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a  b  s  t  r  a  c  t

Current  methods  for applying  multi-site  vibratory  stimuli  to the skin  typically  involve  the use  of  multi-
ple,  individual  vibrotactile  stimulators.  Limitations  of such  an  arrangement  include  difficulty  with  both
positioning  the  stimuli  as  well  as  ensuring  that  stimuli  are  delivered  in  a synchronized  and  deliberate
manner.  Previously,  we  reported  a  two-site  tactile  stimulator  that  was  developed  in order  to  solve  these
problems  (Tannan  et al.,  2007a).  Due  to both  the  success  of  that  novel  stimulator  and  the limitations  that
were  inherent  in that device,  we designed  and  fabricated  a four-site  stimulator  that  provides  a number
of  advantages  over  the  previous  version.  First,  the  device  can  stimulate  four independent  skin  sites  and
is  primarily  designed  for  stimulating  the  digit  tips.  Second,  the  positioning  of  the  probe  tips  has  been
re-designed  to  provide  better  ergonomic  hand  placement.  Third,  the  device  is much  more  portable  than
the previously  reported  stimulator.  Fourth,  the  stimulator  head  has  a much  smaller  footprint  on  the
table or  surface  where  it resides.  To  demonstrate  the  capacity  of the  device  for  delivering  tactile  stimu-

lation  at four  independent  sites,  a finger  agnosia  protocol,  in the  presence  and  absence  of  conditioning
stimuli,  was  conducted  on  seventeen  healthy  control  subjects.  The  study  demonstrated  that  with  increas-
ing amplitudes  of vibrotactile  conditioning  stimuli  concurrent  with  the  agnosia  test,  inaccuracies  of  digit
identification  increased,  particularly  at digits  D3  and  D4.  The  results  are  consistent  with  prior  studies  that
implicated  synchronization  of  adjacent  and  near-adjacent  cortical  ensembles  with  conditioning  stimuli
in impacting  TOJ  performance  (Tommerdahl  et  al.,  2007a,b).
. Introduction

For the past several years, our research group has been work-
ng towards the development of a portable tactile stimulator that
ould effectively be used to study changes in sensory informa-
ion processing in clinical and clinical research venues across a
iverse spectrum of neurological disorders. Thus far, we  have gone
hrough several iterations in the development of this stimulator.
he first prototype of the device (Tannan et al., 2005a)  was  used
o demonstrate changes in spatial acuity with repetitive stimu-
ation. A subsequent report described that this change did not
ccur with individuals with autism, strongly suggesting a lower-
han-normal inhibitory response (Tommerdahl et al., 2007a).  A

econd iteration of the device (Tannan et al., 2007a)  was much
ore portable as well as more robust and reliable in its ability to

eliver well-controlled vibrotactile stimuli to the skin. The device

Abbreviations: TOJ, temporal order judgment; NMDA, N-methyl-d-aspartate;
DM, fusion deposition modeling; VCA, voice coil actuator; CAD, computer-aided
esign; AFC, alternative-forced choice; DL, difference limen.
∗ Corresponding author. Tel.: +1 919 966 8985.

E-mail address: mark tommerdahl@med.unc.edu (M.  Tommerdahl).

165-0270/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jneumeth.2011.11.007
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proved extremely useful, and a number of studies were conducted
with it that demonstrated the ability to reliably and reproducibly
obtain metrics of neuro-adaptation (Tannan et al., 2007b), temporal
order judgment (TOJ) and the impact of synchronized condition-
ing stimuli on TOJ (Tommerdahl et al., 2007b), the absence of the
impact of those same conditioning stimuli on TOJ  in individuals
with autism (Tommerdahl et al., 2008), the relationship between
spatial acuity and amplitude discrimination (Zhang et al., 2008), a
method for the study of tactile-thermal interactions (Zhang et al.,
2009), a reliable means for measuring amplitude discriminative
capacity and a robust near-linear relationship between duration of
repetitive conditioning stimuli and the impact of that conditioning
on amplitude discriminative capacity (Tannan et al., 2007b),  the
below-normal adaptation metrics in autism (Tommerdahl et al.,
2007a,b), the impact of NMDA receptor block on adaption met-
rics (Folger et al., 2008), a demonstration of Weber’s law (Francisco
et al., 2008; Holden et al., 2011) and a robust relationship with
neurophysiological data (Francisco et al., 2008), and differences in
timing perception in Parkinson’s Disease (Nelson et al., 2011). More

recently, we have developed a newer, more portable and ergonomic
model of the device, which is much more suited for a clinical or
clinical research environment, and is capable of delivering vibro-
tactile stimuli to four fingers: the index (D2), middle (D3), ring (D4),

dx.doi.org/10.1016/j.jneumeth.2011.11.007
http://www.sciencedirect.com/science/journal/01650270
http://www.elsevier.com/locate/jneumeth
mailto:mark_tommerdahl@med.unc.edu
dx.doi.org/10.1016/j.jneumeth.2011.11.007
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nd little (D5) fingers. The utility of this device has been recently
eported in a paper that reported phenotypic differences within a
pectrum of patients with vulvodynia (Zhang et al., 2011), and in a
aper that describes its utility for describing phenotypic differences
ithin the autism spectrum via modulating vibrotactile stimuli (i.e.,

inusoidal stimuli that dynamically change in amplitude), but the
evice itself, as well as a demonstration of its capability to deliver
our-digit protocols, has not been fully described, which is the pur-
ose of this report. In a subsequent paper, a magnet-compatible
ersion of this device will be reported.

. Methods

.1. Hardware

The cortical metrics (CM-4; see Fig. 1) stimulator was  devel-
ped in our laboratories for use in series of experiments such as
hose described in this report. The system was designed using
tate-of-the-art rapid manufacturing technology to allow multiple
dentical systems to be built and used in different locations. Also,
he use of rapid manufacturing permitted very rapid design evo-
ution, thereby potentiating the production of special fixtures and
hanges to geometry as needed for special applications. The device
onsists of two separate parts: the main body and a detachable
ead unit. The flat plates of all exterior housing and other compo-
ents of approximately planar geometry are direct manufactured
sing laser-machined 6 mm acrylic sheet, cut on a 120 W CO2 laser
ngraving system, model number X660 (Universal Laser Systems,
cottsdale, AZ). The more complex housing and internal mecha-
ism components are direct manufactured from ABS plus, by fusion
eposition modeling (FDM) on a StrataSys Dimension bst 1200es
StrataSys, Inc., Eden Prairie, MN). The cylindrical trays forming the
isks of the head unit are CNC machined from 1 inch thick Acetal
Delrin) plate. All housing and mechanism components and assem-
lies were solid modeled prior to fabrication using SolidWorks solid
odeling software (SolidWorks Corporation, Concord, MA).
The internal mechanism of the head unit is comprised of iden-

ical cylindrical disks placed sideways and four abreast (130 mm in
iameter, 11 mm in depth) between two plastic supports. Each disk
an be independently rotated to adjust for differing finger lengths
or each test subject. A voice coil actuator (VCA) and an optical posi-

ion sensor are mounted in each disk. Each VCA is attached to a
lastic probe (5 mm diameter), which slightly protrudes through

 hole (7 mm diameter) in the side of the cylinder. The amount of
rotrusion for each probe is independently adjustable as are the

ig. 1. Four site vibrotactile stimulator. Each of the four probe tips is positioned
y rotating the four independently positioned drums to maximize contact between
nger pads and the stimulator tips. During an experimental session, subjects were
eated comfortably in a chair with their arm resting on the arm rest attached to the
ead unit of the device. Digits D2 through D5 were then positioned for vibrotactile
timulation.
ence Methods 204 (2012) 215– 220

positions of the holes to accommodate the length of the subject’s
fingers. The VCAs drive the plastic stimulator probe tips according
to prescribed sinusoidal waveforms. The moving components of
the stimulator tips are directly manufactured from polycarbonate
(PC) by 3-D FDM as a single compliant mechanism component inte-
grating a mounting flange, a thin-beam four-bar linkage, a magnet
coil bobbin, an optical displacement sensor vane, and the extension
to the mechanical stimulator tip. The compliant four-bar linkage
mechanism allows the coil, optical position sensor vane, and tip to
be displaced vertically along a straight line for a distance of ±1 mm.
The 4-bar compliant mechanism also provides a very low hysteresis
linear restoring force to center each tip vertically when no current
is applied to the VCA coil. The VCA coil is 400 turns of 34 AWG
magnet wire (approximately 30 � total resistance), wrapped in a
rectangular bobbin permanently solvent bonded into the four-bar
mechanism. The entire four-bar mechanism is 5.3 mm in thick-
ness, and is positioned such that the VCA coils sit directly between
two opposed rectangular N42 rare-earth-element magnets (cat-
alog number BCC2, K&J Magnetics, Jamison, PA) similar to those
found in computer hard drives. The resulting VCA motors generate
extremely linear force outputs as a function of drive current with
very low hysteresis due to the “frictionless” nature of the single-
piece bearing-less four-bar compliant mechanism. The position of
the vibrating tips is detected by non-contacting optical displace-
ment sensors, one for each tip, similar in configuration to ones we
have previously employed in precision optical force transducers
(Dennis and Kosnik, 2002). When the tips are not being driven,
the optical position sensors can act as a highly sensitive contact or
force sensor. By employing the optical position sensor, the tips can
be driven to contact the skin, and the contact force of each tip can
be adjusted independently due to the fact that the spring constant
of each VCA four-bar linkage mechanism is identical.

The custom electronics were designed using free CAD soft-
ware from ExpressPCB (www.expresspcb.com). The printed circuit
boards were manufactured using the resulting CAD files, also by
ExpressPCB. The hybrid circuit includes signal amplifiers for the
position sensors, an analog controller to allow either “force” or
“position” control of each VCA motor and tip, a tunable analog PID
controller for position control of each tip, and a bipolar push–pull
high-current op-amp output stage to drive each VCA motor. This
hybrid circuit is interfaced via four parallel pin connectors (2 banks
of 50 pins for digital signals and 2 banks of 34 pins for analog sig-
nals) to an internal NI-USB-6259 data acquisition (DAQ) board. The
DAQ board then interfaces via a USB connection to any standard PC
running Microsoft Windows XP or later.

2.2. Software

A custom line-of-business application was developed for the
Microsoft. Net platform using the C# programming language and
Windows Presentation Foundation (WPF) framework to control the
stimulator and to administer the data collection protocols. The
interface was designed to be intuitive, extensible, and aestheti-
cally pleasing. The software needed to be extensible to facilitate
the development of future protocols for a device as flexible as the
CM-4. The core extensibility was achieved by using a “plugin” archi-
tecture with a shell application whose function is to discover, load
and execute small plugins. The shell exposes a software contract (an
inheritable C# class) that is consumed and extended by each plu-
gin. Each task described in this paper represents one such plugin.
Most traditional neuropsychological protocols using the standard
X-alternative forced-choice (X-AFC) tracking method (Cornsweet,

1962) can be created with only a couple dozen lines of C# code.
While most plugins interact directly with the CM-4 stimulator, this
is not a requirement of the plugin contract. Plugins can, for exam-
ple, be designed to collect arbitrary subject information pertinent

http://www.expresspcb.com/
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Fig. 2. Schematics of finger agnosia protocols. The simple finger agnosia assessment
(top panel) consisted of a 4AFC protocol where a short test (T) pulse (300 �m, 25 Hz,
40  ms)  was  delivered to one of the four digits followed by a subject response inter-
val (RI). The finger agnosia test was also conducted in the presence of conditioning
stimuli of amplitudes 30, 40, 50, or 100 �m (bottom panel). The conditioning stim-
ulus was  delivered 500 ms prior to, and 500 ms  following, the tap of the test digit.
For  all finger agnosia tasks, subjects indicated which finger was perceived to have
received the large amplitude tap by choosing the respective digit on an image of
J.K. Holden et al. / Journal of Ne

o the given study (e.g. participant demographics, relevant medical
istory, various surveys, etc.). The net effect is not only a signif-

cant reduction in the amount of clinical paperwork that needs
o be completed by each participant, but also a marked reduction
n data-entry time for clinicians. All data collected by the applica-
ion are stored in an encrypted (128-bit RC4) SQLite database in a
ser-specified location. Each database can be shared with multiple

nstances of the shell application, providing a mechanism for seam-
ess networking of CM-4 stations (Holden et al., 2011). The software
s also capable of storing, as well as creating and customizing, all
elevant initialization information for each plugin, such that a given
attery of protocols can be administered repeatedly and in a con-
istent manner, while maintaining flexibility for future projects.
he batteries allow for greater reuse of each plugin, resulting in
horter development times a more efficient workflow throughout
n experiment.

.3. Protocols

In order to demonstrate exemplary use of the CM-4, a finger
gnosia test, in the presence and absence of conditioning stimuli,
as performed. The finger agnosia test was designed to assess the

apacity of subjects to recognize and identify stimulated digits, an
ssessment similar to tactile finger recognition or localization tests
Boll, 1974; Reitan and Wolfson, 1993) utilized in current neuropsy-
hological diagnostics.

.4. Subjects

Seventeen healthy subjects (8 males and 9 females), ranging
rom 22 to 57 (39.1 ± 2.9) years of age, were recruited for the study.
one of the subjects reported any neuropsychological impair-
ent and all were naïve to both the study design and issue under

nvestigation. The study was performed in accordance with the
eclaration of Helsinki, all subjects gave their informed consent,
nd the experimental procedures were reviewed and approved in
dvance by an institutional review board.

.5. Experimental procedure

During an experimental session, the subjects were seated com-
ortably in a chair with the right arm resting on the device. Because
he lengths of fingers typically vary among subjects, the positions of
he probe tips were individually adjusted to ensure that they con-
acted the glabrous, padded tips of the fingers of each subject. These
oci were chosen in order to allow the convenience of access and
omfort of participants as well as for the wealth of neurophysiologic
nformation that exists for the corresponding somatotopic regions
f cortex in primates (Chen et al., 2003, 2007, 2009; Francisco
t al., 2008; Friedman et al., 2008; LaMotte and Mountcastle, 1975;
ountcastle et al., 1969; Tommerdahl et al., 1993, 1998, 2002, 2005,

006, 2010). As depicted in Fig. 1, probe tip positioning was accom-
lished by loosening a set screw and rotating each of the drums

ndependently to conform to the natural hand shape of each subject.
fter proper positioning, if the probe tips still failed to make proper
ontact with the digits, the tips themselves were either raised or
owered. Once adjusted, the probe tips were locked in place prior to
nitiation of the battery so that they would remain immobile during
esting. At the start of each run, the four tips were driven towards
he tips of the fingers in order to ensure good contact with the skin.

During the assessment, the device delivered constant-
mplitude sinusoidal skin displacements (vibrations) via flat

elrin probes (5–10 mm in diameter) positioned to make contact
ith the tips of the index (D2), middle (D3), ring (D4), and little

D5) fingers of the right hand. The independent probe tips were
omputer-controlled and capable of delivering a wide range of
the  dorsal side of a hand presented on a computer monitor. Test stimuli sites were
pseudo-randomized on a trial-by-trial basis.

vibrotactile stimulation of varying frequencies (Hz) and ampli-
tudes (�m).  Stimulus parameters were specified by test algorithms
that were based on specific protocols as well as subject responses
during those protocols.

Subjects viewed a computer monitor that provided continu-
ous visual cueing during the experimental session. Specifically, an
onscreen light panel indicated to the participant when stimuli were
being delivered and when subjects were to respond. Training trials
were not included prior to testing, and the subjects were not given
performance feedback or knowledge of the results during data
acquisition. The sensory testing session was  conducted by appli-
cation of low frequency (25 Hz) vibration to selected fingers. Each
battery of testing lasted between 15 and 20 min  depending on the
protocols being run and on subject performance. Each individual
protocol typically lasted 2–3 min.

2.6. Finger agnosia protocol

Finger agnosia tests are typically utilized to diagnose the ability
of subjects to recognize and identify stimulated digits (Boll, 1974;
Reitan and Wolfson, 1993). In order to assess the ability of the
subject to discriminate one digit from another, a four-alternative
forced-choice (4-AFC) protocol was  implemented. Fig. 2 represents
a timeline for the finger agnosia protocols evaluated. The device
delivered a short pulse or tap (300 �m,  25 Hz, 40 ms)  to one of the
four digits in a pseudo-random order on a trial-by-trial basis, and
subjects were queried as to which digit was stimulated (Fig. 2).
The simple test was used in order to determine baseline values
for each subject. A more complex agnosia test was subsequently

administered in which test stimuli were delivered to the skin as a
tap as in the previous test (300 �m,  25 Hz, 40 ms), but in the pres-
ence of conditioning stimuli at variable amplitudes. In each case, a
25 Hz, 500 ms  conditioning stimulus was delivered to all four digits
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Fig. 3. Average percent accuracy the effect of conditioning stimuli on the finger
agnosia task. The average percent accuracy in absence of conditioning stimuli was
98.2  ± 0.9% (n = 17). In the presence of 30, 40, 50, and 100 �m conditioning stimuli,
18 J.K. Holden et al. / Journal of Ne

t one of four amplitudes: 30, 40, 50, and 100 �m. The condition-
ng stimulus was delivered 500 ms  prior to, and 500 ms  following,
he tap of the test digit (Fig. 2). For all finger agnosia tasks, sub-
ects indicated which finger was perceived to have received the
arge amplitude tap by choosing the respective digit on an image
f the dorsal side of a hand presented on a computer monitor. Test
timuli sites were pseudo-randomized on a trial-by-trial basis. The
ubjects were assessed on their accuracy over a total of 16 trials (4
rials for each digit as the test stimulus).

.7. Analysis

For the finger agnosia protocols, accuracy percentages were cal-
ulated by analyzing the ratio of correct to total responses of the
ubjects. Percent accuracies were trial-independent and reflected
ccuracies across all 16 trials. The 100 �m conditioning condition
as chosen for further analysis because of the significantly lower
ercent accuracy compared to the simple agnosia task. Percent

naccuracies were quantified for the 100 �m conditioning stimulus
y calculating the frequency at which digits were incorrectly cho-
en. Results were calculated in this manner in order to compare
ercent inaccuracies with difference limens (DLs), where lower
alue might suggest higher accuracies and increased discriminative
apabilities. The data were analyzed for significance by calculating
-values across mean inaccuracy metrics for each digit. Histograms
ere plotted in order to visualize the differences among each of

he digits with respect to standard error of the means. Statistical
-tests were used to evaluate the difference of the performance of
ach subject under different conditions. A probability value of less
han 0.05 was considered statistically significant.

.8. Auditory cue analysis

To ensure that the stimulator did not produce any audible cues
uring the agnosia task, an auditory output analysis was conducted
sing a standard USB microphone and the open source software
uite Audacity. The microphone was placed on a table 31 cm from
he stimulator head unit. Four 1-s recordings were created with
ach condition consisting of an initial 250 ms  period of silence
ollowed by a single-channel 300 �m 25 Hz sinusoidal vibration
asting 500 ms  and ending with another 250 ms  period of silence.
udacity provides a contrast analysis tool in compliance with the
eb  Content Accessibility Guidelines (WCAG 2.0), Success Criteria

.4.7. This tool was used to calculate the RMS  amplitude in decibels
dB) during each vibration and period of silence.

. Results

This study employed a finger agnosia protocol, in the pres-
nce and absence of conditioning stimulation, on healthy subjects
n order to demonstrate the capacity of the device for delivering

ell-controlled vibrotactile stimuli at four independent sites. Addi-
ionally, an auditory cue analysis was performed in order to ensure
hat there were no auditory cues available for the subjects dur-
ng the finger agnosia protocol. The auditory cue analysis found no
ndication of any auditory cues being produced by the stimulator
uring a vibration. The peak amplitude for any channel during a
ibration was −42.64 dB (silence is considered to be in the range
f −30 dB). The average RMS  amplitude (during all vibrations) was
58.90 ± 0.11 dB. The average RMS  amplitude during the periods of

ilence was −58.83 ± 0.10 dB. Comparing each condition’s vibration
o the immediately preceding silence yielded an average difference

n RMS  amplitude of 0.05 ± 0.13 dB.

The finger agnosia task was evaluated in order to quantify the
bility of subjects to recognize and identify stimulated digits in the
bsence and in the presence of conditioning stimuli at different
the percent accuracies gradually decreased with increased amplitude of condition-
ing  stimuli: 93.7 ± 3.0% at 30 �m (n = 17), 94.9 ± 4.2% at 40 �m (n = 16), 89.0 ± 4.2%
at  50 �m (n = 17, p < 0.06), and 60.0 ± 7.6% at 100 �m (n = 5, p < 0.01).

amplitudes. This task included seventeen healthy subjects (8 males
and 9 females) ranging from 22 to 57 (39.1 ± 2.9) years of age. As
shown in Fig. 3, the average percent accuracy in the absence of
conditioning stimuli was 98.2 ± 0.9% (n = 17), and accuracy across
subjects decreased with increasing amplitude of conditioning stim-
uli. Conditioning amplitudes of 30 and 40 �m resulted in percent
accuracies of 93.7 ± 3.0% and 94.9 ± 4.2%, respectively, and were
not statistically significant compared to subject performance in the
absence of conditioning stimuli. The effect of conditioning on the
finger agnosia task became statistically significant at conditioning
amplitudes greater than 50 �m:  89.0 ± 4.2% at 50 �m (p < 0.06) and
60.0 ± 7.6% at 100 �m (p < 0.01). Because the conditioning stimuli
at 100 �m resulted in the most significant percentage of incorrect
responses compared to the simple finger agnosia protocol, the fre-
quency of inaccurate responses for each digit was quantified (Fig. 4).
The results suggested that subjects, on average, made the largest
number of inaccurate responses when the correct answer should
have been D3 and D4 (percent inaccuracies of 60.0 ± 10.0% and
55.0 ± 14.6%, respectively). Subjects were relatively better at iden-
tifying stimulation of D2 (inaccuracy of 15.0 ± 10.0% significantly
better than that for D3, p < 0.01) and better at identifying D5, though
not statistically significantly more.

4. Discussion

The delivery of sinusoidal displacements to a single skin site
via mechanical transducer has been used extensively for the study
of flutter vibration in both psychophysical and neurophysiological
settings for a number of decades. Exemplary uses of such a device
are described in Goble and Hollins (1993), Juliano et al. (1989),
LaMotte and Mountcastle (1975),  Mountcastle et al. (1969),  Tannan
et al. (2006), Tommerdahl et al. (1993, 1998, 2002),  and Vierck
and Jones (1970).  Typically, stimuli that can be delivered through
mechanical transducers – vertical displacement stimulators such
as the one originally described by Chubbuck (1966) – were used for
studies of somatosensation and are very well equipped to deliver

sinusoidal stimuli at a frequency range (1–250 Hz) with amplitudes
of sufficient size (between 0 and 1000 �m)  to activate a broad range
of mechanoreceptors. However, in order to stimulate more than
one skin site – either during the course of human psychophysical
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Fig. 4. Average percent inaccuracy on finger agnosia with 100 �m conditioning
stimuli. Digits D3 and D4 showed the highest percent inaccuracies of 60.0 ± 10.0%
and 55.0 ± 14.6%, respectively. There was a statistically significant observation in
accurately recognizing and identifying stimulation of D2 at 15.0 ± 10.0% versus D3
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t  30.0 ± 20.0% (p < 0.01) and slight discrimination difference between D2 and D4
p  < 0.08) in the presence of the 100 �m conditioning stimuli. The other the digit
ombinations showed no statistical significance in discrimination capability.

esting or animal experimentation – it is necessary to position a sec-
nd vertical displacement stimulator over the second skin site. Our
revious device (described in Tannan et al., 2007a)  was  designed to
ddress this issue by allowing dual site stimulation with automated
wo-dimensional probe positioning. Although the device reported
y Tannan and colleagues was successfully utilized in a number
f studies (Tannan et al., 2005b, 2006, 2007b, 2008; Tommerdahl
t al., 2007a,b, 2008), it was cumbersome and not ideal for clinical
nd clinical research venues. The CM-4, described in this report,
as the capacity to quickly and easily adjust to fit to most adult,
nd many juvenile, hand sizes and can deliver vibrotactile stim-
li to the tips of four digits. The ability to simultaneously deliver
ibrotactile stimuli to a number of digits allows for a great deal of
rotocol diversity.

In this report, we described a relatively simple four-site finger
gnosia protocol to demonstrate the potential utility of the device.
he principle finding in the results of this study is that there is an
ncrease in inaccuracies with increases in the amplitude of concur-
ent conditioning stimulation delivered during the agnosia task,
nd the ability to perform the task accurately in the presence of
hat conditioning stimulation is diminished more in digits D3 and
4 than in digits D2 and D5. The decrease in accuracy with increas-

ng amplitudes of synchronized sinusoidal stimulation is consistent
ith prior reports of increasing inaccuracies in temporal order

udgment (TOJ) in the presence of synchronized and periodic con-
itioning stimuli. In a study by (Tommerdahl et al. (2007a,b),  it was
emonstrated that TOJ results obtained from a number of pairs of
timulus sites – unilateral as well as bilateral – were comparable.
owever, in the presence of a 25 Hz conditioning sinusoidal stim-
lus which was delivered both before, concurrently and after the
OJ task, there was a significant increase in the TOJ measured when
he two stimuli were located unilaterally on digits D2 and D3. In the
resence of the same 25 Hz conditioning stimulus, the TOJ obtained
hen the two stimuli were delivered bilaterally was  not impacted.

his led to the speculation that the impact that the conditioning
timuli – which only had an impact if they were sinusoidal, periodic

nd synchronous – had on TOJ measures was due to the synchro-
ization of adjacent cortical ensembles in somatosensory cortex,
nd that the synchronization of these cortical ensembles could have
een responsible for the degradation in temporal order judgment.
ence Methods 204 (2012) 215– 220 219

The conditioning stimuli in this study were also synchronized, peri-
odic and simultaneous, and if the degradation in test performance
was due to synchronization of adjacent cortical ensembles similar
to what was speculated in the TOJ report, then inaccuracies due to
this synchronization would be lower on the digits on the perime-
ter of the cortical ensemble (i.e., D2 and D5), and the results reflect
this prediction. Future studies will consider whether or not sub-
jects with neurological disorders are not impacted by conditioning
stimuli, as was  found to be the case in subsequent TOJ studies (e.g.,
TOJ metrics of subjects with autism were not impacted significantly
by conditioning stimuli; Tommerdahl et al., 2008).

The degree of inaccuracies in the different digits with increasing
conditioning stimulation is also consistent with motor studies of
digit interdependencies. In studying the autonomy of finger move-
ments, intended motion in one finger often results in simultaneous
movement, or enslavement, of other digits. More specifically, D3
and D4 show the most enslavement, or interdependency, of adja-
cent digits while D2 is characterized by the greatest independence
(Häger-Ross and Schieber, 2000). In observing motor-related cor-
tical potentials (MRCPs), the autonomous nature of D2 was  shown
to be significantly high while D4 showed the most dependency on
other digits (Slobounov et al., 2002). In Fig. 4, D2 demonstrates
the lowest inaccuracies in the presence of conditioning stimula-
tion while D3 and D4 exhibit the most; thus, in both the motor and
sensory based studies, D2 demonstrates the most independence.

The role of neural communication between adjacent and non-
adjacent cortical regions plays an important role in understanding
the relationship between neurophysiological mechanisms and sen-
sory percept. The development of new, more versatile devices and
methodologies, such as presented in this report, could contribute
to bridging decades of neuroscientific research with human per-
ceptual clinical and clinical research studies. One long term goal
of our research is to develop sensory based instrumentation and
methodologies for the diagnosis and assessment of treatment effi-
cacies for a broad range of neurological disorders, and building
this aforementioned bridge could provide new insights into funda-
mental information processing mechanisms as well as generating
perceptual metrics that are more sensitive to alterations in central
information processing capacity.
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