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eAppendix. Detailed Materials and Methods 

Human Participants. The subjects were 2 adults from the same family, one male and the 

other female, with IEM who carry the S241T mutation. Subject 1 reported onset of 

severe burning pain in his feet, triggered by mild warmth and relieved by cooling in his 

teens, followed by similar pain in his hands, knees, elbows, shoulders and ears. He 

described up to 30 attacks per month, each lasting hours to days. He described his typical 

IEM attack pain as severe, at a 9 on the numerical rating pain scale (NRS). Venlafaxine 

and Gabapentin did not provide relief, and lidocaine patches provided minimal relief. He 

reported that his IEM prevented him from sleeping through the night, and that it limited 

his physical activity. Subject 2 reported onset of burning pain in both feet, triggered by 

mild warmth and relieved by cooling, which began in her teens, subsequently also 

involving her knees and ears. She rated her pain as severe, at 8-9 on the NRS pain scale. 

Aspirin did not provide relief.  

 

Study Design. The Human Investigations Committees at Yale University and West 

Haven Veterans Affairs Medical Center approved this study (NCT 02214615). In this 

double-blind cross-over study each of the two subjects with IEM, carrying the S241T 

mutation, were assessed during a total of seven hospital visits (eFigure 1): one pre-

scanning/training visit (visit 1), five scanning visits, and a non-scanning visit for cross-

over (visit 5). The rating investigators as well as subjects were blinded to treatment status 

at all times. At any time point during treatment one subject was treated with CBZ while 

the other received placebo. Subjects were initially randomly assigned to CBZ or placebo. 
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Following an initial pre-scanning/training visit (visit 1) CBZ or placebo were 

administered (visit 2) to the blinded subjects initially for a 2-week ramp-up period, during 

which dosage was increased, then for a 15-day maintenance period beginning with visit 

3, and then (after visit 3) for a 2-week taper-down period. Following a 2-week washout 

the sequence was repeated (2 week ramp-up; 15-day maintenance; 2-week taper-down) 

so that each subject received CBZ during one period and placebo during the other 

(eFigure 1).  

 

CBZ Treatment and Monitoring. At each scanning visit blood was obtained to monitor 

complete blood count and CBZ levels. Urine drug tests and alcohol breathalyzers were 

obtained. CBZ or placebo were started at 200 mg daily as 2 capsules of 100 mg and 

increased by 200 mg every 4 days until pain intensity improved. Subjects were asked to 

report pain levels, using NRS between “zero = no pain” to “10 = worst imaginable pain 

ever”; if pain intensity had not improved by two units on the verbal scale and side effects 

were not experienced, the dose was increased. If pain intensity had improved then 

subjects were asked to maintain their dose of medication. 

 

Pre-Scan Testing. IEM patients are known to have heightened sensitivity to skin 

temperature whereby they experience pain at lower temperatures than healthy controls1. 

We therefore built a calibrated warming boot with circulating water maintained at 

controlled temperatures via a thermal bath. The boot was fitted during all testing to the 

foot described by participants as most sensitive to changes in ambient temperature (right 

foot in both subjects). A thermocouple was attached to the skin under the boot to measure 
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skin temperatures. To determine the temperature trigger threshold during the pre-study 

visit, each subject was exposed to increasing temperature stimuli starting at 31-32°C for a 

duration of 5 minutes, a duration reported to elicit IEM attacks2. We started at this 

temperature after discussing with each subject their previous experience of temperature 

(T) ranges and exposure time that would elicit IEM attacks. If the subject did not report 

an IEM attack after 5 minutes the temperature was increased by 2°C and the stimulus was 

maintained again at the new temperature for 5 minutes. Subject 1 consistently 

experienced attacks at T = 39.5-40.5°C and Subject 2 at T = 37-38°C. These temperatures 

were used in all the subsequent testing sessions to elicit IEM attacks. Once a pain attack 

started we terminated heat stimulation if pain intensity rating reached “very strong” on 

the generalized labeled magnitude scale (gLMS)3 (See below). 

 

Continuous Pain Rating. We collected continuous ratings of pain intensity as described 

by Foss et al.4, and used previously by the authors5-7. This method allows the 

identification of a population-specific brain pain map since it captures stimulus-free 

fluctuations of chronic pain5-16. For example, spontaneous back-pain intensity ratings 

have been consistently shown to correlate with brain activity in the nucleus accumbens 

and rostral anterior cingulate/medial prefrontal cortex5,14-16, suggesting that continuous 

rating of intensity is reliable in capturing the chronic subjective pain experience. Subjects 

continuously indicated their level of pain through a linear potentiometer device attached 

to the thumb and index finger of the dominant hand, with voltage output collected and 

calibrated by a computer running LabView software (National instruments, Austin, TX). 

Subjects were seated in front of a computer monitor, which displayed the extent of their 
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finger span by a colored bar (y axis has an intensity scale of no sensation-worst 

imaginable sensation), providing visual feedback of their rating. Ratings were sampled at 

20 Hz. Subjects were initially trained to use the finger-span device with a moving bar on 

the computer screen that varied in time, and were instructed to rate the length with the 

finger-span device over a one-minute trial. Only subjects able to follow the bar at a 

consistency level that resulted in a correlation coefficient r > 0.75 between rating and bar 

fluctuations within two attempts were included in the study. Our 2 subjects were able to 

achieve this criterion. Subjects were then instructed to rate the fluctuations of their own 

ongoing pain during testing sessions, using the maximum thumb-finger-span to indicate 

“worst imaginable intensity of pain” and thumb and finger touching to indicate “no pain 

sensation” on the gLMS. Before testing, each subject was trained to use the general 

gLMS to rate overall pain intensity3. 

 

Pain Rating and Visual Magnitude Rating Tasks during fMRI. Subjects were scanned 

(I) while rating their pain in response to thermal stimuli, (II) while rating their ongoing 

IEM pain (no stimulation) after an attack was elicited and (III) while rating the magnitude 

of a moving bar using the finger span device9.   

  The voltage of the finger-span device was digitized, time-stamped in reference to 

the fMRI acquisition and connected to a computer providing visual feedback. Every 

scanning run was 20 minutes long. The first run was always the thermal stimulation run, 

which invariably elicited an IEM attack described at session debriefing by both 

participants to be similar to attacks they experience during daily life. Since we were 

assessing the response to treatment, we titrated the thermal stimulation until pain 
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intensity rating reached a pre-determined level during all scans (visits 2,3,4, 6 and 7, 

eFigure 1). Thermal runs hence started with 4 minutes of no stimulation, followed by 

thermal stimuli at temperatures defined during the pre-scanning visit. The thermal stimuli 

were terminated if subjects indicated pain intensity above “very strong” on the gLMS 

scale.  

 The subsequent two pain runs were collected without thermal stimulation. During 

these runs, patients rated the spontaneous fluctuations of their pain. A visual magnitude 

rating was performed last, as a control to account for visuo-spatial and attention 

components inherent in our pain rating tasks9,15. The participants’ own pain-rating time 

series was used as input during the magnitude rating control task.  

 

fMRI Data Acquisition Parameters. Imaging data were acquired with a Siemens 3 T 

Trio magnetom scanner at Yale University Magnetic Resonance Research Center. Blood 

oxygen level dependent (BOLD) images were acquired with the following parameters: 

voxel resolution  = 2 x 2 x 2 mm; TR = 1000 ms; TE = 30 ms; flip angle = 60°; number of 

volumes = 1200 (20 minutes); FOV = 220 mm and 60 slices with a multiband 

acceleration factor = 4. A high-resolution 1 x 1 x 1 mm T1-weighted three-dimensional 

anatomical image was acquired for each subject with the following parameters: FOV = 

250 mm; TR = 1900 ms; TE = 2.52 ms and flip angle = 9°.   

 

fMRI Data Analysis. Image analysis was performed on each subject's data using FMRIB 

Expert Analysis Tool [FEAT,17 www.fmrib.ox.ac.uk/fsl]. The pre-processing of each 

subject's time-series of fMRI volumes encompassed: skull extraction using BET; slice 
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time correction; motion correction; spatial smoothing using a Gaussian kernel of full-

width-half-maximum 5 mm; non-linear high-pass temporal filtering (128 s) and 

subtraction of the mean of each voxel time-course from that time-course. Anatomical and 

functional images were normalized to the standard Montreal Neurological Institute 

template brain implemented in FSL. The fMRI signal was linearly modeled on a voxel-

by-voxel basis using the FMRIB Improved Linear Model (FILM) with local 

autocorrelation correction. The six vectors of head motion were regressed out of the 

model to correct for head motion. 

After pre-processing, a design matrix was created using the subjects’ continuous 

pain rating or visual rating. The general linear model was used to estimate, at each voxel, 

condition-specific effects. A canonical hemodynamic response function, consisting of a 

double-gamma variate function, was used to model neural response to events. The 

significance of the model fit to each voxel time-series was calculated, yielding statistical 

parametric maps for each subject.  Group statistical maps were generated by a second-

level fixed effects group analysis, using FMRIB (Flame), to obtain the effect (PAIN 

minus VISUAL) within subjects, to investigate the treatment effects (CBZ or placebo vs. 

baseline), and whole brain regressions with different covariates of interest. For each 

resulting cluster of spatially connected voxels surviving the z threshold, a cluster 

probability threshold of P=0.05 (family-wise error rate corrected) was applied to the 

computed significance of that cluster to correct for multiple comparisons. 

 

Assessment of DRG Neuronal Excitability in Response to Temperature Stimuli. We 

previously showed that CBZ attenuates hyperactivity evoked by electrical stimulation in 
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DRG neurons expressing the S241T mutant channel, in experiments that were carried out 

in neonatal (P1-5) rat DRG neurons at room temperature18. However, pain in IEM is 

triggered by mild warmth.  To more closely mimic the condition in human subjects, we 

assessed action potential firing in DRG neurons expressing S241T and the effect of CBZ 

on activity of these neurons at graded physiological temperatures.  Because it permits 

recording of action potential firing from the same intact neurons as temperature is varied, 

we used multi-electrode arrays (MEA) recording to study firing of DRG neurons, derived 

from adult Sprague-Dawley rats, at 33ºC, 37ºC, and 40ºC. 

DRG neurons for these experiments were isolated from adult Sprague-Dawley 

rats (4-6 weeks old), transfected with human Nav1.7-S241T channels by electroporation 

with a Nucleofector II device (Lonza)19, and cultured on 12-well MEA plates (Axion 

Biosystems) coated with poly-d-lysine (50 µg/ml)/laminin (10 µg/ml). Neurons were 

studied after 2 days in culture. A spike detection criterion of > 6 standard deviations 

above background signals was used to separate monophasic or biphasic action potentials 

from noise. Active electrodes were defined as >1 spike over a 200 s analysis period.     

 To assess the effect of temperature on DRG neurons carrying these mutations, we 

utilized the precise temperature control within the MEA system, which enabled 

continuous recording of action potentials over time at multiple temperatures. Twelve-well 

plates were initially equilibrated without CBZ at 33ºC, then at 37ºC, and after that at 

40ºC for 7-10 min, respectively. Action potentials at each temperature were recorded 

continuously. Next, CBZ was added to the culture (30 µM final concentration) for 30 

min, an incubation period that was previously shown to be sufficient for this clinically 

relevant concentration of CBZ to normalize activation of mutant channels and modulate 
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DRG neuronal activity18,20. Action potentials were recorded at 33ºC, 37ºC, and 40ºC for 

7-10 min in the presence of 30 µM CBZ. Firing frequency of each neuron was analyzed 

at each of the three temperatures before and after introduction of CBZ. The firing 

frequency was averaged among all active electrodes from wells expressing Nav1.7-

S241T constructs.
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eFigure 1.  Timeline of the Randomized, Cross-Over, Double-Blind Placebo-Controlled 

Study.   
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eFigure 2. IEM Pain Ratings for Subject 1 (Left) and Subject 2 (Right) During Baseline, CBZ, 

and Placebo Treatment Respectively. These ratings were used to derive IEM-related brain 

activity. 
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eFigure 3. Detailed Contrast Map for Baseline Scans vs. Long-term Treatment With 

CBZ.   

 

Areas shown in red-to-yellow are significantly (Paired t-test, fixed-effects, Z >2.3, P<0.05, corrected) more 
active at baseline. Areas shown in blue-to-light-blue are significantly more active after long-term treatment 
with CBZ. Numbers above the slices indicate the Z-coordinate in mm of standard space. Numbers on slices 
indicate the following regions: 1, Nucleus accumbens; 2, Rostral anterior cingulate; 3, Posterior cingulate 
cortex; 4, Primary somato-sensory cortex; 5, Primary motor cortex; 6, Parietal cortex. 
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eFigure 4.  Detailed Contrast Map of Baseline vs. Long-term Treatment With Placebo.   

 

 

Areas shown in red-to-yellow are significantly more active at baseline. Areas shown in blue-to-light-blue 
are significantly more active after long-term treatment with placebo. 
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eFigure 5. Detailed Contrast Map of Long-term Treatment With Placebo vs. CBZ.   

Areas shown in red-to-yellow are significantly more active after long-term treatment with placebo; areas 
shown in blue-to-light-blue are significantly more active after long-term treatment with CBZ. Numbers on 
slices: see eFigure 3. 
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eFigure 6. Detailed Contrast Map of Baseline and Long-term Placebo Scans Collapsed 

Together vs. Long-term Treatment With CBZ. 

 Areas shown in red-to-yellow are significantly more active in the collapsed scans.  Areas 
shown in blue-to-light-blue are significantly more active after long-term treatment with 
CBZ. Numbers on slices: see eFigure 3.
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eFigure 7. Detailed Regression Map of Pain Intensity Against Brain Activity.  

 

Brain activity in areas shown in red-to-yellow covaries positively with pain intensity whereas activity in 
areas shown in blue-to-light-blue negatively covaries with pain intensity. Numbers on slices: see eFigure 3. 
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eFigure 8. Detailed Regression Map of Pain Intensity Against Brain Activity, Excluding 

the CBZ Treatment Scans. 

Brain activity in areas shown in red-to-yellow covaries positively with pain intensity whereas activity in 
areas shown in blue-to-light-blue negatively covaries with pain intensity. Numbers on slices: see eFigure 3. 
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eTable 1. CBZ Blood Levels 

  Patient 1 Patient 2 

Baseline 0* 0 

2 -weeks of CBZ 5 6 

4-weeks of CBZ 4 3.9 

2-weeks of placebo < 0.5 < 0.5 

4 weeks of placebo < 0.5 < 0.5 

*Levels are in g/L  
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eTable 2. Brain Activity: Results of Paired t Test Between Baseline and CBZ Scans 
		 MNI	coordinates	 		 		

Region	 x	 y	 z	 Z‐value Cluster	
Contrast	1	:	Baseline	>	CBZ	
R	Visual	Cortex	(18)	 ‐18	 ‐76	 4	 3.72	 1	
r	ACC	(32)	 ‐10	 36	 24	 3.94	 2	
R	Angular	Gyrus	 56	 ‐58	 40	 3.84	 3	
L	Precuneus	 ‐20	 ‐70	 22	 4.28	 4	
L	Angular	Gyrus	 ‐38	 ‐56	 30	 3.95	 5	
R	Precuneus	 18	 ‐64	 34	 4.08	 6	
R	Thalamus	 6	 ‐16	 14	 4.06	 7	
PCC	 4	 ‐26	 28	 3.71	 7	
L	Insula	 ‐30	 24	 ‐4	 ‐4	 8	
L	Putamen	 ‐22	 18	 ‐6	 3.39	 8	
R	Vent	Putamen	 14	 10	 ‐10	 3.38	 8	
L	Caudate	 ‐8	 8	 ‐2	 4.17	 8	
L	NAc	 ‐6	 8	 ‐4	 3.82	 8	
R	Insula	 38	 4	 ‐10	 2.48	 8	
Hypothalamus	 8	 ‐6	 ‐12	 3.95	 8	
Contrast	2	CBZ	>	Baseline	 		 		 		 		
R	Sup	Parietal	Lob	 28	 ‐56	 62	 3.98	 1	
L	Sup	Parietal	Lob	 ‐32	 ‐54	 54	 4.18	 2	
L	Central	Operculum	 ‐52	 4	 8	 4.51	 3	
R	Central	Operculum	 56	 ‐12	 8	 4.73	 4	
L	SI	 ‐46	 ‐18	 56	 4.14	 5	
R	SI	 40	 ‐32	 52	 4.01	 6	
R	MI	 16	 ‐24	 68	 4.84	 6	
L	SI/Parietal	(7)	 ‐4	 ‐44	 66	 4.47	 6	
SMA	(6)	 ‐4	 ‐16	 56	 3.94	 6	
R	Pre‐Motor	area	(4)	 40	 ‐20	 64	 4.46	 6	
Contrast	1	contained	8	clusters:	cluster	1,	151	voxels,	p	<	0.034;	cluster	2,	165	
voxels,	p	<	0.0194;	cluster	3,	192	voxels,	p	<	10‐2;	cluster	4,	213	voxels,	p	<	10‐2;	
cluster	5,	256	voxels	p	<	10‐3;	cluster	6,	274	voxels,	p	<	10‐3;	cluster	7,	291	voxels,	p	
<	10‐3;	cluster	6,	274	voxels,	p	<	10‐3;	cluster	8,	528	voxels,	p	<	10‐6;	Contrast	2	
contained	6	clusters:	cluster	1,	202	voxels,	p	<	0.00472;	cluster	2,	255	voxels,	p	<	
10‐3	;	cluster	3,	265	voxels,		p	<	10‐3	;	cluster	4,	295	voxels,	p	<	10‐3;	cluster	5,	1294	
voxels,	p	<	10‐14;	cluster	6,	2075,	p	<	10‐20.	
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eTable 3. Brain Activity: Results of Regression of Brain Activity Against EM Pain 
Intensity 
		 MNI	coordinates	 		 		

Region	 x	 y	 z	 Z‐value Cluster	
Contrast	1:	Positive	Correlation	
R	Visual	Cortex	(18)	 ‐18	 ‐76	 4	 3.72	 1	
L	Insula	 ‐44	 ‐4	 ‐2	 3.13	 2	
L	Putamen	 ‐32	 ‐6	 ‐2	 2.76	 2	
Pons	 ‐10	 ‐36	 ‐28	 3.65	 3	
r	ACC	(32)	 6	 42	 2	 3.37	 4	
LNAc	 ‐12	 8	 ‐14	 3.82	 5	
Hypothalamus	 ‐4	 ‐2	 ‐10	 4.15	 5	
R	Thalamus	 8	 ‐6	 2	 3.09	 5	
L	Amygdala	 ‐16	 ‐8	 ‐12	 3.28	 5	
R	Visual	Cortex	(18)	 6	 ‐86	 30	 5.51	 6	
Contrast	2:	Negative	Correlation	
L	Lat	Occipital	Cortex		 ‐22	 ‐66	 34	 3.13	 1	
L	Hippocampus	 ‐34	 ‐16	 ‐16	 4.55	 2	
R	DLPFC	 56	 12	 36	 6.03	 3	
R	Insula	 40	 4	 0	 334	 3	
R	Putamen	 34	 2	 ‐6	 5.45	 3	
R	Sup	Parietal	Lob	 44	 ‐38	 48	 4.01	 3	
L	DLPFC	 ‐52	 8	 44	 6.48	 4	
LMII/SMA	(6)	 ‐2	 ‐22	 54	 3.94	 4	
R	MI	 ‐38	 ‐24	 66	 6.59	 4	
L	SI	 ‐42	 ‐38	 58	 5.16	 4	
L	Sup	Parietal	Lob	(7)	 ‐36	 ‐54	 56	 6.39	 4	
Contrast	1	contained	6	clusters:	 cluster	 1,	 265	 voxels,	 p	 <	 0.038;	 cluster	 2,	 318	
voxels,	p	<	0.0129;	cluster	3,	346	voxels,	p	<	0.00746;	cluster	4,	1235	voxels,	p	<	10‐
7;	cluster	5,	1995	voxels,	p	<	10‐11,	;	cluster	6,	2191	voxels,	p	<	10‐12.	Contrast	2	
contained	4	clusters:	 cluster	1,	297	voxels,	p	<	0.0197;	cluster	2,	611	voxels,	p	<	
10‐4;	cluster	3,	4617	voxels,	p	<	10‐22;	cluster	4,	7978	voxels,	p	<	10‐33	
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