2.9 0.85

   STAY-Y2 41.3 ± 3.0 41.1 ± 3.7 0.87

Pain scores

   McGill

   S-PRI 16.5 ± 5.0 16.6 ± 5.9 0.94

   A-PRI 6.3 ± 2.7 6.3 ± 2.7 1.00

   T-PRI 22.7 ± 6.8 22.9 ± 8.1 0.96

PPI 3.5 ± 0.5 3.5 ± 0.6 1.00

VAS 63.1 ± 21.4 57.5 ± 17.3 0.1

Oswestry 24.9 ± 3.3 26.0 ± 5.2 0.51

Roland-Morris 15.5 ± 4.0 15.3 ± 4.9 0.9

Table 1. Description of the sample at the baseline. P values from t test. *p values from X2 BMI = Body Mass 
Index; BAQ = Body Awareness Questionnaire; S-PRI = Sensory Pain Rating Index; A-PRI = Affective Pain 
Rating Index; T-PRI = Total Pain Rating Index; PPI = Present Pain Intensity Index; VAS = Visual Analogue 
Scale.

Figure 1. Bar chart of behavioural data. Data show the mean errors in the Interoceptive Attentive task 
(Mean ± SD). *Statistically significant values between groups. #Paired t test statistically significant values within 
OMT group.
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Figure 2. Task specific brain activations at T0 pooling the two groups. The group statistical maps were 
thresholded at p < 0.05. mPFC: medial prefrontal cortex; lINS: left insula; rINS: right insula; SM: somatomotor 
cortex; ACC: anterior cingulate cortex; AC: acoustic cortex.

Figure 3. Results of the group analysis revealing areas for OMT and Sham group by the contrast T2-T1-T0 in 
the heart task (interoceptive awareness task) and sound task (exteroceptive awareness task). The group statistical 
maps were thresholded at p < 0.05, corrected for multiple comparisons using FDR, and superimposed on the 
Talairach transformed structural scan of one of the subjects. Activation was observed in Right Cingulate Cortex, 
Right and Left Insula, Left Lentiform and right Middle Frontal Gyrus (rMFG).
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Discussion
The present study showed that osteopathic manipulative treatment produces a distinct and specific BOLD 
response in specific areas related to interoception. Compared to the sham group, patients receiving OMT demon-
strate these effects specifically in the rINS, lINS, ACC, left striatum and rMFG. The trend across the 3-time points 
seems to be uncharacteristic. Indeed, immediately after the first OMT session, it was shown a marginal increase 
in BOLD response in all the above-mentioned areas but not for the rMFG, which showed a decrease. At T2, the 
response appeared to be opposite: areas related to interoception (bilateral insula and ACC) as well as rMFG and 
left striatum significantly decreased the BOLD response, i.e. these clusters exhibited a clear modulation after 4 

Figure 4. Activation (GLM beta values ± SEM) over time for the two groups and the different regions of 
interest. ∗Statistically significant values between groups after Bonferroni-Holm correction. #Paired t test 
statistically significant values within OMT group.
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OMT sessions. This is particularly observable in the OMT group when compared to the other time points (T0 
and T1) and to the sham group.

Besides, considering the mean errors in the IA task, results showed that at T2 the OMT group reduced the 
number of errors compared to baseline and compared to the sham group. This might suggest that participants 
in the OMT group improved their ability in the heartbeat tracking task, a measure of interoceptive accuracy. It is 
noteworthy to consider that the chance of task habituation and thus predictability of the heartbeat tracking was 
controlled by the randomisation of the task (both between IA-EA and within the task sequence). In addition, 
it seems to be unlikely that patients performing the IA task at baseline, that means 4 blocks by 15 sec each (one 
minute in total), would have been adapted and trained for that task and thus influence the performance one 
month later. This is confirmed by the fact that mean errors in the sham group were similar between T0 and T2. 
Considering the above-mentioned points, it might be possible that the use of OMT procedures could improve 
the perception of heartbeat, enabling patients to detect more accurately their own heartbeat. It is well-established 
in the literature that to perceive your own heartbeat the salience network needs to be recruited26,40,41. It can be 
argued that a more efficient network means a better ability to perform the IA task and thus feel more accurately 
one’s own heartbeat42. Thus, we could speculate that the use of OMT might produce specific effects in interocep-
tive brain areas, possibly reflecting an increased efficiency to decode bottom-up interoceptive heart-based stimuli.

In addition to the salience areas activated, the rMFG activation seems to show a similar pattern. Interestingly, 
under the Corbetta’s “circuit-breaker” proposal43, the right MFG would be in charge of the modulation of exoge-
nous and endogenous attention. Japee and colleagues have revealed that the rMFG could play an important role 
in reorienting attention from exogenous to endogenous attentional control44. Considering the findings of the cur-
rent study, we would argue that the use of OMT can influence activity in the rMFG allowing a more precise atten-
tional control in order to re-orient more efficiently one’s own attention towards endogenous stimuli. Although not 
formally tested yet, we can hypothesise that the use of OMT might act on the rMFG facilitating the switch from 
external to internal milieu. This would eventually impact on the accuracy of perception from within the body.

This study has some limitations that should be outlined. Although the analysis presented here was robustly 
driven by a specific rationale, it can be considered a first step that will be complemented by further work based 
on more complex approaches to assess e.g., functional and effective connectivity during both resting and task 
paradigms. For example, graph-theory analysis (GTA)45,46, can yield metrics for both connectivity profiles and 
network efficiency, enabling researchers to examine the efficiency of individual nodes to integrate signals at 
global and local levels. Previous research based on GTA has demonstrated that brain network is structured in a 
‘small-world’ topology characterised by dense intra-modular connections and relatively few inter-modular con-
nections45–47. In the context of the present study, GTA might be useful to test any distinct brain networks during 
post-osteopathic resting state. This will provide direct evidence that the post-treatment resting state contains 
osteopathic-related effects that might be due to the specific touch-based nature of osteopathy.

Furthermore, effective functional connectivity (defined as the influence that one area exerts on another) 
during tasks can be investigated using Dynamic Causal Modeling48. This will lead us to investigate interactions 
among relevant regions involved in the exteroception/proprioception vs interoception by analysing the effective 
connectivity between brain regions.

The study of manual therapies from a neuroscience point of view might bring new insights within a still 
unexplored research field. Despite the large use of different manual approaches and touch-based interven-
tions49, research on brain activity is still lacking. Neuroscience can provide different methodologies allowing 
researchers to decode unique patterns within- and between-manual treatments. In addition to this, setting up 
ecologically-relevant studies is essential. On this point, selecting appropriate samples is a prerequisite as well as 
building up robust rationale is necessary. Too often, studies in the context of manual therapies lack of details, 
significantly impairing the validity, reliability and clinical applicability of the research.

The present research investigated the effect of OMT on brain correlates, specifically insula-based networks, 
in patients with CLBP. The findings of the study, particularly the observed changes in the insular cortex and its 
associated interoceptive role, support the hypothesis previously proposed by D’Alessandro and co-workers that 
manual therapy might exploit an interoceptive paradigm which may explain some of the clinical effects of manual 
treatments35. Therefore, we would argue that the present research with preliminary clinically-based evidence, can 
provide an insight into the effects of manual therapies on brain activity and have implications for future research 
in the field.

Methods
The present randomised placebo-controlled trial was designed to explore the extent to which OMT can change 
activity in the insula and therefore of its anterior circuit during both an “interoceptive awareness” and “exterocep-
tive awareness” task in a sample of CLBP patients.

Population. Patients were recruited from the outpatient department at a neurological and orthopaedic reha-
bilitation centre of the University of Chieti (CUMFER). Interventions, assessments and data collection, and data 
analysis were conducted at the same study site. Adult patients (≥18 years and ≤60 years old) referred to the trial 
clinic for Chronic Non-specific Low Back Pain (CLBP) treatment by their general practitioner or specialist were 
invited to participate in the trial. If no medical referral was given, e.g. as a response to the public invitation in local 
print media, an independent orthopaedic specialist at the study site examined the patient for eligibility and to 
confirm diagnosis (CLBP). Symptoms included any chronic (>3 months) pain or discomfort localised below the 
costal margin and above the inferior gluteal folds, with or without referred leg pain50. Written, informed consent 
was provided prior to the beginning of any of the study procedures.

Meeting any of the following criteria led to exclusion51: clinical sign of neurological damage with sensorimotor 
impairments (i.e., radicular syndrome, paresis or tingling in limbs); suspected or confirmed spinal pathology 
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(e.g., tumour, infection, fracture or inflammatory disease); history of spinal surgery (e.g., decompensation or 
stiffening); whiplash injury within the last 12 months; cervical pain that reduces active movement to less than 30° 
rotation to each side; known vestibular pathologies; major surgery scheduled during study period; physiotherapy 
during the last 12 weeks; inability to follow the procedures of the study - e.g., due to language problems, psycho-
logical/psychiatric disorders, dementia and parallel participation in another study. At enrolment, eligible patients 
were assessed by a senior medical doctor in order to confirm the diagnosis and to exclude psychiatric disease and/
or any other exclusion criteria.

The procedures were approved by the local ethics committee (University of Chieti-Pescara number: 7/09-04-
15) and conform to the Declaration of Helsinki. The protocol (supplementary materials provide details of the 
protocol) was registered on clinicaltrial.gov (ID: NCT02464475 on 08/06/2015). No data was recorded before 
written informed consent to participate and to publish was given by the participant.

Randomization and masking. Eligible patients were randomly divided into two groups using a 1:1 ratio 
and were assigned to either the OMT group or Sham group. Block randomization was applied according to a 
computer-generated randomization list using a block size of 10. All patients, allocated using sealed envelopes, 
were not aware of any step of the study design as well as outcomes or group allocation. The randomization list was 
stored in a dedicated and protected web-based space and an information technology consultant was in charge for 
the entire process. Research staff were kept blinded to the randomisation list and to patient allocation throughout 
the study. Moreover, they were blinded to patients’ allocation, since all patients had a touch-based intervention 
by the practitioner. Only the osteopathic practitioner was aware of the patients’ group allocation. Moreover, the 
practitioner who performed OMT had no role in patient care decisions. The researchers operating the fMRI and 
dealing with fMRI data were unaware of patients’ allocation.

Prescan behavioural assessment. At T0, before the fMRI scan, patients were asked to complete 
paper-based questionnaires. A socio-demographic questionnaire was administered to collect baseline data in 
terms of gender, BMI, age, academic degree, civil state, smoking habits and type of work. Besides, the Edinburgh 
Handedness Inventory was used to investigate the hand dominance (Oldfield, 1971) and the State-Trait Anxiety 
Inventory (STAI-Y1 and Y2) to test trait anxiety52.

The Body Awareness Questionnaire (BAQ) is considered a reliable and valid instrument for measuring 
self-reported attentiveness to bodily processes53,54. It is made of 18 statements that measure beliefs about one’s 
sensitivity to normal (i.e., non-emotive and non-pathological) bodily functions and the ability to anticipate bodily 
reactions. Items are answered on a seven-point Likert scale. Cronbach’s alpha coefficient for the BAQ was 0.80 for 
the Italian sample.

Prescan pain assessment. Several tools were specifically used to assess pain perception in patients. The 
Roland–Morris Disability Questionnaire is a health status measure to assess physical disability low back pain 
patient. The questionnaire is composed by 24 yes/no items and has good psychometric properties, evidenced by 
internal consistency and responsiveness55. The Oswestry Low Back Disability Questionnaire (OSW) explores 
the disability derived from low back pain. The questionnaire consists of 10 items addressing different aspects 
of functioning (e.g., pain intensity, physical functioning, sleep functioning, social functioning). The reliabil-
ity, discriminant and construct validities of the OSW are good56. The McGill Pain Questionnaire (MPQ) is a 
widely used tool to assess pain features, with reference to its sensory and affective qualities57,58. The MPQ is com-
posed by 15 items describing the pain sensation (11 sensory and 4 affective) which are self-rated by the patient 
according to their intensity level on a 0–3 Likert scale. The reliability and validity of these measures are good and 
well-documented59.

Experimental design and description of the paradigm. All eligible patients were randomised in a 
study group (OMT) and control group (Sham). The study group underwent four weekly sessions of OMT of 
30 minutes each. Osteopathy is a nonpharmacological, non-invasive manual medicine, regarded by some as 
Complementary and Alternative Medicine (CAM). A series of manual techniques are applied by osteopathic ther-
apists to improve bodily function altered by any somatic (body framework) dysfunction (ICD- 10 code: M99.0–
99.9)60. In the osteopathic practice two are the essential elements: a structural evaluation for diagnosis and a pool 
of different manipulative techniques for the treatment. The aim of the structural assessment is to identify specific 
somatic dysfunctions. Diagnostic criteria for somatic dysfunctions focus on the tone and possible abnormalities 
of tissue texture. Areas of asymmetry and misalignment of bony landmarks are also evaluated, along with the 
quality of motion, balance, and organization. The term OMT currently includes>20 types of manual treatments 
administered by osteopaths61.

In the current study the treatment was administered by a registered and licensed osteopath. The techniques 
used for the current study were: balanced-ligamentous tension, balanced-membranous and fluidic techniques, in 
line with the principles and procedures available in the current osteopathic literature. In brief, these techniques 
are classified as indirect approaches62 and use light, gentle touch38 to correct the somatic dysfunction by applying 
the Sutherland’s point of maximum freedom (balance point) model62. All treatment sessions took place in the 
CUMFER.

The control group received a sham treatment, i.e., sessions without applying any type of osteopathic technique 
or procedure. Specifically, the operator performed an osteopathic-like manual assessment without paying atten-
tion to bodily areas with somatic dysfunctions. After the evaluation, the operator asked the patient to lay down on 
the plinth and gently placed the hands on a pre-defined number of anatomical areas without applying any type of 
technique but just using a gentle static or dynamic touch. The parts identified in the protocol were: lumbar spine, 
sacrum, pelvis, diaphragm, upper thorax, cervical spine and cranium. The sequence to apply during the session 
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was decided by the operator before the session. This was planned to prevent any possible chance from the patient 
to guess the group allocation. The sessions lasted 30 minutes, as for the OMT, took place in the same location/
room and were administered by the same practitioner. This to avoid any possible contamination and allocation 
bias.

During the study period, all patients were asked to avoid if possible any form of medication.
The study period was organised as follows with fMRI sessions at three major time points (Fig. 5):

 1. Baseline (T0): before the treatment.
 2. Acute response (T1): Immediately after the first manual session.
 3. Chronic response (T2): at the end of the study period (after a month), which included four treatment 

sessions.

After the clinical evaluation (enrolment) and at T2, patients were asked to fill in the paper-based 
questionnaires.

Description of the paradigm. The fMRI design used to assess brain correlates of interoceptive and exter-
oceptive awareness was derived by previous research where it was successfully tested39,63–65. Specifically, we used 
a block design with 3 conditions:

•	 heartbeat tracking for interoceptive awareness (IA).
•	 auditive tracking for exteroceptive awareness (EA).
•	 resting period (fixation period) where no structured thinking or action was required to subjects.

In order to limit cognitive processes other than intero- or exteroception, simple visual stimuli were used to 
indicate the task type. These visual cues were projected via an LCD projector onto a screen visible through a mir-
ror mounted on the headcoil and consisted of symbols described as follows (Fig. 6):

 1. Heart, i.e. heartbeat tracking for interoceptive awareness – IA.
 2. Treble clef, i.e. auditive tracking for exteroceptive awareness – EA.
 3. Dark cross, i.e. resting period (fixation period) where no structured thinking or action was required to 

subjects.

For task 1, a dark coloured heart on a light background was presented. As long as this cue was visible on the 
screen, participants were asked to silently count their own heartbeat (a modified version of the Schandry’s origi-
nal heartbeat tracking task66). Subjects were instructed to breathe normally and any form of helping strategies (i.e. 
taking the pulse rate) were not allowed. Furthermore, participants were boosted to consider only heartbeats they 
were convinced but also advised to recognise weak feelings.

Figure 5. Flowchart of the study.
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For task 2, the symbol of a dark coloured treble clef with the same size as the heart symbol was presented on 
the same light background. During this task individuals silently counted the number of tones played through 
fMRI compatible headphones (NordicNeuroLab audio system).

Each cue was showed on the screen in blocks with a duration of 15 seconds during which the subject had to 
perform the related task. Four blocks for each task were alternated pseudorandomly with rest periods.

At the end of each task block, the patient had to report the number of heartbeats or tones counted using an 
fMRI compatible mouse with two buttons. The 2 buttons, left and right, were used to control the units and dec-
imals, allowing the subjects to quickly report their evaluation. Specifically, the left button served to move from 
decimals to units and back, while the right button was used to select the corresponding quantities. The time for 
declaring the score was 10 seconds. Fixation periods were indicated by a dark cross (of the same size and colour as 
the IA and EA symbols) on a light background. Participants were instructed to relax and minimise any cognitive 
work during these periods. To avoid any habituation effect, the volume of the musical tone was adjusted before the 
beginning of the fMRI session while the subject was lying down. The total duration of the run was 335 seconds. 
The run was repeated twice, and the order of the stimuli changed randomly.

The delivery of visual cues was controlled by a software written in Matlab. Visual stimuli were projected via 
an LCD projector onto a screen visible through a mirror mounted on the headcoil. Immediately before the scan, 
participants had a practice session and were carefully instructed and familiarized with the task.

fMRI data acquisition. Imaging was performed using a Philips Achieva 3 Tesla scanner (Philips Medical 
Systems, Best, Netherlands) equipped with an 8-channel phased-array head coil for signal reception and a 
whole-body radiofrequency coil for signal. First, high resolution structural volume was obtained using a 3D 
fast field echo T1-weighted sequence (sagittal, matrix 256 × 256, FOV = 256 mm, slice thickness = 1 mm, no 
gap, in-plane voxel size = 1 × 1 mm, flip angle = 12°, TR = 9.7 ms and TE = 4 ms). Then, Blood Oxygen Level 
Dependent (BOLD) fMRI data were acquired using a gradient-echo T2∗-weighted echo-planar (EPI) sequence 
(matrix 80 × 80, voxel size 3 mm × 3 mm × 3.5 mm, SENSE 1.8, TE = 30 ms, TR = 1.8 s, 185 volumes per run). 
During fMRI, physiological signals were recorded at 100 Hz using a pulse oximeter placed on a finger of the left 
hand and a pneumatic belt strapped around the upper abdomen. All the data were stored and secured at the 
Department of Neuroscience of University of Chieti-Pescara.

fMRI data pre-processing. Analysis of fMRI data was performed using AFNI. Due to T1 saturation effects, 
the first five volumes of each run were discarded from the analysis. During preprocessing, transient signal spikes 
were removed from the EPI time series AFNI’s “3dDespike” and slice scan time correction was performed. 
Motion correction was done by aligning EPI images to the sixth volume of the first run. Then, preprocessed func-
tional scans were coregistered with the corresponding structural data set, normalized to the MNI space, spatial 
smoothed (6 mm FWHM) and high-pass filtered (cut-off 0.013 Hz).

Statistical analysis. Sample size calculation. The fMRI literature (e.g. comparison of connectivity values 
between different populations as in Greicius et al.67) reported expected effect size estimates to be relatively high (d 
of Cohen = 1.01). This effect-size, together with an alfa value of 0.05 and a Beta of 0.80 typical in neuroimaging 
studies68 have been included in the R statistical program to estimate the sample size, obtaining N = 16 subjects per 
group, values compatible with those proposed in this study.

Behavioural data. Arithmetic mean and standard deviation as well as median, percentage and range were used 
to explore the general characteristics of the study population. To compare the OMT and Sham group at enrol-
ment, univariate statistical tests, student t test and chi square test were performed. To study the independent effect 
of OMT on primary and secondary endpoints, a repeated measure analysis based on linear mixed effect model 
was applied considering group differences (OMT vs Sham) across time (baseline vs. experimental timepoints) 
and conditions (Interoceptive vs Exteroceptive). To indicate statistical difference, two-tailed P values of less than 
0.05 was considered. The significance threshold was further adjusted for multiple comparisons using Bonferroni’s 
correction. This data analysis was carried out using the R statistical program (v. 3.5.2). No adverse events were 
reported by any of the included patients.

fMRI data. First, statistical activation maps were obtained for individual subjects using the general linear model 
(GLM), considering the heart and sound conditions as predictors of interest, whereas, the periods correspond-
ing to the subject’s response for both heart and sound were included in the model as predictors of no interest. A 
two-gamma standard hemodynamic response function was used in order to account for the hemodynamic delay. 
This analysis was performed in order to identify brain areas of increased/decreased BOLD signal while the subject 

Figure 6. Description of the fMRI paradigm.
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was performing heart (IA) and sound (EA) tasks. Then, the individual beta values corresponding to the two tasks 
were used as input in a group analysis based on the multivariate modelling approach (MVM) as implemented in 
AFNI (program 3dMVM), to assess treatment effects on brain activation. The MVM approach offers increased 
flexibility with respect to traditional AN(C)OVA and GLM, with voxel level correction schemes when the sphe-
ricity assumption is violated69.

In particular the model included two groups (OMT vs Sham), 3-time points (T0, T1, T2) and 2 conditions (IA 
vs EA). Thus, it was a 2 × 3 × 2 factorial design where group was considered a between-group variable, whereas 
time and task were used as within-group factors.

First, the main contrasts T0_IA and T0_EA vs rest (pooling the two groups) were performed to search for 
areas activated at the group level by IA and EA tasks. The between-groups OMT_T0_IA vs Sham_T0_IA and 
OMT_T0_EA vs Sham_T0_EA contrasts were also performed, to check that the two groups were balanced 
regarding the level of activation during the two tasks at T0. Then, the contrasts OMT_(T2-T1-T0)_IA vs Sham_
(T2-T1-T0)_IA and OMT_(T2-T1-T0)_EA vs Sham_(T2-T1-T0)_EA were performed to search for areas show-
ing a significant effect.

Statistical maps obtained from these contrasts were thresholded at p < 0.05, corrected for multiple compari-
sons. Correction for multiple comparisons was performed using false discovery rate (FDR). Finally, to quantify 
activation changes across groups, time and tasks, a region of interest (ROI) analysis was performed. To avoid 
double dipping problems70, ROIs were defined using independent coordinates from the literature71–76. Spherical 
ROIs with a 9 mm radius were considered for the following areas: left insula (−36,20,4), right insula (32,18,4), 
cingulate cortex (8,16,36), striatum (−24,0,8), right middle frontal gyrus (56,8,38).
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