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Summary  The  variability  of  warm  and  heat  pain  sensitivity  between  body  regions  is  usually
ascribed  to  differences  in  intraepidermal  nerve  fiber  (IENF)  density.  However,  although  crucial
to assess  the  function  of  the  thermo-nociceptive  system,  especially  in  the  context  of  small  fiber
neuropathies,  the  relationship  between  psychophysical  performance  and  IENF  density  is  poorly
understood.  Here,  we  examine  the  hypothesis  according  to  which  the  nociceptive  system  must
receive a  critical  amount  of  afferent  information  to  generate  a  conscious  percept  and/or  a
behavioral  response.  The  amount  of  nociceptive  information  is  defined  by  the  stimulus,  but
also by  the  state  of  the  nervous  system  encoding,  transmitting  and  processing  the  afferent
input. Furthermore,  this  amount  may  be  expected  to  depend  on  the  number  of  activated  IENF,
itself dependent  on  the  size  of  the  stimulated  surface  area  as  well  as  the  density  of  IENF.  By
characterizing  the  relationship  between  psychophysical  responses  to  nociceptive  stimuli,  size
of the  stimulated  surface  area  and  IENF  density  estimated  using  skin  biopsies  in  healthy  subjects
as well  as  experimental  and  pathological  conditions  of  reduced  IENF  density,  we  were  able  to
estimate the  number  of  nociceptive  afferents  required  to  elicit  a  conscious  percept.  Convergent

results were  obtained  across  the  different  experiments,  indicating  that  the  detection  rate  to

aser  pulses  could  be  used  to  estimate  IENF  density  and,  hence,  to
brief small-diameter  CO2 l
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diagnose and  quantify  denervation  in  small  fiber  neuropathies.
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Résumé  La  variabilité  de  la  sensibilité  à  la  chaleur  et  douleur  entre  différents  terri-
toires cutanés  est  habituellement  attribuée  aux  différences  de  densité  des  fibres  nerveuses
intraépidermiques  (FNIE).  Cependant,  quoique  cruciale  pour  évaluer  la  fonction  du  système
thermo-nociceptif,  en  particulier  dans  le  contexte  des  neuropathies  des  fines  fibres,  la  rela-
tion entre  performances  psychophysiques  et  densité  des  FNIE  reste  mal  comprise.  Nous  avons
examiné  l’hypothèse  selon  laquelle  le  système  nociceptif  doit  recevoir  une  quantité  critique
d’information  afférente  pour  générer  une  perception  consciente  et/ou  une  réponse  comporte-
mentale. Cette  quantité  d’information  nociceptive  serait  définie  par  le  stimulus  lui-même,
mais également  par  l’état  du  système  nerveux  qui  encode,  transmet  et  traite  cette  informa-
tion. Par  ailleurs,  il  est  proposé  que  cette  quantité  dépende  du  nombre  de  FNIE  activées,  ce
nombre étant  déterminé  par  la  taille  de  la  surface  stimulée  et  la  densité  des  FNIE.  Ainsi,  en
caractérisant  les  relations  entre  réponses  psychophysiques  nociceptives,  étendue  de  la  surface
stimulée  et  densité  des  FNIE  estimée  à  partie  de  biopsies  cutanées,  nous  sommes  parvenus  à
estimer le  nombre  minimum  d’afférences  nociceptives  devant  être  activées  pour  évoquer  une
perception  consciente.  La  convergence  des  estimations  obtenues  chez  des  sujets  sains  et  dans
des conditions  expérimentales  ou  pathologiques,  où  la  densité  des  FNIE  est  réduite,  indique
que la  probabilité  de  détecter  un  stimulus  laser  CO2 intense,  bref  et  de  petite  surface  permet
une estimation  de  la  densité  des  FNIE  et,  par  conséquent,  pourrait  être  utile  au  diagnostic  et
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area  was  large,  early  detections  were  usually  described
à la  quantification  de  la  dé
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he  variability  of  warm  and  heat  pain  sensitivity  between
ifferent  body  regions  has  usually  been  linked  to  disparities
n  intraepidermal  nerve  fiber  (IENF)  density.  Thus,  the  peri-
ral  skin  region  has  a  low  threshold  for  heat  stimuli  and  also

 much  higher  density  of  thermal  receptors  [6].  Agostino
t  al.  [1]  observed  a  proximal-distal  gradient  in  pinprick
hreshold  for  laser  stimuli  and  concluded  that  it  was  proba-
ly  a  consequence  of  an  inverse  gradient  in  receptor  density,
oncurring  with  estimated  IENF  densities  obtained  from  skin
iopsies  [17,24].  However,  the  precise  relationship  between
sychophysical  performance  and  IENF  density  in  the  thermo-
ociceptive  system  is  still  poorly  understood.  Understanding
his  relationship  is  crucial  for  the  development  of  diagnos-
ic  tools  to  assess  thermo-nociceptive  pathways  in  humans,
n  particular,  to  characterize  the  functional  impact  of  small
ber  neuropathies.

Here,  we  will  re-examine  the  hypothesis  according  to
hich  the  nociceptive  system  must  receive  a  critical  amount
f  afferent  nociceptive  information  to  generate  a  conscious
ercept  and/or  a  behavioral  response.  This  critical  amount
s  defined  not  only  by  the  stimulus,  but  also  by  the  state
f  the  nervous  system  encoding,  transmitting  and  process-
ng  the  nociceptive  information  before  translating  it  into
erception  and  action.  Furthermore,  the  amount  of  nocicep-
ive  information  produced  by  a  stimulus  may  be  expected
o  depend  on  the  number  of  activated  IENF,  itself  being
etermined  by  the  size  of  the  stimulated  surface  as  well  as
he  density  of  IENF.  Hence,  our  objective  was  to  determine
he  number  of  activated  nociceptive  afferents  required  to
licit  a  conscious  percept  by  characterizing  the  relationship
etween:

 the  psychophysical  responses  to  nociceptive  stimuli;
 the  size  of  the  stimulated  surface  area;

the  density  of  IENF  estimated  using  skin  biopsies,  both  in
Please  cite  this  article  in  press  as:  Mouraux  A,  et  al.  Estimat
of  nociceptive  laser  stimuli  in  normal  and  pathological  condit
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healthy  individuals  and  in  experimental  and  pathological
conditions  with  reduced  IENF  density.
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tion  dans  les  neuropathies  des  fines  fibres.
s  droits  réservés.

ize of  the stimulated surface area,
robability of detection and quality of
erception in healthy subjects

xperimental  procedures

o  study  the  relationship  between  perception  and  size  of
he  surface  area  of  a  thermal  nociceptive  stimulus,  brief
nfrared  CO2 laser  pulses  of  varying  surface  area  were  deliv-
red  to  the  hand  dorsum  of  12  healthy  individuals  [3].  A
patial  filter,  consisting  of  a  thin  rotating  metal  disk  with
even  holes  arranged  in  a  circle  (surface  areas  ranging  from
.15  to  50.3  mm2),  was  positioned  in  the  path  of  the  laser
eam  as  close  as  possible  to  the  skin  (distance  <  2  mm)  in
rder  to  minimize  the  effect  of  diffraction  at  the  edges  of
he  holes.  For  a full  description  of  the  methods,  see  Bragard
3].  The  distribution  of  radiation  power  at  the  level  of  the
kin  was  nearly  uniform  as  the  spatial  filter  was  centered  on
he  axis  of  a  20  mm  diameter  beam  having  a  Gaussian  irra-
iance  profile.  A  short  stimulus  duration  (50  ms)  was  used
o  minimize  the  effect  of  temporal  summation.  The  energy
ensity  of  the  thermal  stimulus  (mJ/mm2)  was  kept  constant
y  adjusting  the  radiation  power  of  the  CO2 laser.  One  ses-
ion  consisted  of  three  to  five  blocks  of  20  stimuli  presented
n  random  order,  with  an  exponential  decaying  foreperiod
anging  from  0.5  to  4  s.  After  each  stimulus,  the  hand  was
isplaced  such  as  to  avoid  skin  overheating,  nociceptor  sen-
itization  and/or  habituation.  Subjects  were  asked  to  push  a
utton  held  in  the  other  hand  as  soon  as  they  perceived  any
ensation  within  the  area  of  stimulation.  With  the  largest
urface  areas,  the  distribution  of  reaction  times  was  bimodal
ith  a  first  peak  centered  around  375  ms  (‘early’  detec-

ions)  and  a  second  peak  centered  around  1025  ms  (‘late’
etections).  Early  detections  were  related  to  the  activa-
ion  of  A�-nociceptors,  whereas  late  detections  were  related
o  the  activation  of  C-fiber  afferents.  When  the  surface
ion  of  intraepidermal  fiber  density  by  the  detection  rate
ions.  Neurophysiologie  Clinique/Clinical  Neurophysiology

s  a  painful  pinprick  sensation  whereas  late  detections
ere  described  as  a  burning  or  hot  sensation,  reminiscent

dx.doi.org/10.1016/j.neucli.2012.05.004
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Estimation  of  intraepidermal  fiber  density  

Figure  1  Proportion  of  A�-fiber  related  detections  (i.e.  detec-
tions  with  reaction  times  less  than  650  ms;  stimulation  of
the hand  dorsum;  constant  supraliminal  stimulus  CO2 laser
energy density)  as  a  function  of  stimulus  surface  area  dis-
played on  a  logarithmic  scale.  A  logistic  function  was  adjusted
using a  non-linear  least-squares  regression  (NLSR)  procedure
yielding  the  parameters:  �  =  0.21  (CI95% =  —0.13—0.55),  ß  =  1.68
(CI95% =  0.66—2.71)  and  R2 =  0.897.  The  estimated  detection
threshold  P0.5 =  1.6  mm2 (CI95% =  0.7—3.5).  The  interrupted  lines
represent  the  fitted  curves  with  the  CI95% for  �.  The  insert
shows  the  same  relation  with  a  linear  ordinate,  highlighting
the fact  that  the  psychophysical  curve  is  well  represented  by
a decelerating  ‘‘transducer  function’’,  i.e.  a  constant  increase
in stimulus  surface  area  leads  to  smaller  and  smaller  increases
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Estimation  of  intraepidermal  nerve  fiber  density
in proportions  of  detection.

of  the  ‘first’  and  ‘second’  pain  described  by  Lewis  and
Ponchin  [19]. A  cut-off  of  650  ms  was  used  to  separate
the  two  distributions.  The  obtained  results  are  summarized
in  Fig.  1.

Relationship  between  stimulus  surface  area  and
probability of  detection

The  detection  threshold  for  laser  heat  stimuli  is  usually
defined  as  the  intensity  of  stimulation  (S)  required  to
achieve  a  50%  detection  rate  (P0.5).  In  a  two-alternative
forced  choice  (2AFC)  task,  the  detection  rate  is  defined  as
the  proportion  of  successful  detections.  The  psychophysi-
cal  function  relating  both  variables  P  =  f(S)  has  the  form  of
a  non-linear  decelerating  transducer  function  which,  when
log-transformed,  has  a  typical  sigmoidal  shape  (Fig.  1).  The
psychophysical  curve  can  thus  be  fitted  to  a  logistic  function
[15]:
Please  cite  this  article  in  press  as:  Mouraux  A,  et  al.  Estimat
of  nociceptive  laser  stimuli  in  normal  and  pathological  condit
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P  =  1/(1  +  exp(−�  (S  −  �)))  (E1)
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The  function  is  defined  by  two  parameters:  �  that  repre-
ents  surface  area  at  P0.5,  �  that  determines  the  spread  of
he  psychophysical  curve.

Let  us  assume  that  the  quantity  of  nociceptive  infor-
ation  (�)  is  determined  by  the  number  of  heat-sensitive

ree  nerve  endings  (n*)  activated  by  the  laser  stimulus,
tself  characterized  by  the  average  energy  density,  dura-
ion  and  sectional  area  (A)  of  the  laser  stimulus.  Given  the
ong  wavelength  of  the  CO2 laser  emission  (�  =  10.6  �m),  the
adiation  is  completely  absorbed  within  the  superficial  lay-
rs  of  the  epidermis  [4].  When  the  stimulus  is  brief  (e.g.,

 stepped  heat  stimulus  of  50  ms)  and  largely  above  the
hermal  activation  threshold  of  all  individual  heat-sensitive
ree  nerve  endings  (e.g.  >  55 ◦C),  one  may  assume  that  the
ransient  stimulus  will  activate  all  rapidly-adapting  heat-
ensitive  free  nerve  endings,  in  particular,  those  having  a
hort  response  latency  compatible  with  the  reaction-time
atencies.  In  addition,  one  may  assume  that  the  number  of
eat  sensitive  free  nerve  endings  located  within  the  stim-
lated  area  (n*)  is  linearly  related  to  the  product  of  the
verage  distribution  density  of  free  nerve  endings  (D)  and
he  surface  area  (A)  of  the  skin  exposed  to  the  stimulus.
ence,  using  such  strong  supraliminal  stimuli,  the  number
f  free  nerve  endings  activated  by  the  thermal  stimulus
ay  be  expected  to  be  the  only  parameter  changing  with

he  stimulus  surface  area.  Consequently,  by  defining  the
elationship  between  stimulus  surface  area  and  detection
ate,  it  becomes  possible  to  estimate  the  number  of  IENFs
equired  to  elicit  a  conscious  perception  and  trigger  ‘early’
nd  ‘late’  detections.

However,  with  the  present  results,  our  investigation  must
e  restricted  to  early  detections  related  to  the  activation
f  A�-nociceptors.  Indeed,  with  the  range  of  stimulus  sur-
ace  areas  used  in  the  present  study,  the  detection  rate
as  always  near  100%,  with  a  bimodal  frequency  distri-
ution  of  reaction  times,  indicating  that  the  surface  area
as  never  small  enough  to  alter  late  detections  related

o  C-fibers,  preventing  any  estimation  of  the  psychophysi-
al  curve.  In  contrast,  early  detections  related  to  A�-fiber
nput  decreased  from  about  91%  for  the  largest  surface  area
o  4%  for  the  smallest  surface  area,  making  it  possible  to
ssess  the  psychophysical  curve  (Fig.  1).  By  fitting  a  logis-
ic  function  (E1)  to  the  early  detection  rates  versus  stimulus
urface  area,  we  obtained  a  threshold  surface  area  (the  sur-
ace  area  required  to  achieve  a  50%  rate  of  early  detections)
f  10� =  1.62  mm2. The  spread  of  the  psychophysical  curve
ß  =  1.68)  was  large,  extending  over  nearly  three  orders  of
agnitude  across  stimulus  surface  area.  To  reach  an  early
etection  rate  of  about  95%,  the  surface  area  had  to  be
0—50  times  greater  than  the  threshold  surface  area.  The
hape  of  the  psychophysical  curve  confirmed  that  it  was
est  represented  by  a  non-linear,  decelerating  transducer
unction.

elationship  between  intraepidermal  nerve  fiber
ensity  and  probability  of  detection
ion  of  intraepidermal  fiber  density  by  the  detection  rate
ions.  Neurophysiologie  Clinique/Clinical  Neurophysiology

stimates  of  intraepidermal  free  nerve  endings  density
ased  on  the  population  of  nerve  fibers  in  nerve  trunks.
yck  and  Lambert  [7]  and  Ochoa  and  Mair  [28]  estimated

dx.doi.org/10.1016/j.neucli.2012.05.004
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Figure  2  Relationship  between  the  linear  density  (n/mm)  of
intraepidermal  nerve  fibers  stained  for  PGP9.5  and  TRPV-1  in
skin biopsies  of  healthy  subjects  before  and  at  several  time  peri-
ods after  3  days  topical  application  of  capsaicin.  About  75%  of
IENFs stained  for  PGP9.5  are  also  stained  for  TRPV-1  (f  =  0.75
× +0.53;  R2 =  0.733;  F  =  107.3;  p  <  0.001).  The  black  line  is  fit-
t
p

s
i
P
l
a
r
T
s

b
t

•
•

r
h
c
r
I
n
d
i
c
p

ARTICLEEUCLI-2367; No. of Pages 11

 

hat  the  human  sural  nerve  contains  about  9,500  A�-fibers
nd  35,000  C-fibers.  Given  that  the  sural  nerve  innervates
n  area  of  35  cm2 and  assuming  that  50%  of  A�-  and  C-
bers  in  the  human  sural  nerve  are  nociceptors,  Willis  [48]
stimated  that  the  density  of  nociceptors  in  the  skin  was
pproximately  1.4  A�-fiber  nociceptors/mm2 and  5  C-fiber
ociceptors/mm2.  Using  microneurographic  recordings  in
he  peroneal  nerve  of  humans  and  intracutaneous  electrical
timulation,  Schmidt  et  al.  [39]  also  provided  estimates  of
he  innervation  density  of  mechano-sensitive  and  polymodal
-fiber  nociceptors  in  the  leg  and  foot  dorsum  and  proposed
n  average  density  of  0.7  and  2.6/mm2,  respectively.  Lynn
nd  Baranowski  [22]  obtained  similar  innervation  densities
or  C-polymodal  nociceptors  with  small  receptive  fields  in
at  skin  (2  units/mm2 on  the  hind  leg  and  8  units/mm2 on
he  paw).
stimates  of  intraepidermal  nerve  fiber  density  based  on
irect  counting  of  intraepidermal  nerve  fiber  using  skin
iopsies.  A  number  of  studies  have  estimated  IENF  density
sing  protein  gene-product  9.5  (PGP9.5;  a  protein  widely
xpressed  in  neuronal  tissues)  immunostaining  techniques
pplied  to  skin  biopsies.  In  studies  including  groups  of  at
east  25  healthy  subjects,  the  average  linear  density  of  free
erve  endings  was  14.0  ±  6.3  IENF/mm  (range  9.4—33.1)
n  the  distal  leg  [9,27,30,31,33,40,45—47]. Considering  the
ection  thickness  of  the  biopsies,  the  linear  IENF  densi-
ies  can  be  transformed  into  areal  densities  [12]  yielding
stimates  of  238  ±  63  IENF/mm2.  Similar  estimates  of  IENF
ensities  were  obtained  using  the  blister  technique  where
mmunostaining  of  the  blister  roof  allows  a  direct  measure-
ent  of  the  areal  density  of  IENFs  [31].
Hence,  the  estimates  of  IENF  density  based  on  skin  biop-

ies  are  about  two  orders  of  magnitude  greater  than  the
stimates  of  IENF  density  based  on  the  population  of  nerve
bers  in  nerve  trunks.

ubpopulation  of  intraepidermal  nerve  fiber  contributing
o  stimulus  detection
et  us  consider  the  average  density  of  all  IENF  (nT)  cross-
ng  the  dermoepidermal  junction  (D  =  nT/mm2).  It  has  been
emonstrated  that  these  fibers  are  almost  exclusively  sen-
ory  fibers  rather  than  sympathetic  fibers,  as  they  disappear
fter  a  dorsal  root  ganglionectomy,  but  remain  intact  after  a
orsal  or  ventral  rhizotomy  or  sympathectomy  [20]. Never-
heless,  it  should  be  acknowledged  that  some  of  these  fibers
ave  efferent  functions  such  as  the  production  of  trophic
actors.  To  relate  IENF  density  with  the  detection  rate  to
hermal  stimuli,  one  must  first  estimate  the  fraction  of  nT

hat  is  able  to  transduct  heat  stimuli  (nH).
It  is  generally  agreed  that  the  capsaicin  receptor  TRPV-1,

 non-selective  ligand-gated  channel  that  responds  to  heat,
onstitutes  the  main  mechanism  for  the  neural  transduc-
ion  of  thermal  stimuli.  Hence,  an  approach  to  estimate
H is  to  estimate  IENF  density  using  selective  TRPV-1
mmunostaining  techniques  [36]. As  shown  in  Fig.  2,  the
verage  density  of  TRPV-1  labeled  IENFs  is  approximately
.75  times  the  average  density  of  PGP9.5  labeled  IENFs.
Please  cite  this  article  in  press  as:  Mouraux  A,  et  al.  Estimat
of  nociceptive  laser  stimuli  in  normal  and  pathological  condit
(2012),  http://dx.doi.org/10.1016/j.neucli.2012.05.004

owever,  the  scatter  of  the  data  does  not  allow  concluding
hat  the  number  of  TRPV-1  labeled  IENFs  differs  significan-
ly  from  the  number  of  PGP9.5  labeled  IENFs.  Nevertheless,
t  does  corroborate  the  observations  of  Lauria  et  al.  [18],

n
t
w
t

ed to  the  data  from  [35]  by  a  linear  least  squares  regression
rocedure.  The  dashed  line  represents  the  ‘identity  line’.

howing  that,  in  healthy  subjects  as  well  as  patients  suffer-
ng  from  painful  peripheral  neuropathies,  IENFs  labeled  with
GP9.5  and  IENFs  labeled  with  TRPV-1  are  diffusively  co-
ocalized,  and  that  the  density  of  IENFs  labeled  with  PGP9.5
nd  TRPV-1  are  not  significantly  different.  Importantly,  it
emains  at  present  unknown  whether  all  IENFs  expressing
RPV-1  receptors  are  actually  able  to  transduce  thermal
timuli.

Furthermore,  the  time-locked  behavioral  responses  to
rief  and  intense  laser  stimuli  can  only  be  mediated  by  IENFs
hat  are  not  only  heat-sensitive  but  also:

respond  in  a  phasic  manner;
 and  elicit  a  conscious  percept.

In  normal  non-sensitized  states,  these  can  be  either
apidly  adapting  type  2  A�-fiber  mechano-sensitive  and
eat-sensitive  nociceptors  (referred  to  as  type  2-AMH  noci-
eptors  [44]) or  rapidly-adapting  C-fiber  afferents  (C-warm
eceptors  and/or  quickly-adapting  Q-C  nociceptors  [25]).
ndeed,  studies  using  single-fiber  microstimulation  tech-
iques  have  shown  that  short  bursts  of  electrical  pulses
elivered  to  a  single  rapidly  adapting  A�-  or  C-fiber  units
nnervating  the  glabrous  skin  of  the  hand  usually  reach
onsciousness,  whereas  activity  in  slowly  adapting  units
ractically  never  does  [42]. Unfortunately,  there  is  currently
o  histological  technique  to  identify  or  quantify  the  respec-
ion  of  intraepidermal  fiber  density  by  the  detection  rate
ions.  Neurophysiologie  Clinique/Clinical  Neurophysiology

ive  proportions  of  quickly-adapting  A�-  and  C-fiber  units
ithin  the  total  number  of  IENFs,  even  though  some  inves-

igators  have  reported  morphological  differences  between

dx.doi.org/10.1016/j.neucli.2012.05.004
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A = stimulus 
surface area

D = IENF 
       density

Type 2-AMH 
nociceptors

Figure  3  Areal  distribution  of  intraepidermal  free  nerve  end-
ings (IENF).  Each  dot  represents  a  free  nerve  ending,  with  the
black dots  representing  quickly-adapting  A�-fiber  nociceptors
(type  2-AMH  units).  The  square  represents  the  unit  density  of
IENF and  the  grey  circle  represents  the  laser  stimulus  surface
area (AA�),  i.e.  the  area  above  the  thermal  activation  threshold
(47 ◦C)  for  type  2-AMH  nociceptors.  The  relationship  between
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these variables  (D  and  AA�)  and  the  detection  rate  (PA�)  of
supraliminal  laser  stimuli  is  described  by  equation  E2.

A�-  and  C-fiber  free  nerve  endings,  but  only  at  ultrastruc-
tural  level  [38].

Therefore,  if  we  consider  ‘late’  detections  (i.e.  detec-
tions  with  reaction-times  >  650  ms),  detection  of  the
stimulus  should  be  determined  by  nociceptive  information
conveyed  through  rapidly-adapting  C-fiber  units,  whereas
if  we  consider  ‘early’  detections  (i.e.  detections  with
reaction-times  ≤  650  ms),  detection  of  the  stimulus  should
be  determined  by  nociceptive  information  conveyed  through
rapidly-adapting  type  2-AMH  nociceptors  [44].

Hence,  the  probability  of  early  A�-fiber  related  detec-
tions  can  be  formulated  as  follows:

P(�Aı =  f  (nAı∗)  =  f(DAı •  AAı)  (E2)

where  P(�A�)  represents  the  probability  of  A�-fiber  related
detections;  nA�*  represents  the  number  of  activated  quickly-
adapting  A�-fiber  units;  and  DA� represents  the  density
of  quickly-adapting  A�-fiber  units  and  AA� represents  the
stimulated  surface  area  whose  temperature  exceeds  the
activation  threshold  of  A�-fiber  units  (Fig.  3).

Intraepidermal  nerve  fiber  branching
Another  important  difficulty  to  relate  IENF  density  and  stim-
ulus  detection  relates  to  the  fact  that  many  IENFs  branch
after  crossing  the  basal  membrane.

When  describing  IENFs,  Reilly  et  al.  [37]  stated  ‘‘there  is  a
3-D  fiber  network  in  normal  human  epidermis,  with  frequent
branching  of  fibers.  Branching  can  be  seen  to  converge  on
a  central  trunk  apparently  extending  to  the  dermis’’  and
‘‘the  horizontal  extension  of  these  complex  epidermal  nerve
fibers  frequently  exceeds  the  typical  50  �m  biopsy  section
thickness’’.  They  estimated  the  average  number  of  branches
to  be  2.34  ±  0.46.

These  branches  are  likely  to  have  important  conse-
Please  cite  this  article  in  press  as:  Mouraux  A,  et  al.  Estimat
of  nociceptive  laser  stimuli  in  normal  and  pathological  condit
(2012),  http://dx.doi.org/10.1016/j.neucli.2012.05.004

quences  regarding  the  functional  properties  of  IENF.  For
example,  nociceptive  cutaneous  fibers  with  large  periph-
eral  receptive  fields  of  up  to  several  square  centimeters
have  been  described  in  the  human  and  non-human  primate

f
l
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kin  [26,39]  and  innervation  of  such  large  areas  is  only
onceivable  through  the  existence  of  functional  branching
bers.

Applying  electrical  stimuli  of  increasing  intensity  to  the
eceptive  fields  of  single  nociceptive  afferents  recorded
sing  microneurography,  it  was  shown  that  the  latency  of
he  elicited  responses  increases  in  discrete  steps,  indicating
hat  within  a  given  IENF,  action  potentials  can  be  initiated
t  several  distinct  sites  [14,26,41]. Collision  experiments
erformed  by  Matthews  [23]  suggested  that  these  distinct
ites  are  located  within  different  branches.  Multiple  punc-
ate  areas  of  high  sensitivity  to  mechanical  stimuli  can
e  found  inside  the  receptive  field  of  a  single  nociceptive
ber  [34], suggesting  that  these  different  spots  correspond
o  the  receptive  fields  of  distinct  axonal  branches  of  the
ame  fiber  [16]. This  raises  important  questions.  Should
hese  branches  be  taken  into  account  when  characteriz-
ng  the  relationship  between  IENF  density  and  probability
f  detection?  What  is  the  contribution  of  branching  to  the
robability  of  nerve  activation?  These  questions  are  not
rivial  because  each  branch  may  contain  heat  transduc-
rs  and,  hence,  may  contribute  to  the  afferent  volley  of
ction  potentials  determining  the  amount  of  nociceptive
nformation  carried  to  the  central  nervous  system.  Further-
ore,  the  contribution  of  branches  may  be  complex,  as

ction  potentials  generated  in  one  branch  may  propagate
ntidromically  into  other  branches  and  collide  with  action
otentials  generated  there,  leading  to  an  occlusion  of  the
ction  potential  signal  [23]. Furthermore,  antidromic  propa-
ation  of  action  potentials  to  sister  branches  may  transiently
ecrease  their  excitability  [8,21]. Finally  and  most  impor-
antly,  Peng  et  al.  [32]  showed  that  in  the  case  of  stimuli
oncomitantly  activating  all  the  different  initiation  sites  of

 given  afferent,  the  action  potentials  that  first  reach  the
arent  axon  (i.e.  the  action  potentials  generated  in  the
horter  branches)  largely  prevent  the  action  potentials  ini-
iated  at  the  other  sites  from  being  transmitted  (i.e.  the
ction  potentials  generated  in  the  longer  branches).  Hence,
hen  considering  the  relatively  large  stimulus  surface  areas
f  laser  stimuli,  it  is  likely  that  only  the  activity  elicited
ithin  the  shorter  branches  actually  transmit  to  the  cen-

ral  nervous  system.  For  this  reason,  as  a  first  approach,
ENF  density  was  estimated  here  by  counting  only  the  num-
er  of  fibers  crossing  the  basal  membrane  and  not  their
ranches.

umber  of  afferent  fibers  required  to  elicit  early
�-fiber  related  detections
ecause  there  is  currently  no  histological  method  to  iso-
ate  directly  IENFs  contributing  to  the  early,  A�-fiber  related
etection  of  thermal  stimuli,  we  will  attempt  to  estimate
heir  number  by  subtracting,  from  the  total  population  of
ENFs,  the  proportion  of  IENFs  that  should  not,  at  least  in
ormal  physiological  conditions,  contribute  to  these  behav-
oral  responses.

Using  microneurography,  Torebjörk  et  al.  [43]  identi-
ed  six  functional  subcategories  of  C-fibers  in  cutaneous
ion  of  intraepidermal  fiber  density  by  the  detection  rate
ions.  Neurophysiologie  Clinique/Clinical  Neurophysiology

ascicles  of  the  human  peroneal  nerve  with  the  fol-
owing  relative  frequencies:  sympathetic:  10.9%;  silent:
7.3%;  warm-sensitive  (CW):  0.5%;  heat-sensitive  (CH):
.6%;  mechano-sensitive  (CM):  21.4%;  mechano-  and

dx.doi.org/10.1016/j.neucli.2012.05.004
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Figure  4  Proportion  of  A�-fiber  related  detections  (i.e.  detec-
tions with  reaction  times  <  650  ms;  stimulation  of  the  hand
dorsum;  constant  supraliminal  stimulus  CO2 laser  energy  den-
sity) as  a  function  of  the  number  of  activated  type  2-AMH
nociceptors,  given  an  average  total  IENF  density  of  238/mm2.
A logistic  function  was  adjusted  by  a  non-linear  least-squares
regression  (NLSR)  procedure.  To  reach  the  detection  threshold
(P ),  about  12  (CI =  5.7—26.6)  type  2-AMH  nociceptors  must
b
C

of  fibers  that  are  activated  by  a  given  stimulus.  This  is  in
agreement  with  the  suggestion  of  Chery-Croze  and  Duclaux
[5]  that  ‘‘a  burning  sensation  would  arise  only  when  a  suf-
ficient  number  of  polymodal  nociceptors  were  activated’’,

Figure  5  Proportions  of  perceived  sensation  qualities  elicited
by CO2 laser  stimuli  as  a  function  of  stimulated  surface  area
ARTICLEEUCLI-2367; No. of Pages 11

 

eat-sensitive  (CMH):  46%.  These  estimates  are  roughly
ompatible  with  the  estimates  obtained  from  animal  studies
22]. Taken  together,  it  thus  seems  reasonable  to  consider
hat  heat-sensitive  C-fiber  afferents  (CW,  CH  and  CMH)  con-
titute  approximately  50%  of  the  total  population  of  C-fiber
fferents  in  human  cutaneous  nerves.

Also  using  microneurography,  Handwerker  et  al.  [11]
haracterized  the  response  properties  of  66  A�-fiber  units
ithin  the  cutaneous  branch  of  the  human  radial  nerve,
nd  reported  that  76%  of  the  afferents  responded  to  high-
ntensity  mechanical  stimuli,  out  of  which  21%  responded  to
oxious  radiant  heat  in  a  phasic  manner  (i.e.  type  2-AMH
ociceptors  would  represent  approximately  16%  of  the  total
umber  of  A�-fiber  units).

Consequently,  assuming  that  the  estimated  average  den-
ity  of  IENFs  is  D  =  238/mm2,  then  the  total  number  of
ENFs  located  within  the  stimulus  surface  area  at  threshold
10� =  1.62  mm2;  Fig.  1)  is  nT =  D.�  =  238*1.62  =  386  IENFs.

Considering  that  the  ratio  of  A�/C  fiber  afferents  is
pproximately  one  quarter  [28], the  estimated  number  of
�-fiber  IENFs  is  0.2*386  =  77  IENFs,  whereas  the  estimated
umber  of  C-fiber  IENFs  is  0.8*386  =  309  IENFs.

Considering  that  about  16%  of  A�-fibers  are  rapidly
dapting  type  2-AMH  nociceptors,  the  number  of  type
-AMH  nociceptors  required  to  achieve  a  50%  detection
ate  is  0.16*77  =  12  IENFs.  Furthermore,  knowing  the  aver-
ge  density  of  type  2-AMH  nociceptors  (238*0.2*0.16  =  7.5
ype  2-AMH/mm2),  it  is  now  possible  to  transform  the
alues  of  stimulus  surface  areas  into  estimates  of  the
umber  of  activated  type  2-AMH  nociceptors,  as  shown  in
ig.  4.  Adjusting  a  logistic  function  (E1)  by  a  non  linear
east-squares  regression  (NLSR)  procedure  yields  the  fol-
owing  parameters  for  early  type  2-AMH  nociceptor  related
etections:  �  =  1.09  (CI95% =  0.76—1.43);  P0.5 =  10� =  12.3
CI95% =  5.7—26.6);  ß  =  1.68  (CI95% =  0.67—2.70);  R2 =  0.899;

 <  0.001.

elationship  between  stimulus  surface  area  and
uality of  perception

uring  the  experiment,  subjects  were  asked  to  provide  infor-
ation  concerning  the  quality  of  the  sensations  evoked  by

ach  stimulus,  by  choosing  from  a  9-item  list  the  qualifier
hat  best  described  the  elicited  sensation  (stroke,  brush,
ulsation,  tingling,  pinch,  pinprick,  tepid,  warm,  burning).
he  different  qualities  were  then  grouped  into  three  cat-
gories:  touch  (stroke,  brush,  pulsation,  tingling),  painful
ouch  (pinch,  pinprick)  and  thermal  (tepid,  warm,  burn-
ng).  Results  are  shown  in  Fig.  5.  With  the  smallest  surface
rea  (0.15  mm2),  most  stimuli  were  qualified  as  ‘touch’
78%).  Approximately,  20%  were  qualified  as  ‘painful’  and
nly  2%  were  qualified  as  ‘thermal’.  With  increasing  sur-
ace  areas,  the  proportion  of  ‘touch’  sensations  decreased,
eing  replaced  by  ‘thermal’  sensations.  The  proportion  of
painful’  sensations  remained  practically  unchanged.  From
hese  results,  we  can  infer  that  some  amount  of  spatial
ummation  is  required  to  evoke  ‘thermal’  sensations  and
Please  cite  this  article  in  press  as:  Mouraux  A,  et  al.  Estimat
of  nociceptive  laser  stimuli  in  normal  and  pathological  condit
(2012),  http://dx.doi.org/10.1016/j.neucli.2012.05.004

hat  population  coding  is  an  important  factor  determining
he  quality  of  the  sensation  elicited  by  thermal  stimuli.
mportantly,  this  observation  implies  that  one  cannot  rely
olely  on  sensory  quality  to  determine  the  subpopulation

(
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e activated.  The  dashed  lines  represent  the  curves  with  the
I95% of  the  threshold.
ion  of  intraepidermal  fiber  density  by  the  detection  rate
ions.  Neurophysiologie  Clinique/Clinical  Neurophysiology

stimulation  of  the  hand  dorsum;  constant  supraliminal  stimu-
us energy  density).  Increasing  the  surface  area  increased  the
roportion  of  ‘‘thermal’’  sensations  at  the  expense  of  ‘‘light
ouch’’  sensations  (adapted  from  [3]).

dx.doi.org/10.1016/j.neucli.2012.05.004
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Figure  6  Upper  part,  simulation  of  the  skin  temperature  (initial  temperature:  32 ◦C)  when  exposed  to  a  CO2 laser  beam  with  a
surface area  of  79  mm2 and  a  total  power  of  15  W  during  50  ms  (fluence  =  9.5  mJ/mm2)  at  the  surface  (continuous  line  at  depth
x =  0)  and  at  different  depths  (dashed  lines  at  x  =  0.05,  0.10,  0.15  and  0.20  mm,  respectively).  The  horizontal  line  represents  the
threshold temperature  of  type  2-AMH  nociceptors  (47 ◦C).  Lower  left,  the  area  of  skin  where  temperature  exceeds  the  threshold
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of type  2-AMH  nociceptors  as  a  function  of  skin  depth.  Lower  r
2-AMH activation  threshold  as  a  function  of  skin  depth.

as  well  as  the  statement  by  Ochoa  and  Torebjörk  [29]  that
‘‘burning  pain  emerges  as  a  normal  sensory  quality  of  C  fiber
pain  from  hairy  and  glabrous  skin,  provided  that  the  area  of
stimulation  is  fairly  large’’.

Experimentally-induced reduction of
intraepidermal nerve fiber density

Experimental  procedures

To  study  the  relationship  between  IENF  density  and  per-
ception,  the  density  of  IENF  was  decreased  experimentally
using  sustained  topical  application  of  capsaicin  (Experiment
2  [35]).

In brief,  capsaicin  (0.075%)  was  applied  to  the  lat-
eral  calf  for  three  consecutive  days  under  an  occlusive
bandage  of  10  ×  10  cm  in  12  healthy  subjects.  Quantitative
sensory  testing  (QST),  laser-evoked  potentials  (LEP)  and  skin
punch  biopsies  (4  mm  diameter,  eight  specimens  in  each
subject)  were  performed  at  baseline  on  both  legs  and  at
time  intervals  up  to  54  days  after  capsaicin  treatment.  QST
and  LEPs  were  performed  at  one  half  of  the  capsaicin-
treated  area.  Skin  biopsies  were  performed  in  the  other  half,
immunostained  with  antibodies  for  PGP9.5,  TRPV-1,  and
GAP-43  (a  marker  of  regenerating  nerve  fibers  [2]),  and
Please  cite  this  article  in  press  as:  Mouraux  A,  et  al.  Estimat
of  nociceptive  laser  stimuli  in  normal  and  pathological  condit
(2012),  http://dx.doi.org/10.1016/j.neucli.2012.05.004

analyzed  for  IENF  linear  density  and  dermal  innervation  in
sections  of  16  �m  thickness.

The  laser  beam  had  a  Gaussian  power  density  distribu-
tion.  Because  the  beam  was  not  masked,  this  must  be  taken

i
n
b

 the  duration  during  which  the  skin  temperature  exceeds  type

nto consideration  when  assessing  the  stimulated  surface
rea.  The  beam  radius  (w)  is  defined  as  the  distance  from  the
eam  axis  where  power  is  reduced  to  e−2*H0 (H0 correspond-
ng  to  the  power  at  the  center  of  the  beam).  The  thermal
nergy  delivered  onto  the  skin,  measured  using  a  radiometer
Melles-Griot,  The  Netherlands),  was  E  =  750  mJ.  Considering

 beam  section  of  A  =  79  mm2, the  average  energy  den-
ity  within  the  beam  (E/A)  was  9.5  mJ/mm2.  However,  A
oes  not  correspond  to  the  stimulus  area  within  which  skin
emperature  exceeded  the  thermal  activation  threshold  of
eat-sensitive  IENFs.  As  shown  in  Fig.  6,  AA� estimated  using
hermal  modeling  and  numerical  simulation  [10], decreases
s  a  function  of  skin  depth  (x).  Taking  47 ◦C  as  the  ther-
al  activation  threshold  of  type  2-AMH  nociceptors  [44],

A� was  approximately  15  mm2 at  the  skin  surface  (x  =  0)  and
bout  10  mm2 at  the  dermo-epidermal  junction  (considering

 =  0.05  mm  for  the  hand  dorsum).

esults

sing  the  same  procedure  as  described  in  Section  ‘Experi-
ental  procedures’,  the  measures  of  IENF  density  obtained

or  each  skin  biopsy,  combined  with  the  estimated
timulus  surface  area  above  threshold,  was  used  to  estimate
he  number  of  activated  type  2-AMH  nociceptors.
ion  of  intraepidermal  fiber  density  by  the  detection  rate
ions.  Neurophysiologie  Clinique/Clinical  Neurophysiology

As  shown  in  Fig.  7,  the  psychophysical  curve  express-
ng  the  rate  of  early  detections  as  a function  of  the
umber  of  activated  type  2-AMH  nociceptors  obtained
y  varying  the  stimulus  surface  area  (1st  experiment)  is

dx.doi.org/10.1016/j.neucli.2012.05.004
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Figure  7  Proportion  of  A�-fiber  related  detections  (i.e.  detec-
tions  with  reaction  times  less  than  650  ms  for  hand  dorsum
stimulation  and  less  than  750  ms  for  distal  leg  stimulation;  cons-
tant surpaliminal  CO2 laser  energy  density)  as  a  function  of  the
estimated  number  of  activated  type  2-AMH  nociceptors.  The
data were  obtained  from  the  study  [35]  with  topical  capsaicin.
The black  line  was  fitted  by  a  logistic  function  using  a  non-linear
least-squares  regression  procedure  (NLSR).  The  dashed  line  rep-
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Figure  8  Proportion  of  A�-fiber  related  detections  (i.e.  detec-
tions with  reaction  times  less  than  650  ms  for  hand  dorsum
stimulation  and  less  than  750  ms  for  distal  leg  stimulation;  cons-
tant supraliminal  CO2 laser  energy  density)  as  a  function  of
the number  of  type  2-AMH  nociceptors  in  healthy  controls  and
diabetic  patients  (data  from  [36]).  Two  different  beam  sizes
(defined  as  stimulus  surface  area  above  type  2-AMH  temper-
ature  threshold  or  AA�)  were  used:  a  large  beam  (AA� =  10.7
mm2;  black  circles  and  black  line)  and  a  small  beam  (AA� =  3.0
mm2;  crosses  and  dash-dot  line).  The  two  datasets  were  fitted
to a  logistic  function  using  a  non-linear  least-squares  regres-
sion procedure  (NLSR).  The  detection  threshold  (P0.5)  for  the
large  surface  area  (10� ∼= 11  (CI95% =  6—19))  was  similar  to  the
threshold  for  the  small  surface  area  (10� ∼= 11  (CI95% =  4—27)).
The dashed  line  represents  the  relationship  obtained  by  varying
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esents  the  relationship  obtained  by  varying  stimulus  surface
rea in  physiological  conditions,  as  shown  in  Fig.  4.

early  identical  to  the  psychophysical  curve  obtained
y  varying  IENF  density  using  capsaicin.  Accordingly,  fit-
ing  a  logistic  function  to  the  data  points  yielded  very
imilar  parameters:  �  =  1.32  (CI95% =  1.11—1.52);  ß  =  1.61
CI95% =  1.10—2.13);  R2 =  0.689;  p  <  0.01.  On  average,  achiev-
ng  a  50%  detection  rate  required  the  activation  of  10� =  21
ype  2-AMH  nociceptors  (CI95% =  13—33).  These  converging
esults  strengthen  the  hypothesis  that  the  number  of  type  2-
MH  nociceptors  (n*

A�)  largely  determines  the  rate  of  early
etections.

mall fiber neuropathies in diabetic patients

xperimental  procedures

 similar  procedure  was  applied  to  the  data  obtained  in
 group  of  diabetic  patients  and  healthy  volunteers  [36].
n  brief,  patients  diagnosed  for  more  or  equal  to  10  years
ith  type  1  (n  =  10)  or  type  2  (n  =  13)  diabetes  mellitus  (DM)
ithout  conventional  symptoms  or  signs  of  diabetic  neuropa-

hy  (DNP)  were  recruited  and  compared  to  healthy  controls
n  =  18)  and  patients  with  overt  DNP  (n  =  5).  Intraepider-
al  nerve  fiber  linear  density  was  measured  with  PGP9.5

mmunostaining  on  punch  skin  biopsies  (3  mm  diameter)
erformed  at  the  distal  leg  in  25  patients  (three  patients
eclined  the  punch  biopsy).  Here,  LEPs  were  recorded  using
O2 laser  stimuli  of  two  different  beam  diameters  with  a
imilar  energy  density  of  9.5  mJ/mm2.  The  surface  area
Please  cite  this  article  in  press  as:  Mouraux  A,  et  al.  Estimat
of  nociceptive  laser  stimuli  in  normal  and  pathological  condit
(2012),  http://dx.doi.org/10.1016/j.neucli.2012.05.004

upraliminal  for  type  2-AMH  nociceptors  was  AA� =  11  mm2

or  the  large  beam  diameter  and  AA� =  3.0  mm2 for  the  small
eam  diameter.

W
b

timulus  surface  area  in  physiological  conditions,  as  shown  in
ig. 4.

esults

lthough  the  data  were  rather  scattered  (Fig.  8),  a  logis-
ic  function  could  be  fitted  to  the  psychophysical  data
xpressing  detection  rates  as  a  function  of  the  number  of
timulated  afferents.For  early  detections  related  to  the
ctivation  of  type  2-AMH  nociceptors,  fitting  of  the  data
btained  with  the  large  laser  beam  yielded  the  follow-
ng  parameters:  �  =  1.03  (CI95% =  0.63—1.44);  P0.5 =  10� =  11
CI95% =  4—27);  ß  =  1.45  (CI95% =  0.82—2.08);  R2 =  0.391.  Fit-
ing  of  the  data  obtained  with  the  small  laser  beam
ielded  equivalent  parameters:  �  =  1.02  (CI95% =  0.76—1.29),
0.5 =  10� =  11  (CI95% =  6—19);  ß  =  1.31  (CI95% =  0.77—1.85);
2 =  0.571.  These  results  are  very  similar  to  those  obtained

n  Sections  ‘Size  of  the  stimulated  surface  area,  proba-
ility  of  detection  and  quality  of  perception  in  healthy
ubjects’  and  ‘Experimentally-induced  reduction  of  IENF
ensity’.

stimating the intraepidermal nerve fiber
ensity using stimulus detection rate
ion  of  intraepidermal  fiber  density  by  the  detection  rate
ions.  Neurophysiologie  Clinique/Clinical  Neurophysiology

ith  the  information  gained  by  defining  the  relationship
etween  detection  rate  and  number  of  activated  IENFs,  one
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Figure  9  Relationship  between  type  2-AMH  nociceptor  den-
sity and  the  early  detection  rate  (related  to  the  activation  of
type 2-AMH  nociceptors)  for  different  stimulus  surface  areas
AA�.  Whit  small  laser  beams,  detection  rates  are  more  sensi-
tive at  predicting  a  reduction  in  IENF  density.  Indeed,  a  tenfold
reduction  in  nociceptor  density  does  not  significantly  affect
detection  rate  when  using  the  large  beam  (continuous  line:
AA� =  11  mm2),  but  markedly  affects  detection  rate  when  using
the small  beam  (dashed  line:  AA� =  1  mm2;  dashed  dot  line:
AA� =  3  mm2).  The  dotted  lines  represent  de  CI95%.  The  horizon-
tal black  line  corresponds  to  the  average  density  of  type  2-AMH
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nociceptors  in  normal  skin.

can  use  equation  E1  to  estimate  IENF  density  based  on  stim-
ulus  detection  rate,  as  follows:

exp(−�(S  •  �))  =  (1  −  P)/P  (E3)

�  •  S  −  �  •  �  =  ln(P/(1  −  P))  =  log  it(P)  (E4)

For  a  given  area  AA� and  using  equations  E2  and  E4:

S  =  ln(AA� •  DA�)  =  logit(P)  •  �A�
−1 +  �A� (E5)

DA� = [
exp(logit(P)  •  �A�

−1 +  �A�)
]

/AA� (E6)

As  shown  in  Fig.  9,  the  greater  the  section  of  the  laser
beam,  the  lower  the  sensitivity  for  detecting  a  reduction
of  IENF  density.  Indeed,  with  the  large  beam  diameter
(A  =  79  mm2;  AA� =  11  mm2;  black  line),  even  a  tenfold  reduc-
tion  of  the  normal  IENF  density  (DA� =  8  IENF/mm2)  did  not
markedly  deteriorate  detection  performance  (PA� =  90%).  In
contrast,  with  the  small  beam  diameter  (AA� =  3  mm2;  dotted
line),  the  same  decrease  in  IENF  density  markedly  reduced
detection  performance  (PA� =  50%).  In  principle,  with  even
Please  cite  this  article  in  press  as:  Mouraux  A,  et  al.  Estimat
of  nociceptive  laser  stimuli  in  normal  and  pathological  condit
(2012),  http://dx.doi.org/10.1016/j.neucli.2012.05.004

smaller  beam  sections  (e.g.,  AA� =  1  mm2;  dashed  line),  the
sensitivity  at  detecting  a  reduction  of  IENF  density  could  be
further  increased.
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onclusions

sing  structural  and  functional  data  obtained  in  healthy  con-
rols  as  well  as  in  conditions  with  reduced  IENF  density,
e  show  that  the  probability  of  detecting  brief  and  intense

nfrared  laser  stimuli  applied  to  the  skin  is  directly  related  to
he  number  of  fast  conducting  and  rapidly-adapting  A�-fiber
eat-sensitive  free  nerve  endings  activated  by  the  stimulus.
urthermore,  we  show  that  the  detection  rate  of  tiny  laser
timuli  can  be  used  to  estimate  IENF  density  and,  hence,
ay  be  useful  to  diagnose  and  quantify  denervation  in  small
ber  neuropathies.

However,  several  important  questions  remain.  In  partic-
lar,  the  methods  presented  in  the  present  study  rely  on  the
ssumption  that  the  proportion  of  IENFs  contributing  to  stim-
lus  detection  remains  constant.  This  might  not  be  the  case
n  conditions  of  peripheral  and/or  central  sensitization  (for
xample,  so-called  ‘‘silent’’  nociceptors  could  contribute  to
timulus  detection  in  inflammatory  states).  Hence,  further
tudies  are  required  to  investigate  the  effect  of  sensitiza-
ion  on  the  relationship  between  detection  rate  and  IENF
ensity  in  chronic  pathological  pain  states  [13].
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