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“Similarly there is evidence that 
central nervous system pathways 
have specialized functions that play a 
role in pain mechanisms” 
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Imaging Pain In North America 

Atlas, Baliki, Bajic, Younger, DaSilva, Hubbard, Linnman, Loggia, Simons, and 
Many Others 
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What are we doing 
for the Patient? 
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Sensory and Affective Components Of Pain 

Attentional and emotional factors modulate 
pain perception via different pathways  

1997 

Cognitive and emotional control of pain and its disruption in chronic pain. 
Bushnell MC, Ceko M, Low LA. 
Nat Rev Neurosci. 2013 Jul;14(7):502-11. 

Multiple representations of pain in human cerebral cortex. 
Talbot JD, Marrett S, Evans AC, Meyer E, Bushnell MC, Duncan GH. 
Science. 1991 Mar 15;251(4999):1355-8. 

Pain affect encoded in human anterior cingulate but not 
somatosensory cortex. 
Rainville P, Duncan GH, Price DD, Carrier B, Bushnell MC. 
Science. 1997 Aug 15;277(5328):968-71. 

1991 

2013 
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http://www-ncbi-nlm-nih-gov.ezp-prod1.hul.harvard.edu/pubmed/23719569
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2015 

Trigeminal nociceptive transmission in migraineurs predicts migraine attacks. 
Stankewitz A, Aderjan D, Eippert F, May A. 
J Neurosci. 2011 Feb 9;31(6):1937-43011 

Specific and somatotopic functional magnetic resonance 
imaging activation in the trigeminal ganglion by brush and 
noxious heat. 
Borsook D, DaSilva AF, Ploghaus A, Becerra L. 
J Neurosci. 2003 Aug 27;23(21):7897-903.2002 

Segmentally arranged somatotopy within the face 

representation of human primary somatosensory cortex. 
Moulton EA, Pendse G, Morris S, Aiello-Lammens M, Becerra L, Borsook D. 
Hum Brain Mapp. 2009 Mar;30(3):757-65 

Anatomical changes at the level of the primary synapse in 
neuropathic pain: evidence from the spinal trigeminal nucleus. 
Wilcox SL, Gustin SM, Macey PM, Peck CC, Murray GM, Henderson LA. 
J Neurosci. 2015 Feb 11;35(6):2508-15. 

2011 

Somatotopic activation in the human trigeminal pain pathway. 
DaSilva AF, Becerra L, Makris N, Strassman AM, Gonzalez RG, Geatrakis N, 
Borsook D. 
J Neurosci. 2002 Sep 15;22(18):8183-92. 

2002 

2003 

2009 

Mapping a Sensory Pathway 
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2001 

2012 

Reward circuitry activation by noxious thermal stimuli. 
Becerra L, Breiter HC, Wise R, Gonzalez RG, Borsook D. 
Neuron. 2001 Dec 6;32(5):927-46 

Corticostriatal functional connectivity predicts transition to 
chronic back pain. 
Baliki MN, Petre B, Torbey S, Herrmann KM, Huang L, Schnitzer TJ, Fields HL, 
Apkarian AV. 

Nat Neurosci. 2012 Jul 1;15(8):1117-9. 

Reward Circuitry and the Accumbens 

Increased NAc – mPFC Connectivity 
Predicts Pain Persistence 
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Identification of discrete functional subregions of the human 
periaqueductal gray. 
Satpute AB, Wager TD, Cohen-Adad J, Bianciardi M, Choi JK, Buhle JT, Wald 
LL, Barrett LF. 
Proc Natl Acad Sci U S A. 2013 Oct 15;110(42):17101-6.  

2015 

2014 

(Clas Linnman) 

Reward circuitry activation by noxious thermal stimuli. 
Becerra L, Breiter HC, Wise R, Gonzalez RG, Borsook D. 
Neuron. 2001 Dec 6;32(5):927-46 

Spinal cord-midbrain functional connectivity is related to perceived pain 
intensity: a combined spino-cortical FMRI study. 
Sprenger C, Finsterbusch J, Büchel C. 
J Neurosci. 2015 Mar 11;35(10):4248-57. 

2001 

Pain Modulation 

Hi
gh

 F
ie

ld
 (7

T)
 

Center for Pain and the Brain, HMS 12 

http://www-ncbi-nlm-nih-gov.ezp-prod1.hul.harvard.edu/pubmed/24082116
http://www-ncbi-nlm-nih-gov.ezp-prod1.hul.harvard.edu/pubmed/24082116
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Unmasking the mysteries of the habenula in pain and analgesia. 
Shelton L, Becerra L, Borsook D. 
Prog Neurobiol. 2012 Feb;96(2):208-19 

2010 

Dissecting Circuits 

The habenula and pain: repeated electrical stimulation produces prolonged 
analgesia but lesions have no effect on formalin pain or morphine 
analgesia. 
Cohen SR, Melzack R. 
Behav Brain Res. 1993 Apr 30;54(2):171-8. 

Mapping pain activation and connectivity of the human 
habenula. 
Shelton L, Pendse G, Maleki N, Moulton EA, Lebel A, Becerra L, Borsook D. 
J Neurophysiol. 2012 May;107(10):2633-48.  
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2003 

2003 

Neural correlates of interindividual differences in the 
subjective experience of pain. 
Coghill RC, McHaffie JG, Yen YF. 
Proc Natl Acad Sci U S A. 2003 Jul 8;100(14):8538-42. 

COMT val158met genotype affects mu-opioid 
neurotransmitter responses to a pain stressor. 
Zubieta JK, Heitzeg MM, Smith YR, Bueller JA, Xu K, Xu Y, Koeppe RA, Stohler 
CS, Goldman D. 
Science. 2003 Feb 21;299(5610):1240-3. 

Inter-individual Differences 

Brain networks predicting placebo analgesia in a clinical trial 
for chronic back pain. 
Hashmi JA, Baria AT, Baliki MN, Huang L, Schnitzer TJ, Apkarian AV. 
Pain. 2012 Dec;153(12):2393-402. 

2012 

Homozygous for the met158 allele > Pain 

Placebo response can be identified a priori 
Based on connectivity between PFC and Insula 
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Children 
Are there sex differences in placebo analgesia during visceral pain processing? 
A fMRI study in healthy subjects. 
Theysohn N, Schmid J, Icenhour A, Mewes C, Forsting M, Gizewski ER, 
Schedlowski M, Elsenbruch S, Benson S. 
Neurogastroenterol Motil. 2014 Dec;26(12):1743-53. d 

The role of circulating sex hormones in menstrual cycle-dependent modulation 
of pain-related brain activation. 
Veldhuijzen DS, Keaser ML, Traub DS, Zhuo J, Gullapalli RP, Greenspan JD. 
Pain. 2013 Apr;154(4):548-59. doi: 10.1016/j.pain.2012.12.019. 

2012 

Her versus his migraine: multiple sex differences in brain function and 
structure. 
Maleki N, Linnman C, Brawn J, Burstein R, Becerra L, Borsook D. 
Brain. 2012 Aug;135(Pt 8):2546-59. 
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2014 
Different brain activation patterns to pain and pain-related 
unpleasantness during the menstrual cycle. 
Choi JC, Park SK, Kim YH, Shin YW, Kwon JS, Kim JS, Kim JW, Kim SY, Lee SG, 
Lee MS. 
Anesthesiology. 2006 Jul;105(1):120-7 
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2006 

mu-opioid receptor-mediated antinociceptive responses differ in men and 
women.
Zubieta JK, Smith YR, Bueller JA, Xu Y, Kilbourn MR, Jewett DM, Meyer CR,
Koeppe RA, Stohler CS. 
J Neurosci. 2002 Jun 15;22(12):5100-7. 
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fMRI reveals neural activity overlap between adult and infant pain. 
Goksan S, Hartley C, Emery F, Cockrill N, Poorun R, Moultrie F, Rogers R, 
Campbell J, Sanders M, Adams E, Clare S, Jenkinson M, Tracey I, Slater R. 
Elife. 2015 Apr 21;4. 

Pain sensitivity and fMRI pain-related brain activity in 
Alzheimer's disease. 
Cole LJ, Farrell MJ, Duff EP, Barber JB, Egan GF, Gibson SJ. 
Brain. 2006 Nov;129(Pt 11):2957-65. 

2006 

2015 

Pain at the Extremes of Age 
no

t i
n 

th
e 

in
fa

nt
 a

m
yg

da
la

 
or

 o
rb

ito
fr

on
ta

l c
or

te
x 

Center for Pain and the Brain, HMS 16 

http://www-ncbi-nlm-nih-gov.ezp-prod1.hul.harvard.edu/pubmed/25895592
http://www-ncbi-nlm-nih-gov.ezp-prod1.hul.harvard.edu/pubmed/25895592
http://www-ncbi-nlm-nih-gov.ezp-prod1.hul.harvard.edu/pubmed/16951408
http://www-ncbi-nlm-nih-gov.ezp-prod1.hul.harvard.edu/pubmed/16951408


Main Pointers: CNS Neurobiology 

• Imaging can map specific and functional circuits 
involved in: 
– Pain Sensation 
– Pain Emotion 
– Pain Modulation 
– Other (specific circuits) 

• Imaging can demonstrate individual differences that 
are present in the response to nociception and pain 
– Sex 
– Age 
– Other (genetic, epigenetic) 
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1999 

Dissociating pain from its anticipation in the human brain. 
Ploghaus A, Tracey I, Gati JS, Clare S, Menon RS, Matthews PM, Rawlins JN. 
Science. 1999 Jun 18;284(5422):1979-81. 

Exacerbation of pain by anxiety is associated with activity in a hippocampal 
network. 
Ploghaus A, Narain C, Beckmann CF, Clare S, Bantick S, Wise R, Matthews PM, 
Rawlins JN, Tracey I. 
J Neurosci. 2001 Dec 15;21(24):9896-903. 

2001 

The responsive amygdala: treatment-induced alterations in 
functional connectivity in pediatric complex regional pain 
syndrome. 
Simons LE, Pielech M, Erpelding N, Linnman C, Moulton E, Sava S, Lebel A, 
Serrano P, Sethna N, Berde C, Becerra L, Borsook D. 
Pain. 2014 Sep;155(9):1727-42. 

Pain Anticipation, Anxiety and Fear 

ACC A-Insula Cerebellum 

Rx resp. and ∆ Pain related 
Fear 
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2014 

2009 

Placebo and opioid analgesia-- imaging a shared neuronal 
network. 
Petrovic P, Kalso E, Petersson KM, Ingvar M. 
Science. 2002 Mar 1;295(5560):1737-40. 

Placebo-induced changes in FMRI in the anticipation and 
experience of pain. 
Wager TD, Rilling JK, Smith EE, Sokolik A, Casey KL, Davidson RJ, Kosslyn SM, 
Rose RM, Cohen JD. 
Science. 2004 Feb 20;303(5661):1162-7. 

2002 

2004 

Direct evidence for spinal cord involvement in placebo 
analgesia. 
Eippert F, Finsterbusch J, Bingel U, Büchel C. 
Science. 2009 Oct 16;326(5951):404 

Activation of the opioidergic descending pain control system 
underlies placebo analgesia. 
Eippert F, Bingel U, Schoell ED, Yacubian J, Klinger R, Lorenz J, Büchel C. 
Neuron. 2009 Aug 27;63(4):533-43.  

Resting state connectivity correlates with drug and placebo 
response in fibromyalgia patients. 
Schmidt-Wilcke T, Ichesco E, Hampson JP, Kairys A, Peltier S, Harte S, Clauw 
DJ, Harris RE. 
Neuroimage Clin. 2014 Sep 16;6:252-61. 

Placebo (Nocebo) 

m
iln

ac
ip

ra
n 

Decreased Fc - anterior cingulate cortex (ACC) and 
the insular cortex (IC), as well as between the 

periaqueductal gray (PAG) and the IC 
Decreased in activation in thalamus, insula and ACC 

to placebo and Increased in  PFC to anticipation 
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2015 

www.pinterest.com 
2014 

Pain catastrophizing and neural responses to pain among persons with 
fibromyalgia. 
Gracely RH, Geisser ME, Giesecke T, Grant MA, Petzke F, Williams DA, Clauw 
DJ. 
Brain. 2004 Apr;127(Pt 4):835-43. 

Cortical responses to pain in healthy individuals depends on 
pain catastrophizing. 
Seminowicz DA, Davis KD. 
Pain. 2006 Feb;120(3):297-306. 

Enhanced medial prefrontal-default mode network 
functional connectivity in chronic pain and its association 
with pain rumination. 
Kucyi A, Moayedi M, Weissman-Fogel I, Goldberg MB, Freeman BV, 
Tenenbaum HC, Davis KD. 
J Neurosci. 2014 Mar 12;34(11):3969-75. 

Altered Brain Structure and Function Correlate with Disease Severity and 
Pain Catastrophizing in Migraine Patients. 
Hubbard CS, Khan SA, Keaser ML, Mathur VA, Goyal M, Seminowicz DA. 
Eneuro. 2014 Dec 30;1(1):e20.14. 
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Pain Catastophizing 
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2004 

2015 

2009 

Empathy for pain involves the affective but not sensory 
components of pain. 
Singer T, Seymour B, O'Doherty J, Kaube H, Dolan RJ, Frith CD. 
Science. 2004 Feb 20;303(5661):1157-62. 

Can we share a pain we never felt? Neural correlates of 
empathy in patients with congenital insensitivity to pain. 
Danziger N, Faillenot I, Peyron R. 
Neuron. 2009 Jan 29;61(2):203-12. 

Oxytocin reduces neural activity in the pain circuitry when 
seeing pain in others. 
Bos PA, Montoya ER, Hermans EJ, Keysers C, van Honk J. 
Neuroimage. 2015 Jun;113:217-24. 

Empathy and Pain 
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Main Pointers: Applied Biology 
• Imaging Places Placebo in a Neurobiological Context of 

Systems Neurobiology 
– Patients may respond differently to Placebo vs. healthy controls 
– Placebo is complex and needs to be understood in terms of long 

term effects in patients 
– Enhancing and prolonging the Placebo Response is a major 

challenge  
 

• Psychological Constructs (e.g., Fear and Catastrophizing) 
are clear and common elements in the complexity of 
chronic pain (Altered Brain) 
– Represent a “brain state” that is fertile for pain chronification 
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Main Pointers: Chronic Pain 
• Chronic Pain has consequences on our Brains 

– Disarray of Circuits 
– Disarray of Chemistry 
– Altered Structure (white and gray matter) 

 
• Imaging has Transformed our understanding of Chronic Pain 

– Defining an objective measure 
– Transition to Chronic Pain 
– Understanding and Segregating Comorbidity 
 

• Imaging Transforms the treatment of our patients 
– Predicting Pain and Treatment 
– Measure pain in the OR 
– Evaluate the long term effects of drugs 
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Decision-making using fMRI in clinical drug development: 
revisiting NK-1 receptor antagonists for pain. 
Borsook D, Upadhyay J, Klimas M, Schwarz AJ, Coimbra A, Baumgartner R, 
George E, Potter WZ, Large T, Bleakman D, Evelhoch J, Iyengar S, Becerra L, 
Hargreaves RJ. 
Drug Discov Today. 2012 Sep;17(17-18):964-73. 
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Use of functional imaging across clinical phases in CNS drug development. 
Borsook D, Becerra L, Fava M. 
Transl Psychiatry. 2013 Jul 16;3:e282. 

Learning to identify CNS drug action and efficacy using multistudy 
fMRI data. 
Duff EP, Vennart W, Wise RG, Howard MA, Harris RE, Lee M, Wartolowska K, 
Wanigasekera V, Wilson FJ, Whitlock M, Tracey I, Woolrich MW, Smith SM. 
Sci Transl Med. 2015 Feb 11;7(274):274ra16 

Pharmacologic modulation of hand pain in osteoarthritis: a 
double-blind placebo-controlled functional magnetic resonance 
imaging study using naproxen. 
Sanders D, Krause K, O'Muircheartaigh J, Thacker MA, Huggins JP, Vennart W, 
Massat NJ, Choy E, Williams SC, Howard MA. 
Arthritis Rheumatol. 2015 Mar;67(3):741-51 

Drug Development 

2013 

2013 

2015 

Center for Pain and the Brain, HMS 42 

machine learning methods and data 
from multiple published studies to  

assess new data  
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Main Pointers: Translational Aspects 

• Imaging is a “language of translation” 
– Better animal models based on circuits 

• Imaging can improve Drug Development 
– Go-no go decisions 
– Surrogate models 
– Functional Circuits = Behaviors 

• Imaging can Improve Clinical Trials 
– Go-nogo decisions in Phase I 
– Responders vs. Non-responders in Phase II 
– Long term effects (e.g., disease modification) 

 
 
 

Center for Pain and the Brain, HMS 43 



44 

Borsook and Kalso, 2013 

Center for Pain and the Brain, HMS 



#2: Targeting High Efficacy 
Clinical Presentation Resting State Networks 

      Psychophysics 

Borsook et al., 2008  
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