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Cerebral cortical activity is heavily influenced by interactions with the basal ganglia. These interactions occur via cortico-basal

ganglia-thalamo-cortical loops. The putamen is one of the major sites of cortical input into basal ganglia loops and is frequently

activated during pain. This activity has been typically associated with the processing of pain-related motor responses. However,

the potential contribution of putamen to the processing of sensory aspects of pain remains poorly characterized. In order to more

directly determine if the putamen can contribute to sensory aspects of pain, nine individuals with lesions involving the putamen

underwent both psychophysical and functional imaging assessment of perceived pain and pain-related brain activation. These

individuals exhibited intact tactile thresholds, but reduced heat pain sensitivity and widespread reductions in pain-related

cortical activity in comparison with 14 age-matched healthy subjects. Using magnetic resonance imaging to assess structural

connectivity in healthy subjects, we show that portions of the putamen activated during pain are connected not only with

cortical regions involved in sensory-motor processing, but also regions involved in attention, memory and affect. Such a

framework may allow cognitive information to flow from these brain areas to the putamen where it may be used to influence

how nociceptive information is processed. Taken together, these findings indicate that the putamen and the basal ganglia may

contribute importantly to the shaping of an individual subjective sensory experience by utilizing internal cognitive information to

influence activity of large areas of the cerebral cortex.
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Introduction
The putamen, together with the caudate nucleus, makes up the

striatum, a major site of cortical and subcortical input into the

basal ganglia (Alexander et al., 1990). Although the putamen is

frequently activated during pain (Jones et al., 1991; Coghill et al.,

1999; Peyron et al., 2000; Bingel et al., 2004), its role during pain

has often been assumed to be related to motor processing (Jones
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et al., 1991; Coghill et al., 1994). This role would be consistent

with the traditional view of the basal ganglia as structures closely

associated with movement (Albin et al., 1989; Alexander et al.,

1990).

Several lines of evidence, however, indirectly suggest that the

putamen may contribute to the processing of sensory aspects of

pain. The striatum is rich in opioid receptors and contains noci-

ceptive neurons responsive to graded noxious stimuli (Chudler and

Dong, 1995; Chudler, 1998; Koyama et al., 2000; Sprenger et al.,

2005; Baumgartner et al., 2006). Nociceptive neurons in lamina V

of the spinal cord project directly to globus pallidus, a structure

that is intimately tied to the basal ganglia circuitry and the stri-

atum (Braz et al., 2005). Additionally, striatal activation and stri-

atal dopamine D2 receptor activity are correlated with individual

variability in pain, pain modulation and several chronic pain syn-

dromes (Hagelberg et al., 2002, 2003a, b, 2004; Pertovaara et al.,

2004; Apkarian et al., 2005; Becerra et al., 2006; Scott et al.,

2006; Wood et al., 2007; Geha et al., 2008). Furthermore,

patients with Parkinson’s disease have increased heat pain sensi-

tivity (Djaldetti et al., 2004), while patients with various chronic

pain syndromes such as fibromyalgia, chronic vulvar pain or chron-

ic low back pain display structural changes in striatal grey matter

(Schmidt-Wilcke et al., 2006, 2007; Schweinhardt et al., 2008).

However, since motor responses and/or motor control demands

elicited by pain may covary with perceived intensity, it has re-

mained difficult to conclusively determine whether the putamen

also contributes to the processing of sensory aspects of pain

(Willer, 1977; Piche et al., 2010). Moreover, the mechanisms by

which the putamen and related basal ganglia circuitry contribute

to the construction of an experience of sensory features of pain

remain to be determined.

To test the hypothesis that the putamen contributes to sensory

aspects of pain, we recruited nine patients with lesions involving

the putamen. These individuals underwent both psychophysical

evaluation and functional MRI to determine if damage to the pu-

tamen disrupts sensory aspects of pain and reduces pain-related

brain activation. The putamen is connected to numerous cerebral

cortical and subcortical regions, but to date, the brain networks

associated with nociceptive processing in the putamen remain

poorly characterized. Thus, the structural connectivity of regions

of the putamen activated during pain was also explored in healthy

control subjects to determine how nociceptive information may

access the putamen.

Materials and methods

Subjects
Fourteen normal healthy adults were recruited to participate in the

study. There were eight females and six males (age 46–75 years;

mean 59 years). Out of the 14 subjects, 13 participated in the imaging

session. One female participant did not participate in the brain imaging

session due to claustrophobia. In addition, to examine how brain

lesions affecting the putamen may alter pain perception, sensory

thresholds and pattern of brain activations, a group of nine stroke

patients, seven males and two females (age 46–71 years; mean 59

years) were also recruited. The proportion of males and females

was not significantly different between groups (Fisher’s exact test,

P = 0.20). All patients suffered from left ischaemic strokes with lesions

encompassing the putamen (Fig. 1 and Supplementary Table 1). All

subjects underwent the same experimental protocols. All gave written,

informed consent acknowledging that: (i) they would experience

experimental painful stimuli; (ii) all methods and procedures were

clearly explained; and (iii) they were free to withdraw from the ex-

periment at any time without prejudice. All procedures were approved

by the Institutional Review Board of Wake Forest University School of

Medicine.

Psychophysical data collection
Subjects rated pain using a 15-cm plastic visual analogue scale that has

been widely used to assess pain because of ease of use while providing

quantifiable measurements of pain intensity and pain unpleasantness

[Parisian Novelty Co. (Price et al., 1994)]. The minimum was anchored

with ‘no pain sensation’ or ‘not at all unpleasant’, while the max-

imum was anchored with ‘most intense pain imaginable’ or ‘most un-

pleasant imaginable’. Using an audio analogy, subjects were instructed

to distinguish between pain intensity and pain unpleasantness

(Price et al., 1989). All thermal stimuli used for suprathreshold stimu-

lation were applied to the posterior aspect of the lower leg via a

16 � 16-mm2 Peltier device (Medoc TSA II) secured with a Velcro

strap. Baseline temperature was maintained at 35�C, and stimulus

temperatures were delivered with rise and fall rates of 6�C/s. During

a psychophysical training session, subjects rated 32 noxious heat sti-

muli (35 and 43–49�C, 5 s duration) using the visual analogue scale in

order to gain experience rating pain. These ratings are not reported

further.

Next, subjects provided post-stimulus pain intensity and pain un-

pleasantness visual analogue scale ratings of 18 graded 5-s duration

noxious heat stimuli of three different temperatures (35, 45 or 50�C)

delivered in a pseudo-random fashion on each leg. To minimize sen-

sitization, habituation or hyperalgesia, all trials were separated by a

minimum of 30 s and were administered on previously unstimulated

skin sites (Pedersen and Kehlet, 1998a, b).

Finally, in order to ensure that subjects could tolerate the stimuli

used during the MRI session, subjects also rated long-duration noxious

stimuli during the training session. These long-duration noxious stimuli

were delivered using a block design (49�C, 30 s off to 30 s on,

5 cycles) with baseline temperature of 35�C. Continuous ratings of

this stimulus series have been previously shown to remain largely

stable from one stimulus epoch to the next (Koyama et al., 2003).

A total of four series [two during stimulation of the left (unaffected/

ipsilesional) side, two during stimulation of the right (affected/

contralesional) side, alternating between sides] were given. At the

end of each series, the subjects were asked to provide overall pain

intensity and unpleasantness visual analogue scale ratings. These data

are not reported further.

Quantitative testing of sensory
thresholds

Tactile thresholds

To quantitatively assess tactile thresholds of the healthy subjects and

deficits of areas that may be affected by the lesions in patients, von

Frey filaments were used to examine the ventral forearms and dorsal

calves bilaterally using the method of constant stimuli. Minimum fila-

ment size required for subjects to consistently (greater than �75%)
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detect touch for each of the areas was recorded. Each body area was

tested a variable number of times as the threshold was successively

approximated with different von Frey filaments.

Thermal thresholds

Heat pain, cold pain, warm detection and innocuous cool detection

thresholds were determined by the method of limits. For each of

the four modalities, a 32 � 32-mm2 thermode was applied to the

right and left dorsal calf. For warm detection and heat pain thresholds,

the temperature was increased at 1�C/s from 35�C to 50�C. Subjects

were then asked to indicate either the point at which the baseline

temperature transitioned to a warm sensation (warm detection) or

when a non-painful warm sensation changed to a painful heat sensa-

tion (heat pain) by pressing a button. For innocuous cool and cold

pain thresholds, temperature was decreased at 1�C/s from 35�C to

0�C. Subjects were subsequently asked to indicate the point

at which the baseline temperature transitioned to a cool sensation

(innocuous cool) or when a non-painful cool sensation transitioned

to a painful cold sensation (cold pain). For each modality, the test

was repeated successively six times and the mean threshold tem-

perature was calculated. To minimize sensitization, habituation or

hyperalgesia, all trials were separated by a minimum of 30 s and

were performed on previously unstimulated skin sites (Pedersen and

Kehlet, 1998a, b).

Figure 1 High-resolution structural MRI images showing the extent of the lesions in each patient. All nine patients had ischaemic strokes

with lesions encompassing the left putamen, indicated by an arrow or circle. Slice location is given as millimetres above the anterior–

posterior commissure line in standard space in the z-axis. R = right.
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Functional imaging
The functional MRI session consisted of eight series [four during stimu-

lation of the left (unaffected/ipsilesional) side, four during stimulation

of the right (affected/contralesional) side, alternating between sides].

Long-duration noxious stimuli were delivered using a block design

(49�C, 30 s off to 30 s on, 5 cycles) with a baseline temperature

of 35�C. At the end of each functional MRI series, the subjects

were asked to provide overall pain intensity and unpleasantness

visual analogue scale ratings.

Image acquisition and processing

Functional MRI data were acquired on a 1.5 T General Electric

Twin-Speed LX Scanner with a birdcage quadrature head coil

(General Electric Medical Systems). For functional imaging, blood oxy-

genation level-dependent images of the entire brain were acquired

continuously by using single-shot echoplanar imaging [echo

time = 40 ms; repetition time = 2 s; 28 � 5-mm thick slices; in-plane

resolution 3.72 � 3.75 mm; flip angle = 90�; no slice gap] (Ogawa

et al., 1990). Each functional MRI series consisted of 165 volumes

and lasted 350 s with 20 s equilibration time at the beginning of

each series. During each acquisition series, subjects were requested

to close their eyes. High-resolution structural scans were acquired

using a 3D spoiled gradient-echo (3D inversion spoiled gradient-

recalled acquisition in a steady state) sequence (inversion time =

600 ms; repetition time = 9.1 ms; flip angle = 20�; echo time =

1.98 ms; matrix 256 � 196; slice thickness 1.5 mm with no gap

between sections; 124 sections; in-plane resolution 0.9375 �

0.9375 mm; field of view = 24 cm). In addition, to help visualize the

extent of the lesion, high-resolution fast spin echo images (repetition

time = 4200 ms; flip angle = 90�; echo time = 85 ms; matrix 256 �

256; slice thickness 5 mm with no gap between slices; 26 slices;

in-plane resolution 0.85937 � 0.85938 mm; field of view = 22 cm)

and high-resolution axial fluid-attenuated inversion recovery (inversion

time = 2000 ms; repetition time = 8000 ms; flip angle = 90�; echo

time = 120 ms; matrix 256 � 256; slice thickness 5 mm with no gap

between slices; 26 slices; in-plane resolution 0.85937 � 0.85938 mm;

field of view = 22 cm) were also acquired.

The functional image analysis package FSL [Functional Magnetic

Resonance Imaging of the Brain (FMRIB) Software Library (Centre

for FMRIB, University of Oxford)] was used for image processing

and statistical analysis. The functional data were movement corrected,

spatially smoothed by 5-mm full-width at half-maximum with a 3D

isotropic Gaussian kernel, and temporally filtered by a non-linear

high-pass filter with a cut-off period of 90 s. Each functional image

was scaled by its mean global intensity (intensity normalization). Next,

each subject’s functional images were registered to their structural

data using a seven-parameter linear 3D transformation and trans-

formed into standard stereotaxic space (as defined by the Montreal

Neurological Institute) using a 12-parameter linear 3D transformation

(Tailarach and Tournoux, 1988; Jenkinson et al., 2002). Visual inspec-

tion of an animated time series confirmed that spatial transformations

during registration and movement correction were successfully

accomplished.

Diffusion tensor image acquisition
To minimize the imaging distortion associated with eddy currents, dif-

fusion tensor image data were acquired using a dual spin-echo

single shot echo-planar imaging (Reese et al., 2003). The diffusion-

weighted images were acquired along 25 isotropically distributed

directions with a b-value of 1000 s/mm2 and a voxel size

of 0.9375 � 0.9375 mm (repetition time = 11000 ms; echo time =

79.3 ms; 128 � 128 matrix; slice thickness 3 mm with no gap between

sections; 45 sections; field of view = 24 cm).

Statistical analysis of psychophysical
data
To examine the effects of putamen lesions on pain, we compared pain

intensity and unpleasantness ratings between left (unaffected/ipsile-

sional) and right (affected/contralesional) sides using ANOVA (JMP

software; SAS Institute). To determine if lesioned subjects exhibited

different pain sensitivity during brief graded noxious stimuli (35, 45

and 50�C, 5 s), three-factor ANOVAs were used to examine the ef-

fects of body side, stimulus temperature and lesion on pain intensity

and unpleasantness ratings. For long-duration noxious stimulation

during functional MRI (49�C, 30 s off to 30 s on, 5 cycles), we used

two-factor ANOVAs to determine if lesioned patients exhibited differ-

ent sensitivity than healthy subjects. In addition, three-factor ANOVAs

were used to examine the effects of body sides, body location (arm

versus leg) and lesion on tactile thresholds, while two-factor ANOVAs

were used to examine the effects of body side and lesion on thermal

thresholds. In addition, regression analyses were used to assess the

potential relationship between time after lesion and thermal thresh-

olds, as well as side-to-side differences in heat pain sensitivity.

Lesion volume characterization
In order to better understand the relationship between sensory deficits

and lesion volume and location, each patient’s lesion was identified in

a semi-automated fashion. Segmentation of each patient’s lesion was

performed manually using automated tissue class segmentation (FSL

FAST software) as a guide for the visualization of lesions. Each

patient’s high-resolution structural images (inversion spoiled gradient-

recalled acquisition in a steady state, fast spin echo and fluid-

attenuated inversion recovery) were used as inputs for multi-channel

automated tissue class segmentation with four classes of tissues (grey

matter, white matter, CSF and damaged tissue) specified as outputs of

the segmentation (Zhang et al., 2001). To generate a lesion mask for

each patient, segmentation outputs containing damaged tissues as well

as other classes of tissues were overlaid on top of structural images to

help with the visualization of the affected region. Subsequently, a

lesion mask for each patient was manually drawn using FSLView.

Additionally, since five patients had parts of the thalamus affected

by the lesion, we also sought to determine if there was a relationship

between the volume of the thalamus that was lesioned and pain rat-

ings. The volume of lesions affecting the thalamus in these five pa-

tients were determined using Harvard–Oxford Atlas as a guide (Frazier

et al., 2005; Desikan et al., 2006; Makris et al., 2006; Goldstein et al.,

2007).

The lesion masks for each patient were registered to standard space

and summed across individuals to generate a single-lesion location

frequency map for display. In each individual subject, total lesion

volume as well as thalamic lesion volume were expressed in relation-

ship to standard stereotaxic space to compensate for individual differ-

ences in brain size. Next, lesion volume (in cubic millimetres

in standard space), thalamic lesion volume (in cubic millimetres in

standard space) and percent difference in pain intensity ratings be-

tween body sides for each patient {[(visual analogue scale left-visual

analogue scale right)/visual analogue scale left] � 100} were log trans-

formed. The relationships between these log-transformed values were

then assessed by regression analysis.
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Statistical analysis of regional signal
changes within the brain
Pain-related activations were examined using simple boxcar functions.

The regressor was convolved with a gamma-variate model of the

haemodynamic response (delay, 6 s; SD, 3 s) and its temporal deriva-

tive, and was temporally filtered with the same parameters as the

functional MRI data. For each individual, first-level fixed-effects gen-

eral linear modelling analyses were used to identify pain-related brain

activation associated with the modelled haemodynamic response func-

tion (Woolrich et al., 2001). Subsequently, second-level fixed-effects

analyses were performed across the multiple series acquired for each

subject. Next, random-effects third-level analyses were performed to

assess activation across individuals for each group. In addition, direct

contrast comparisons of pain-related brain activations between healthy

subjects versus patients were done using fixed-effects analyses. These

analyses were performed at third-level using results of second-level

analyses as inputs. This allows us to determine which brain areas

exhibited statistically significant greater activation in healthy sub-

jects when compared with patients during painful stimulation. Z

(Gaussianized T/F)-statistic images were thresholded using clusters

determined by z4 2.3 and a (corrected) cluster significance threshold

of P5 0.05 (Worsley et al., 1992).

Seed masks for structural connectivity
In order to analyse the structural connectivity of regions of the puta-

men activated during pain, seed masks were first generated. This was

accomplished by binarizing both contralateral and ipsilateral regions of

the putamen activated during both left and right-sided noxious stimu-

lation in healthy subjects. Thus, four putamen seed masks were gen-

erated: (i) left putamen during stimulation of left body side; (ii) right

putamen during stimulation of left body side; (iii) left putamen during

stimulation of right body side; and (iv) right putamen during stimula-

tion of right body side.

Statistical analysis of probabilistic
tractography
To determine the structural connectivity of regions of the putamen

activated during pain, probabilistic tractography was performed on

diffusor tensor imaging data as described previously (Behrens et al.,

2003b; Johansen-Berg et al., 2004, 2005). Probabilistic tractography

utilizes the anisotropic diffusion of water in white matter. Since water

diffuses along the direction of the white matter tract without crossing

the myelin sheaths, the orientation of diffusion can provide useful

insights into the orientation of white matter fibres. The orientation

of maximal diffusion is called the principal diffusion direction. A prob-

ability density function for the uncertainty of the principal diffusion

direction was computed using Bayes’ rule based on the parameters

given in the data (Behrens et al., 2003b). Markov Chain Monte

Carlo sampling was then used to identify possible tract directions

based on the probability density functions. Multiple sampling of the

data set produced connectivity distributions, i.e. the possible tracts that

could occur from a particular brain region. This technique allows us to

examine the directions and connections of each brain region

(Hadjipavlou et al., 2006).

Probabilistic tractography provides quantification of the likelihood of

connectivity between the seed mask and other brain areas. An image

generated by probabilistic tractography shows the tract path between

the seed and other connected brain areas. The difference between

outputs of the different sample sizes converged with higher sample

sizes. The sample size determines the number of individual pathways

(or samples) that are drawn through the probability distributions on

principle fibre direction. Convergence is reached with high number of

samples (45000) (Behrens et al., 2003b). However, a sample size of

10 000 was determined to be sufficiently large for connectivity ana-

lyses and tract image generation (Behrens et al., 2003b; Hadjipavlou

et al., 2006). Because we wanted to explore all possible brain areas

that were connected to our designated seed masks, we employed a

whole brain search approach. Accordingly, no target regions were

entered into the tractography analysis. For each of the 13 normal sub-

jects, probabilistic tractography was used to determine which brain

areas were anatomically connected to each of the four putamen seed

masks. Four tract images (one for each of the four putamen seed

masks) were generated for each individual. The quantification of

tract pathways was performed in native diffusion space for each sub-

ject. The output of this analysis was transformed into standard stereo-

taxic space. These standard space images were then binarized and

summed across individuals to generate a frequency map for each

seed mask. This frequency map shows brain areas that were anatom-

ically connected with each of the seed masks across individuals

(Hadjipavlou et al., 2006). The colour scale of the map enabled easy

visualization of the number of subjects, ranging from 1–13, that dis-

play each connection.

Additionally, since some patients had parts of the internal capsule

and thalamic projections to primary somatosensory cortex affected by

the lesion, we also sought to examine the integrity of these white

matter projections to primary somatosensory cortex by diffusion

tensor imaging probabilistic tractography. To ensure that psychophys-

ical as well as functional differences in brain activation were not due to

deafferentation of thalamic projections to primary somatosensory

cortex, we performed probabilistic tractography for each of the

lesion patients using a seed mask of the left primary somatosensory

cortex derived from the Harvard–Oxford Atlas (Frazier et al., 2005;

Desikan et al., 2006; Makris et al., 2006; Goldstein et al., 2007). The

outputs of the tractography were then binarized and summed across

individuals to generate a frequency map for display.

Results

Neurological findings of patients with
putamen lesions
Nine ischaemic stroke patients, seven males and two females, (age

46–71 years; mean 59 years) with lesions affecting the left puta-

men participated in the study (Figs 1, 5A and Supplementary Table

1). Subjects were tested from 2 weeks to 15 years (mean time: 4

years) after their stroke. Sensory examinations were normal

throughout position and vibration, although there were mild de-

creases in touch on the right (affected/contralesional) side in some

patients (Supplementary Table 1). These were well within the

range of normal variability of the healthy subjects. Motor testing

revealed that most patients exhibited a degree of motor deficits on

the right (affected/contralesional) side, including weakness of right

upper and/or lower extremities (Supplementary Table 1). These

findings are characteristic of lesions involving the putamen and

the basal ganglia. In all patients, there was no aphasia or impaired

cognition, no central post-stroke pain and no signs of hemineglect.
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Quantitative assessment of tactile and
thermal thresholds
Quantitative assessment of tactile thresholds with von Frey fila-

ments revealed that the tactile thresholds of patients were not

significantly different from healthy subjects [group: F(1,21) = 1.0,

P = 0.33; body sides: F(1,21) = 1.2, P = 0.28; group � body sides

interaction: F = 1.7, P = 0.21], although in both groups, the arms

were more sensitive than the legs [body location: F(1,21) = 12.2,

P5 0.01; group � body location interaction: F(1,21) = 0.0,

P = 0.96] (Fig. 2A and B).

In patients, cool detection thresholds on both the left and

right sides were in the range of those of the healthy subjects

(Fig. 2C). There was no main effect of group or sides [group:

F(1,16) = 0.9, P = 0.35; body sides: F(1,16) = 2.6; P = 0.12]

nor was there a group � body side interaction [F(1,16) = 2.1,

P = 0.16].

Cold pain thresholds of both sides of patients were significantly

lower than those of the healthy subjects [group: F(1,15) = 12.8,

P5 0.01] (Fig. 2E). In addition, there was no statistically reliable

side-to-side difference in cold pain thresholds of patients when

compared with healthy subjects [group � body sides interaction:

F(1,15) = 0.6, P = 0.44], nor was there a significant main effect of

stimulation side [body sides: F(1,15) = 0.1, P = 0.79]. This suggests

that putamen lesions may be unique in disrupting cold pain sen-

sations bilaterally.

Patients had higher warmth detection thresholds on their right

(affected/contralesional) sides than did healthy subjects [group � -

body sides interaction: F(1,17) = 4.7, P = 0.05] (Fig. 2D). There

was a significant main effect of side of stimulation on innocuous

warm detection thresholds [body sides: F(1,17) = 8.1, P = 0.01];

however, there was no main effect of group [group:

F(1,17) = 0.5, P = 0.50].

The left (unaffected/ipsilesional) and right (affected/contrale-

sional) heat pain thresholds of patients appear completely

normal and symmetric (Fig. 2F). There were no significant main

effects of group and sides and no detectable side-to-side differ-

ence in patients when compared with healthy subjects [group:

F(1,17) = 0.2, P = 0.66; body sides: F(1,17) = 0.4, P = 0.55;

group � body side interaction: F(1,17) = 0.0, P = 0.91].

Figure 2 Tactile and thermal thresholds (mean � SEM). Tactile threshold of patients with putamen lesions were not significantly different

from healthy controls (normals) (A, B). Patients with putamen lesions displayed some disturbances in cold pain thresholds and warm

detection thresholds while exhibiting normal heat pain and innocuous cool detection thresholds (C–F). Cool detection thresholds on both

the left and right sides of patients were in the range of those of the healthy subjects (C). However, cold pain thresholds of patients were

significantly lower than those of the healthy subjects on both sides (P5 0.01) (E). In addition, patients had higher warmth detection

thresholds on their right (affected/contralesional) sides than did healthy control subjects (P = 0.05) (D). The left (unaffected/ipsilesional)

and right (affected/contralesional) heat pain thresholds of patients appear completely normal and symmetric (F). Asterisk denotes

statistical significance (P50.05).
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These results suggest that putamen lesions disrupt cold pain thresh-

olds and warm detection thresholds while leaving tactile and other

temperature thresholds intact. Thus, patients’ ability to experience

and provide pain ratings for noxious heat stimuli was likely minimally

affected by the lesions. Moreover, the differences seen among

various thermal threshold modalities are unlikely to be due to impair-

ments of reaction time since not all modalities were affected. Heat

pain thresholds of the patients, for example, are virtually the

same as (and not significantly different from) those of the healthy

subjects. In addition, we found no statistically significant relationship

between thermal thresholds and time after stroke or thalamic

lesion volume (all P40.16, all P40.13, respectively). This suggests

that our results are likely due to lesions confined to the putamen and

not confounded by recovery time or thalamic involvement.

Short-duration pain ratings of patients
with putamen lesions
Patients were able to evaluate brief noxious stimuli of graded

intensities (35, 45 and 50�C, 5 s) applied to the posterior aspect

of the lower legs on both left (unaffected/ipsilesional) and right

(affected/contralesional) sides (Fig. 3). Both patients and healthy

subjects exhibited monotonic increases in visual analogue scale

ratings of pain intensity and unpleasantness as stimulus tem-

perature increased [pain intensity: F(1,21) = 79.3, P50.01; pain

unpleasantness: F(1,21) = 52.7, P50.01]. However, patients

exhibited significantly lower pain intensity visual analogue scale

ratings during stimulation of the right (affected/contralesional)

side than those of left (unaffected/ipsilesional) side when

Figure 3 Pain intensity and unpleasantness visual analogue scale (VAS) ratings during the graded noxious stimulation at 45 and 50�C

(mean � SEM). Patients retained the ability to discriminate noxious stimuli of graded intensities applied to the posterior aspect of the lower

legs on both left (unaffected/ipsilesional) and right (affected/contralesional) sides. However, patients exhibited significantly lower visual

analogue scale ratings of pain intensity during stimulation of the right (affected/contralesional) side than those of left (unaffected/

ipsilesional) side when compared with healthy subjects (normals) (P5 0.01) (A, B). Although side-to-side differences in pain unpleas-

antness ratings between the patients and healthy subjects did not reach statistical significance, there was a strong trend towards a

difference (P = 0.052) (C, D). Asterisk denotes statistical significance (P5 0.05). Please note that since visual analogue scale ratings of

35�C were zero, these values were not displayed on the bar graphs.
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compared with healthy subjects [body sides � group interaction:

pain intensity F(1,21) = 8.6, P50.01] (Fig. 3A and B).

Additionally, there was a strong trend towards side-to-side differ-

ences in pain unpleasantness ratings between the patients and

healthy subjects [body sides � group interaction: pain unpleasant-

ness: F(1,21) = 4.2, P = 0.052] (Fig. 3C and D). There was no

significant main effect of body side and group on pain intensity

and pain unpleasantness, although the effect of sides on pain

unpleasantness ratings showed a strong trend [sides—pain inten-

sity: F(1,21) = 1.1 P = 0.30; pain unpleasantness: F(1,21) = 4.1,

P = 0.06; group—pain intensity: F(1,21) = 0.0, P = 0.85; pain

unpleasantness: F(1,21) = 0.0, P = 0.87] (Fig. 3). These results

indicate that putamen lesions may result in decreased pain sensi-

tivity to brief graded noxious stimuli on the right (affected/

contralesional) body side when compared with healthy subjects.

Long-duration pain ratings of patients
with putamen lesions
During long-duration noxious stimulation (30 s off, 30 s on,

5 cycles, 49�C) in the functional MRI session, patients exhibited

significantly lower visual analogue scale ratings of pain intensity

during stimulation of the right (affected/contralesional) side than

those of the left (unaffected/ipsilesional) side when compared

with healthy subjects [body sides � group interaction: pain inten-

sity: F(1,20) = 9.5, P = 0.01] (Fig. 4). Although, side-to-side differ-

ences of pain unpleasantness ratings between patients and healthy

subjects did not reach statistical significance, there was a strong

trend towards a difference [body sides � group interaction: pain

unpleasantness: F(1,20) = 3.5, P = 0.08] (Fig. 4). There were no

significant main effects of body sides on pain intensity and

unpleasantness ratings, although the effect of sides on pain inten-

sity ratings showed a strong trend [pain intensity: F(1,21) = 3.9,

P = 0.06; pain unpleasantness: F(1,21) = 0.5, P = 0.51]. Similarly,

there were no significant main effects of group on pain intensity

and unpleasantness ratings, but the effect of group on pain

unpleasantness ratings showed a strong trend [pain intensity:

F(1,20) = 1.4, P = 0.25; pain unpleasantness: F(1,20) = 3.4,

P = 0.08] (Fig. 4). These results suggest that unilateral lesions of

the putamen may decrease pain sensitivity to both brief and pro-

longed noxious stimulation on the right (affected/contralesional)

body side when compared with healthy subjects.

Lesion volume and difference in pain
ratings between sides
Patients’ lesions were centred in the left putamen with a few

subjects showing larger, more extensive lesions (Figs 1 and 5A).

Patients with smaller, focal lesions of the putamen exhibited

greater differences in pain intensity ratings between sides, whereas

patients with larger, more extensive lesions exhibited smaller dif-

ferences in pain ratings between sides (r2 = 0.53, P = 0.02)

(Fig. 5B). Additionally, in the five subjects with lesions that en-

croached on the thalamus, there was no statistically significant

relationship between volume of the thalamus that was damaged

and differences in pain intensity ratings between sides (r2 = 0.00,

P = 0.99) (Fig. 5C). Thus, it appears that focal lesions specific to

the putamen are effective in producing unilateral disruption of

nociceptive processing. There was also no statistically significant

relationship between time after stroke and differences in pain

intensity ratings between sides (P = 0.44).

Figure 4 Pain intensity and unpleasantness visual analogue scale (VAS) ratings during long duration noxious stimulation (mean � SEM).

Putamen lesions produced decreased pain sensitivity to long duration noxious stimuli on the right (affected/contralesional) body side in

patients when compared with healthy subjects. Patients exhibited significantly lower visual analogue scale ratings of pain intensity during

stimulation of the right (affected/contralesional) side than those of the left (unaffected/ipsilesional) side when compared with healthy

subjects (P = 0.0058). Although, side-to-side differences of pain unpleasantness ratings between patients and healthy subjects did not

reach statistical significance, there was a strong trend towards a difference (P = 0.0762). Asterisk denotes statistical significance

(P50.05).
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Putamen and other pain-related brain
activation in healthy subjects
During long-duration noxious stimulation (49�C, 30 s off to 30 s

on, 5 cycles) of the lower leg of the left side in healthy subjects,

brain activation was identified within the anterior cingulate cortex,

supplementary motor area, secondary somatosensory cortex,

insula, primary somatosensory cortex, frontal operculum, thal-

amus, putamen and cerebellum (Fig. 6 and Supplementary Table

2). Stimulation of the right lower leg produced similar patterns of

brain activation (Fig. 6 and Supplementary Table 2). This pattern

of brain activation is consistent with normal brain activation during

pain (Coghill et al., 1994, 2001; Peyron et al., 2000; Oshiro et al.,

2007). While putamen activation was detected bilaterally during

stimulation of each body side individually, the patterns and degree

of ipsilateral and contralateral putamen activation differed some-

what (Figs 6, 8A and Supplementary Table 2). Regardless of side

of stimulation, the ipsilateral putamen activation appears to be

smaller when compared with that of contralateral putamen (Figs

6 and 8A).

Additionally, during painful stimulation of either body side, ac-

tivation was identified within anterior areas of the thalamus that

have a high probability of having connections with the prefrontal

cortex according to the Oxford Thalamic Connectivity

Atlas (Behrens et al., 2003a, b) (Fig. 6 and Supplementary

Table 2). Although correlating the thalamic activation loci to spe-

cific thalamic nuclei is difficult, these activated regions occur in

areas consistent with the medial dorsal, ventral lateral and ven-

tral anterior nuclei of the thalamus (Tailarach and Tournoux,

1988; Lancaster et al., 2000, 2007) (Fig. 6 and Supplementary

Table 2).

Pain-related brain activation in patients
with putamen lesions
During painful stimulation of the left (unaffected/ipsilesional) body

side, pain-induced brain activation was identified within the anter-

ior cingulate cortex, insula, frontal operculum, supplementary

motor area and cerebellum (Fig. 6 and Supplementary Table 2).

However, in contrast to that seen in normal subjects, no secondary

somatosensory cortex, thalamic or putamen activation was

observed. Stimulation of the right (affected/contralesional) leg

activated the insula and frontal operculum (Fig. 6 and

Supplementary Table 2). In general, brain activation during stimu-

lation of the right (affected/contralesional) side was less robust

than that during stimulation of the left (unaffected/ipsilesional)

side. Compared with stimulation of the left (unaffected/ipsile-

sional) side, there was no detectable anterior cingulate cortex ac-

tivation during stimulation of the right (affected/contralesional)

side (Fig. 6 and Supplementary Table 2). This may be attributable

to reduced pain experienced by the patients during stimulation of

their right (affected/contralesional) side.

Direct comparison of pain-related brain
activation between healthy subjects and
patients
When compared with healthy subjects, patients exhibited less ac-

tivation in a number of areas involved in nociceptive processing

including secondary somatosensory cortex, primary somatosensory

cortex, anterior cingulate cortex, insula, thalamus, cerebellum,

dorsolateral prefrontal cortex, and putamen during stimulation of

both right (affected/contralesional) and left (unaffected/

Figure 5 Focal lesions specific to the putamen are effective in producing large differences in pain ratings between sides in patients. Voxels

in colour represent the number of patients with lesions at a given locus (displayed on a structural MRI that has been averaged across all

lesion patients, A). The patients’ lesions were concentrated within the left putamen (outlined in black) with a few subjects showing larger,

more extensive lesions. The difference in pain intensity ratings between sides is inversely logarithmically related to lesion volume (B).

However, in the five subjects where the lesion encroached into the thalamus, there was no relationship between the difference in pain

intensity ratings between sides and volume of thalamus that was affected by the lesion (C). R = right.
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ipsilesional) sides (Fig. 7). These findings indicate that while the

psychophysical differences were only observed unilaterally, unilat-

eral lesions of the putamen may produce a generalized, diffuse

pattern of altered pain-related brain activity that is manifested

bilaterally (Figs 3, 4, 6 and 7).

Structural connectivity of the putamen
Probabilistic tractography analyses were performed in healthy sub-

jects on each of the four putamen seed masks (two for each side

of stimulation, one ipsilateral, one contralateral) (Fig. 8A and B).

Tractography is a useful tool in identifying the anatomical frame-

work that may support functional connections within a neural net-

work and can provide useful insights into understanding the

dynamics of an identified brain network. These analyses revealed

that similar brain areas were structurally connected with each of

the four putamen seed masks, suggesting that a similar brain net-

work is associated with both contralateral and ipsilateral regions of

the putamen activated during pain. Structurally connected brain

areas identified included: (i) nociceptive processing areas including

anterior cingulate cortex, insula and thalamus; (ii) attention- and

premotor-related areas including middle frontal gyrus, Brodmann

area 8 (BA8), anterior cingulate cortex and supplementary motor

area; and (iii) memory processing areas including the amygdala

and hippocampus (Fig. 8B). Additionally, structural connections

were also identified in the ventral midbrain region. Although cor-

relating these structurally connected midbrain areas to specific loci

is difficult, these structurally connected regions occurred in areas

consistent with the substantia nigra/ventral tegmental area (Fig.

8B) (Tailarach and Tournoux, 1988; Lancaster et al., 2000, 2007).

Effect of lesions on thalamo-cortical
connectivity in patients
The putamen is in close proximity to the internal capsule, a white

matter region that contains the connections between the somato-

sensory thalamus and the primary somatosensory cortex. Since

disruption of thalamic projections in this white matter region

would potentially confound interpretation of sensory changes

associated with damage affecting the putamen, we performed

Figure 6 Pain-related brain activation in healthy subjects and patients. During long duration noxious stimulation of either body side in the

healthy subjects (normals), brain activation was identified within the anterior cingulate cortex, supplementary motor area, secondary

somatosensory cortex, insula, SI, frontal operculum, thalamus, putamen and cerebellum (left). Putamen activation was detected bilaterally

during stimulation of either body side. Additionally, activation was identified within anterior areas of the thalamus during painful

stimulation of either body side. In contrast, during painful stimulation of the left (unaffected/ipsilesional) body side in patients,

pain-induced brain activation was identified within the anterior cingulate cortex, insula, frontal operculum, supplementary motor area and

cerebellum (right). However, no secondary somatosensory cortex, thalamic or putamen activation was observed. Stimulation of the right

(affected/contralesional) leg in patients activated the insula and frontal operculum. In general, brain activation during stimulation of the

right (affected/contralesional) side was less pronounced than that during stimulation of the left (unaffected/ipsilesional) side in patients. In

addition, pain-related brain activation during stimulation of either side in patients is less robust than that of healthy subjects. Anatomical

images are the average of the structural MRIs of the healthy subjects and patients, respectively. ACC = anterior cingulate cortex;

IPL = inferior parietal lobule; OP = operculum; PCC = posterior cingulate cortex; R = right; SI = primary somatosensory cortex;

SMA = supplementary motor area; VMPFC = ventromedial prefrontal cortex.
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an additional probabilistic tractography analysis in the lesion pa-

tients in order to assess the integrity of these connections. Using a

seed mask in the primary somatosensory cortex, these analyses

revealed that seven out of nine patients had connections between

the thalamus and primary somatosensory cortex that were suffi-

ciently intact to be detected with diffusion tensor imaging (Fig. 9).

These connections were focused on a ventral/lateral region of the

thalamus that, when viewed on the Tailarach atlas, was consistent

with the location of the ventral posterolateral nucleus. The two

patients in whom thalamic connections could not be detected

were Patients 1 and 7, and they had the largest lesions and

small side-to-side differences in heat pain sensitivity. In addition

to the thalamic connections, connections between the primary

somatosensory cortex and the parietal operculum/secondary som-

atosensory cortex were also detected in the majority of the

patients.

Discussion
Pain is an intrinsically intrusive experience that conveys highly sa-

lient information relevant to the status of the organism and has

clear sensory, affective and motoric dimensions (Price, 1999). One

brain region, the putamen, is frequently activated during studies of

pain. As part of the basal ganglia, this structure has been trad-

itionally associated with motor functions; however, its potential

contributions to pain have remained unclear. The present investi-

gation now provides direct evidence that the putamen also con-

tributes to sensory aspects of pain. Patients with putamen lesions

exhibited decreased pain sensitivity and widespread decreases in

pain-related brain activation. This broad pattern of decreased ac-

tivity indicates that the putamen may influence the activity of

numerous brain regions engaged in different dimensions of the

pain experience, and accordingly, may be critically involved in

the shaping of the pain experience. Consistent with these changes

in brain activation associated with lesions of the putamen, data

from structural connectivity analyses in healthy subjects support

the idea that regions of the putamen activated during pain interact

with numerous cortical regions. Bilateral portions of the putamen

activated during pain were shown to be connected not only to

brain areas involved in sensory–motor processes but also to re-

gions that play important roles in attention, affect and memory.

Taken together, these data provide multiple, converging lines of

evidence that indicate that the basal ganglia, and specifically,

Figure 7 Direct comparison of pain-related brain activation between healthy subjects and patients. The activated areas represent regions

where healthy subjects (normals) exhibited greater pain-related brain activation than patients (healthy subjects4patients). When com-

pared with healthy subjects, patients exhibited less activation in a number of areas involved in nociceptive processing including secondary

somatosensory cortex, SI, anterior cingulate cortex, insula, thalamus, cerebellum, dorsolateral prefrontal cortex, and putamen during

stimulation of both affected (right) and unaffected sides (left). Anatomical images are the average of the structural MRIs of the healthy

controls. ACC = anterior cingulate cortex; R = right; SI = primary somatosensory cortex; SII = secondary somatosensory cortex;

DLPFC = dorsolateral prefrontal cortex.
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Figure 8 Putamen activation and structural connectivity of the putamen. The top row shows putamen activation during pain (A). The

patterns of ipsilateral and contralateral putamen activation differed substantially regardless of side of stimulation. The ipsilateral putamen

activation appears to be smaller when compared with that of contralateral putamen activation. These four putamen activation loci were

used as seeds for structural connectivity analyses. Each of the four panels separated by white vertical lines displays structural (diffusion

tensor imaging) connections of the corresponding seed mask (B). Structurally connected brain areas identified included: (i) nociceptive

processing areas including anterior cingulate cortex, insula and thalamus; (ii) attention-related areas including middle frontal gyrus, BA8,

anterior cingulate cortex and supplementary motor area; and (iii) memory processing areas including the amygdala and hippocampus. In

addition, the substantia nigra/ventral tegmental area in the midbrain was also found to be structurally connected with the putamen. Note

that the significance colour bar denotes the number of subjects displaying corresponding structural connections in the diffusion tensor

image. Anatomical images are the average of the structural MRIs of the normal controls. ACC = anterior cingulate cortex; middle frontal

gyrus = MFG; R = right; SI = primary somatosensory cortex; SMA = supplementary motor area; SN/VTA = substantia nigra/ventral

tegmental area.
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circuits that involve the putamen may contribute importantly to

the processes that transform nociceptive information to a subject-

ively available experience of sensory features of pain such as

intensity.

Impact of damage to the putamen
versus adjacent structures on sensory
processing
Studies of patients with naturally occurring brain lesions are chal-

lenging because of variability introduced by the heterogeneous

nature of the regions affected by the lesion. To minimize these

concerns, extra caution was applied to recruit patients with a sig-

nificant overlap of lesion location. In the present investigation, all

nine lesion patients had damage that encompassed the posterior/

dorsal regions of the left putamen. Although an overlapping por-

tion of the putamen was damaged, the lesions varied substantially

in size. However, regression analysis confirmed that individuals

with the largest differences in pain sensitivity had lesions that

were smaller and more specific to the putamen (Fig. 5B;

P = 0.02). Although some of our subjects had lesions that ex-

tended beyond the confines of putamen to include parts of the

thalamus, we found no relationship between volume of the thal-

amus affected by the lesion and side differences in pain ratings or

thermal thresholds (P = 0.99, all P40.13, respectively). Similarly,

some patients had lesions that could have potentially affected

parts of the internal capsule and disrupted thalamic projections

to primary somatosensory cortex. However, seven of nine patients

with lesions had sufficiently intact connections between the thal-

amus and primary somatosensory cortex to be detected with dif-

fusion tensor imaging. Taken together with the observation that

patients had intact tactile thresholds, these findings provide strong

evidence that the observed changes in pain in patients were pri-

marily attributable to damage to the putamen rather than deaffer-

entation that occurred due to damage of the thalamus or internal

capsule. Thus, these findings are distinct from sensory changes

that occur following lesions that affect primary somatosensory

cortex and/or projections to primary somatosensory cortex

(Knecht et al., 1996). Primary somatosensory cortex lesions pro-

duce pronounced tactile deficits while leaving pain and tempera-

ture sensation mostly intact.

Integration of cognitive information
within the putamen and basal ganglia
The striatum, composed of the caudate nucleus and putamen,

serves as the major input structure of the basal ganglia and is at

the centre of cortico-basal ganglia-thalamo-cortical loops

(Alexander and Crutcher, 1990; Parent and Hazrati, 1995). In

this framework, information from various cortical, limbic and thal-

amic areas accesses the striatum via segregated parallel channels

(Alexander and Crutcher, 1990). In the present investigation, re-

gions of the putamen activated during pain were structurally con-

nected to various brain areas involved in sensory and affective

aspects of nociceptive processing, including the thalamus, insula

and anterior cingulate cortex (Fig. 8B). Also, brain areas associated

with memory such as the amygdala and hippocampus (Murray

and Mishkin, 1983; Ploghaus et al., 2001; Smith et al., 2004;

Marschner et al., 2008) as well as those involved in attention-

and premotor-related processes (i.e. Brodmann area 8, middle

frontal gyrus, anterior cingulate cortex and supplementary motor

area) were structurally connected with regions of the putamen acti-

vated during pain (Posner et al., 1980; Mesulam, 1999; Peyron

et al., 1999; Nobre, 2001; Knudsen, 2007; Corbetta et al., 2008).

Although cortico-basal ganglia-thalamo-cortical loops are largely

segregated, a degree of convergence and interaction among in-

formation within various loops, both within the basal ganglia and

extrinsic structures, are facilitated by overlapping cortico-striatal

terminal arborizations as well as by diverging efferent projections

from different parallel loops that overlap at each relay point of the

pathway (i.e. striatum, output nuclei, thalamus and cortex) (Joel

and Weiner, 1994; Groenewegen et al., 1999; Haber, 2003;

Haber et al., 2006; Calzavara et al., 2007). In addition, striatal

medium spiny projection neurons can also facilitate integration

since they receive large numbers of projections from both the

cerebral cortex and intrinsic basal ganglia neurons (Parent and

Hazrati, 1995). This configuration allows the putamen, as part of

the striatum, to be well positioned to integrate information from a

wide array of regions of the cerebral cortex and can provide a

cognitive context for information processing.

Figure 9 Integrity of thalamo-cortical connectivity in

putamen-lesioned patients. Connections between the thalamus

and primary somatosensory cortex as assessed with diffusion

tensor imaging probabilistic tractography analysis. Regions de-

picted in colour represent detectible connections in seven or

more patients. These connections traversed the internal capsule

and extended into the ventral/lateral region of the thalamus.

Lateral to the thalamus, connections to the parietal operculum/

secondary somatosensory cortex were also detected. The ana-

tomical image is the average of the structural MRIs of the lesion

patients. R = right SII = secondary somatosensory cortex.
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Selective engagement of cortical
networks by the putamen and the
basal ganglia
The striatum is known to regulate thalamic activity via a process of

disinhibition (Chevalier and Deniau, 1990). The striatum sends in-

hibitory projections to the internal segment of the globus pallidus

and substantia nigra pars reticula, which in turn send inhibitory

projections to the thalamus. Because the globus pallidus and sub-

stantia nigra pars reticula have high spontaneous activity,

their thalamic targets are normally inhibited (Delong et al.,

1984). However, when the striatum is activated (as by excitatory

cortico-striatal inputs), the output nuclei are phasically inhibited,

allowing their thalamic targets to become active. This process of

disinhibition is the fundamental way in which the basal ganglia

modulate thalamic activity (Chevalier and Deniau, 1990) and, by

virtue of excitatory thalamic projections, cortical areas. Consistent

with this circuitry, putamen activation during pain was associated

with activation in several thalamic regions including ventral lateral,

ventral anterior and medial dorsal nuclei. These thalamic nuclei, in

turn, project back to widespread cortical regions including frontal,

parietal, insula and cingulate areas (Mufson and Mesulam, 1984;

Vogt et al., 1987; Alexander and Crutcher, 1990; Alexander et al.,

1990; Parent and Hazrati, 1995; Middleton and Strick, 2000).

Thus, the putamen can shape activity in large areas of cortex

via differentially modulating the levels of inhibition sent into the

thalamus. Furthermore, sustained activity of cortical networks

including parietal, frontal and cingulate regions during task per-

formance is frequently accompanied by sustained activity within

the putamen (Koski et al., 1999; Coull et al., 2000; Downar et al.,

2003). Moreover, a reduction in putamen activation during a

pharmacologically induced decreased state of consciousness has

been linked to a decrease in responsiveness to noxious stimuli as

well as decreased connectivity between putamen and other brain

areas (Mhuircheartaigh et al., 2010). Taken together with its role

in the integration of cognitive information, the putamen may con-

tribute importantly to the selection of behaviourally relevant pro-

cesses by enabling engagement of specific sets of cortical

networks needed to accomplish the process (Redgrave et al.,

1999; Balleine et al., 2007). In the case of pain, the putamen

may be able to utilize the cognitive context to influence the se-

lection of appropriate brain networks that are engaged during the

inflow of afferent nociceptive information.

Biasing of selection by afferent noci-
ceptive information
In addition to cortico-striatal inputs, the putamen also receives

direct excitatory inputs from the midline and intralaminar thalamic

nuclei (Mengual et al., 1999; Van der Werf et al., 2002) that

serve as major recipients of direct spinal nociceptive afferents

(Willis, 1985). Thus, ascending nociceptive inputs can have

short-latency access to the putamen via these thalamic relays.

Moreover, substantia nigra/ventral tegmental area was also struc-

turally connected with regions of the putamen activated during

pain. The substantia nigra pars compacta/ventral tegmental area

receives direct connections from the parabrachial nucleus in the

midbrain (Schneider, 1986; Vankova et al., 1992), which receives

direct afferent nociceptive information from the spinal cord

(Bernard and Besson, 1990; Craig, 1995; Klop et al., 2005).

Dopamine can modulate the cortico-striatal information transfer

via dopamine receptors on the striatal projection neurons (Parent

and Hazrati, 1995). These findings suggest that the dopaminergic

regions of the midbrain may be in a position to utilize nociceptive

information to influence striatal activity by modulating the effi-

ciency of cortico-striatal terminals. These modulatory mesostriatal

dopaminergic projections, together with nociceptive input con-

veyed by thalamo-striatal projections from the intralaminar/mid-

line thalamus, are well positioned to bias the selection process to

allow incoming nociceptive information to outcompete ongoing

cognitive processes. Similarly, there are nociceptive afferents that

project to the globus pallidus. This also allows nociceptive infor-

mation from the spinal cord to directly access a major nucleus in

the basal ganglia (Braz et al., 2005). These circuitries may contrib-

ute substantially to the cognitive intrusiveness of pain.

Disruption of selection by lesions of the
putamen
Lesions of the putamen may affect the engagement of appropriate

brain networks that are normally responsible for processing noci-

ceptive information during pain. Consistent with this postulate,

patients with putamen lesions exhibited significantly lower pain

ratings when compared with healthy subjects and exhibited diffuse

and generalized reduction in pain-related brain activation (Figs 4

and 6). Nevertheless, pain ratings and pain-related brain activation

were not completely abolished, suggesting that nociceptive infor-

mation from the spinal cord can still reach brain areas necessary

for the instantiation of the pain experience. However, a more

potent engagement of cortical networks appears to require the

contribution of the putamen and associated portions of the basal

ganglia.

The selection of cortical networks by the basal ganglia needs to

be coordinated across hemispheres in order to integrate bilateral

cognitive input with afferent sensory information. A portion of the

projections of the output nuclei of the basal ganglia to the thal-

amus are crossed, thereby allowing the putamen on one side to

exert its influence on the cortex bilaterally (Parent and De

Bellefeuille, 1982; Morgan et al., 1983; Parent et al., 1983;

Francois et al., 1984). Moreover, nociceptive neurons in the pu-

tamen often have large and bilateral receptive fields (Chudler

et al., 1993). Thus, both the left and right putamen will contribute

to processing information from a unilateral stimulus. Presumably,

loss of the putamen on one side could produce perceptual deficits

and reduced cortical engagement to both contralateral as well as

ipsilateral stimuli. Given that thresholds are more susceptible to

disruption than responses to suprathreshold stimuli, relatively

subtle effects, such as the observed altered cold pain thresholds,

could occur bilaterally, while responses to suprathreshold stimuli

would largely be disrupted only contralaterally. Nevertheless, noci-

ceptive stimulation may engage many cortical processes

(attention, affect, reflection and interpretation) that are secondary
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to the generation of a percept of pain intensity but instead con-

tribute to the totality of the subjective experience of pain. Thus,

the reduced brain activation during stimulation of the unaffected

side may indicate that the experience of nociceptive information is

not fully elaborated.

Given that the heat pain thresholds and tactile thresholds of

putamen-lesioned patients were virtually normal when compared

with healthy subjects, the reduced pain sensitivity of these indi-

viduals cannot be attributed merely to non-specific decreases in

somatosensory capabilities following the stroke. In addition,

changes in pain sensitivity are likely due to lesions specific to the

putamen. Patients with focal lesions limited to the putamen ex-

hibited greater differences in pain intensity ratings between sides

than patients with the larger lesions that also encompassed other

structures outside of the putamen (Fig. 5).

Limitations
As in all lesion studies, the damage that occurs is unique to each

individual. As noted above, converging lines of evidence indicate

that the altered processing of heat pain in lesion patients is likely

due to damage of the putamen per se rather than to deafferen-

tation resulting from damage to the thalamus or internal capsule.

Given the challenges of recruiting non-pain patients for a study

involving pain, sample sizes are typically relatively small.

Accordingly, the ability to control for time after lesion and/or

gender is limited by the need to obtain a sufficiently large

number of subjects with appropriate lesions. However, no statis-

tically significant relationships were found between time after

lesion and pain ratings (P = 0.44) or thermal thresholds (all

P4 0.16). In addition, gender distributions were not significantly

different between groups (P = 0.20). Thus, these variables can be

excluded as potential confounders.

In addition, the relatively small number of lesion subjects also

influenced the choice of statistical treatment of between-group

comparisons. To maximize the ability to detect differences in

pain-related brain activation between the lesion patients and

healthy subjects, fixed-effects analyses were employed in

between-group analyses. These analyses are more powerful than

random-effects analyses for relatively small numbers of subjects,

but may be less generalizable to the general population.

Additional limitations of this study are intrinsic to diffusion

tensor imaging connectivity analyses in general. These analyses

do not allow us to define true fibre distribution and polarity of

fibre tracts within a single-seed voxel and may have limited sen-

sitivity to detect smaller fibre tracts (Behrens et al., 2003a).

Nevertheless, the findings of connectivity analyses in the present

investigation are consistent with those of previous anatomical stu-

dies (Mufson and Mesulam, 1984; Vogt et al., 1987; Alexander

and Crutcher, 1990; Alexander et al., 1990; Parent and Hazrati,

1995; Middleton and Strick, 2000).

Finally, the experience of pain encompasses multiple sensory

aspects, including not only intensity, but also location, quality

and duration. The present investigation examined but one sensory

dimension—intensity; future investigations will be needed to clar-

ify the role of this structure and related circuitry of the basal

ganglia in other sensory aspects of pain.

Conclusion
The present data provide multiple lines of evidence indicating that

the putamen is involved in sensory components of pain-related

processes and that this role may extend far beyond its well-known

involvement in motor processes. The putamen and associated

neural networks may contribute importantly to neural processes

that are involved in influencing and determining the behavioural

relevance and saliency of incoming nociceptive information. These

processes are determined not only by the strength of the sensory

input, but also by other external environmental and internal cog-

nitive information unique to each individual. Thus, these processes

contribute importantly to the effectiveness by which nociceptive

input is elaborated into an experience of pain.
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