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• “increased responsiveness of nociceptive neurons in the central nervous 
system to their normal or subthreshold afferent input”   

• “neurophysiological term that can only be applied when both input and 
output of the neural system under study are known, e.g., by controlling 
the stimulus and measuring the neural event”

• “Clinically, sensitization may only be inferred indirectly from phenomena 
such as hyperalgesia or allodynia”

• Other pain-related phenomena linked to central sensitization: temporal 
summation, reduced conditioned pain modulation, reduced habituation, 
cortical amplification, increased receptive field size (plasticity in cortical 
representations) – how to assess with neuroimaging? 

Definitions and Ontology of Central Sensitization

IASP Definitions:



Functional Neuroimaging Modalities:
Hemodynamics, Metabolism, Electrophysiology, Neurochemistry
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Basal State
- basal neuronal activity
- basal blood flow
- basal [HbO2], [Hbr] 
- basal MRI signal

Activated State
- Increased blood flow
- Incr. [HbO2], decr. [Hbr] à lower 

field gradients around vessels
- Increased MRI signal (from lower 

field gradients)

fMRI Contrast: BOLD – Blood Oxygenation Level Dependent

­ Activation  à ­ HbO2/deoxy-Hb à ­ T2*  à ­ fMRI signal



What Does fMRI Data Look Like?
…a time series of MRI signal brightness

time

MRI signal
intensity

MRI signal from one of ~40,000 brain voxels

A P

S

I



fMRI meta-analysis of evoked pain and sensitization, >200 studies

fMRI
meta-analysis



Evoked pain fMRI meta-analysis: Healthy Controls

HC

Insulathalamus SII ACC

Tanasescu et al., 2016

• For healthy adults, many ascending 
nociception-processing regions 
activated, including insula – integration 
between sensory and affective 
dimensions of pain

• Pain modulatory areas (e.g. vlPFC, VTA) 
also activated

vlPFC

Schweinhardt et al., 2010

VTA



Evoked pain fMRI meta-analysis: experimental hyperalgesia, model for CS 
HC (capsaicin-induced hyperalgesia > normalgesia, N=11 studies)

aInsula pInsula/SII ACC

Ø While localization between normalgesia and hyperalgesia in healthy controls did not 
differ… combining direct contrasts reported in studies (i.e. sensitive to differences in 
response intensity) did show greater activation in insula, cingulate, SII

Ø Thus, for experimentally induced central sensitization à generalised upregulation of 
pain and salience processing brain areas (insula, SII, ACC)



Consistent with EEG for capsaicin-induced central sensitization

Liang et al. 2016

Central Sensitization à Increased N2 peak

N2



Evoked cutaneous pain fMRI meta-analysis: Chronic Pain vs Healthy 
Controls

HC

CP

aInsulathalamus SII ACC

CP vs. HC key findings:
Ø No significant differences in spatial localization of nociceptive processing

Ø No significant differences in intensity of activation (combining CP-HC contrasts)

Ø No significant differences for subgroup of FM vs. HC studies (N=8)

“remarkably similar activation patterns in healthy controls … 
and chronic pain patients” 

Tanasescu et al., 2016

?



deep tissue evoked pain

No FM vs HC difference in deep pressure-pain evoked fMRI response 

• N=31 FM, N=14 HC

• Percept-matched pain

Loggia et al. 2014

Clear (widespread) hyperalgesia… 
Why no difference in brain response?



Stimulus-matched vs. percept-matched pain response in FM

• Stimulus-matched thumbnail pressure pain (4.5 kg/cm2 for both 

FM and HC) vs. percept-matched (HC: ~6 kg/cm2) pain

• Stimulus matched: FM > HC, Percept-matched: FM=HC

Pressure=4.5 kg/cm2

HC 
(N=35) 48.48 ± 18.31

FM
(N=37)

71.71 ± 14.47

*Pain ratings for HC at 
pressure=6kg/cm2 did 
not differ from FM pain 
ratings (p=0.54)

Lopez-sola et al. 
Pain 2017



Amplified FM insula response to stimulus-matched visual stimuli
• N=25 FM, N=20 HC

• Stimulus-matched visual checkerboard stimulation

• FM show elevated unpleasantness ratings and right 
anterior insula response to 76 lux visual stimuli

• Greater clinical pain correlated with greater insula 
response

Harte et al. Pain 2016



Other fMRI metrics of central sensitization: receptive fields / representations

• The somatotopic humuncular organization in post-central gyrus / primary 
somatosensory cortex, S1 ( Penfield, 1937). 

Digit 2Digit 3Digit 5



• In chronic neuropathic pain (carpal tunnel syndrome, CTS), median nerve 
pathophysiology is linked with central plasticity in primary somatosensory cortex, S1

Increased / blurred cortical representations (S1) in neuropathic pain

Napadow et al., NeuroImage 2006

n=25  n=50
HC   CTSHealthy Adult CTS

Maeda et al., Brain, 2014



Other fMRI metrics of central sensitization: temporal summation 
and conditioned pain modulation (CPM)

Pain Facilitation
(Temporal Summation)

Pain Inhibition
(CPM)

Stimulus frequency (~0.33 - 1Hz) less 
amenable to fMRI event-related designs



More fMRI metrics à Functional Connectivity: fMRI Signal 
Fluctuates Synchronously within Distinct Brain Networks

Vincent et al. 2008



Multiple primary and associative brain connectivity networks

Buckner et al. 2013

(CEN)

Salience Network (key nodes: ACC, anterior 
insula, TPJ) à responds to stimuli that are 
“salient” = stand out from other stimuli (e.g. pain)

Somatomotor Network (key 
nodes: S1/M1) à intensity, 
location discrimination for pain



SMN and SLN connectivity shifts during sustained pain state

Kim et al., Pain 2013

S1 leg representation

Sustained (6 minutes), deep tissue 
evoked PAIN (left leg) vs REST

R

R



S1leg connectivity also shifts for FM, linked with temporal summation

Kim et al., A & R 2015
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Other fMRI metrics of central sensitization: temporal summation 
and conditioned pain modulation (CPM)

Pain Facilitation
(Temporal Summation)

Pain Inhibition
(CPM)

Stimulus design for MRI 
scanner can be problematic



Conditioned Pain Modulation (CPM) in healthy adults

Sprenger et al., Pain 2010

• Few studies have assessed CPM with fMRI (and found group effect for reduced pain!)

• CPM reduced pain coincides with reduced thalamus, aMCC, insula, SII activation

thalamus
insulaSII aMCC

Test Stimuluscontrol – Test StimulusHNCS



• “increased responsiveness of nociceptive 
neurons in the central nervous system to 
their normal or subthreshold afferent input” 
à i.e. standardized input & peripheral 
afference, but central amplification: Is it 
cord? is it brain?

• Do chronic pain patients show 
amplification at primary synapse (e.g. 
dorsal horn) or higher up? Or both?

The search for more specific fMRI applications for central sensitization



• Sensory stimuli to face (trigeminal nerve) allow fMRI evaluation of both
Sp5 nucleus in brainstem (analogous to dorsal horn) and brain response

Swenson, 2006 

Facial stimulation to assess trigeminal pathways in migraine

(Sp5)



• 16 interictal migraine patients (15 F, 35.8�13.4 yo), 2-15 attacks / mo. 

• 16 sex/age-matched healthy controls (15 F, 36.0�13.7 yo) 

• Airpuff stimuli (stimulus-matched): 5 Hz, 12mm tubing, 80 PSI

Facial stimulation to assess trigeminal pathways in migraine



Brain / brainstem response to (stimulus-matched) forehead stimulation

Sp5

Lee et al., Cephalalgia, 2016

• Combined group (MIG+HC) fMRI response evident in Sp5, as well as 
hypothalamus, posterior insula, SII

• Combined group response was then used to determine unbiased ROIs 
for calculating central sensitization metrics  



• Sp5 response was not different 

between migraine and HC

• Amplification ratio (“gain”):                   
Cortical / subcortical fMRI activation 

relative to Sp5 activation – i.e. 

amplification of afference from Sp5 to 

higher levels 

• Amplification ratio: MIG > HC for 

posterior Insula and hypothalamus 
(sensitization can occur above the 

spinal cord / Sp5)

Central Sensitization: Amplification ratio (Sp5-to-brain) increased in Mig



• Each of the 11 stimulation blocks modeled 
as separate regressors in GLM à assess 
activation for each individual stimulus 
block

• Fit linear regression line and contrast 
slope between MIG and HC

• à MIG shows reduced habituation in pIns

Central Sensitization: Habituation is reduced in migraine

• Habituation and amplification are 
linked in pIns and SII 



Differentiating central sensitization metrics in the brain with fMRI
• Elevated/altered fMRI response in chronic pain 

patients to stimulus-matched sensory stimuli:
• thalamus, S1, S2, anterior insula (visual too!), 

posterior insula, ACC

• Temporal summation
• S1 / anterior insula connectivity

• Brain amplification from primary synapse (e.g. Sp5)
• posterior insula, hypothalamus

• Reduced habituation

• posterior insula

• These responses may be mediated by 
other pain processing regions: e.g. mPFC, 
PCC ß linked to pain catastrophizing Lee et al., A&R, 2018



Conclusions
• Central sensitization, once considered purely a spinal cord 

phenomenon, is clearly noted in multiple brain responses, 
including primary somatosensory cortex, S1

• Different aspects of central sensitization (i.e. CPM, temporal 
summation, gain, habituation, receptive fields) can be 
assessed via different fMRI methods and supported by 
differential brain circuitries

• Future directions: Novel experimental designs and analysis 
methods needed to better assess the brain circuitry associated 
with central sensitization in chronic pain  
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