
Journal of the Neurological Sciences 368 (2016) 59–69

Contents lists available at ScienceDirect

Journal of the Neurological Sciences

j ourna l homepage: www.e lsev ie r .com/ locate / jns
Electrophysiological assessment of nociception in patients with
Parkinson's disease: A multi-methods approach
Janosch A. Priebe a,⁎, Miriam Kunz b, Christian Morcinek c, Peter Rieckmann c, Stefan Lautenbacher a

a University of Bamberg, Department of Physiological Psychology, Bamberg, Germany
b University Medical Center Groningen, Department of General Practice, Section Gerontology, Groningen, The Netherlands
c Neurological Clinic, Academic Hospital, Sozialstiftung Bamberg, Bamberg, Germany
⁎ Corresponding author at: Physiological Psychol
Markusplatz 3, 96045 Bamberg, Germany.

E-mail address: janosch.priebe@uni-bamberg.de (J.A. P

http://dx.doi.org/10.1016/j.jns.2016.06.058
0022-510X/© 2016 Elsevier B.V. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 13 January 2016
Received in revised form 20 June 2016
Accepted 27 June 2016
Available online 28 June 2016
Objective: Nociceptive abnormalities indicating increased pain sensitivity have been reported in patients with
Parkinson's disease (PD). The disturbances are mostly responsive to dopaminergic (DA) treatment; yet, there are
conflicting results. The objective of the present study was to investigate pain processing and nociception in PD pa-
tients in a more comprehensive manner than previous studies. For this purpose, a multi-methods approach was
used in order to monitor different levels of the central nervous system (spinal, subcortical-vegetative, cortical).
Methods: The heat-pain threshold, contact-heat evoked brain potentials (CHEPs) and sympathetic skin responses
(SSR), nociceptive flexion responses (NFR) and subjective pain ratings weremeasured in 23 idiopathic PD patients
both in the Off-phase (without DAmedication) andOn-phase (after DAmedication intake) aswell as in 23 healthy
controls.
Results: Compared to controls, PD patients showed decreased heat-pain thresholds only in the Off and tentatively
increased NFR amplitudes in both phases.We found no between-group differences for the CHEPs, the NFR thresh-
old/latency or the pain ratings. Yet, SSR amplitudes/frequencieswere decreased and latencieswere increased in PD
patients in both phases. Correlations between CHEPs amplitudes and pain ratings were found only in controls.
Discussion: Increased pain sensitivity (heat-pain threshold) in the Off which normalizes in the On argues for DA in-
duced dysfunctions of the nigrostriatal pain loopswith the basal ganglia asmain circuit in our PD sample. Dysfunc-
tions of the subcortical-vegetative parameters despite of inconspicuous cortical nociception suggest disturbances
of the central or peripheral innervation of sympathetic branches with coincidently intact ascending pathways in
the PD group.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Chronic pain symptoms are common in PD which can roughly be
classified in pain due to motor symptoms (musculoskeletal or dystonic
pain), as well as central pain which may be caused by PD-induced dys-
functions in the nociceptive system [12,16,18,30,31,39]. Furthermore,
evidence suggests abnormal processing of experimentally induced
pain, indicating increased pain sensitivity in PD patients, which in turn
may augment the occurrence of chronic pain. More precisely, dimin-
ished pain or nociceptive flexion reflex (NFR) thresholds and abnormal-
ities in electrophysiological painmeasures like alterations in the evoked
brain potentials and sympathetic skin responses (SSR)were found in PD
patients [7,12,20,30,31,39–41,47].

Since these abnormalities especially occur in the Off-phase (no suffi-
cient dopaminergic (DA) release or substitute bymedication) and often –
ogy, University of Bamberg,

riebe).
but not always - improve or even disappear in the On-phase (after DA
medication intake), PD specific DA deficiencies in the nociceptive basal
ganglia loops also including the thalamus, the cingulate cortex (ACC),
the amygdala and the somatosensory cortex have been discussed as the
pathophysiologicalmechanismunderlying the nociceptive abnormalities
in PD [5,7,12,39]. Additionally, there is growing evidence that central veg-
etative centers are involved in the nociceptive disturbances [39].

Yet, the reported studies revealed inconsistencies. One group, for ex-
ample, found nociceptive abnormalities only in PD patients with central
pain but not in pain-free PD patients [39]. In other studies, the nocicep-
tive abnormalities were not responsive to DA treatment [12,40,41].

One reason for the ambiguous results might be a lack of studies using
multiple methods, which cover different nociceptive levels of the central
nervous system (CNS)(i.e. spinal, subcortical-vegetative, cortical, subjec-
tive). So far,most studies focused on a single psychophysiological param-
eter of the nociceptive system, like the NFR (spinal level) [18,31], pain-
evoked brain potentials (cortical) [40,41] or subjective ratings [12,27,43].

Using a multi methods approach enables to test different compo-
nents of the afferent pain pathways concurrently. Additionally, such
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an approach may provide clues to differentiate between abnormalities
of the afferent and efferent components of the nociceptive system.

One study with PD patients with central pain using a two-methods
approach by combining laser-evoked brain potentials (LEP) with the
sympathetic skin responses (SSR) found increased LEPs and a lack of ha-
bituation of the SSR in PD patients in the Off, while these abnormalities
attenuated in the On. The authors discuss afferent sensitization (in-
creased LEPs) and abnormalities of vegetative nociceptive processing
in brainstem areas accounting for these results [39].

Another reason for inconsistent results might be the different dis-
ease stadiums of the patients participating in the studies. Between-
level differences in the PD-induced nociceptive abnormalities may es-
pecially be detected in patients with comparably mild symptoms
while in later disease stadiums the pathophysiology of PD has spread
throughout all nociceptive levels [30].

In the present study, we aimed to investigate nociception in PD pa-
tientswhile covering three physiological levels of the CNS (cortical, sub-
cortical-vegetative and – in addition to Schestasky and colleagues [39] –
spinal) by using a multi-methods approach. This enables us to monitor
the nociceptive signal on itsway to the cortex and back to the peripheral
effectors. Therefore, brain (cortical) and sympathetic skin potentials
(subcortical-vegetative) in response to phasic heat-pain and the NFR
(spinal) in response to electrical sural nerve stimulation as well as
pain ratings (subjective) were collected in PD patients both in the Off
and On and in matched controls and analyzed for differences (1) be-
tween PD patients and controls and (2) between the Off- and On-
phase. Nociceptive coherence across the central neuroaxis was exam-
ined using correlation analyses between the single levels. Additionally
we tested if more severe PD symptoms/longer disease durations were
accompanied by stronger nociceptive responses [30].

2. Materials and methods

2.1. Subjects

Twenty-three patients with idiopathic Parkinson's disease (PD)
(ICD-10: G20) (3 female,mean age=67.1, SD=±9.9,mean disease du-
ration=8.1 years, SD=±5.7 years) and 23 age and sex matched con-
trols (3 female,mean age= 68.2, SD= ±7.8 years) participated in the
study. PD patients were outpatients addressed via regional self-help
groups. Inclusion criteria for patients were (1) diagnosis of idiopathic
PD (disease duration 1–25 years), which affected both body sides to a
similar degree (no hemi-PD), (2) therapy with DAmedication (levodo-
pa and/or DA agonists) and (3) significant relief of PD symptoms one
hour after DA medication intake without strong fluctuations, based on
self-report. PD patients were excluded from the study if they suffered
from (1) other neurological and psychiatric diseases (especially depres-
sion – self-report about psychiatric history), (2) somatosensory disor-
ders which may affect pain perception (for example diabetic
neuropathy or polyneuropathy excluded by sensory testing of epicritic
and protopathic modalities), (3) further severe physical disorders (for
example acute cardiovascular diseases), (4) severe pain which was
not related to PD1 or (5) indications of dementia (minimental status ex-
amination (MMSE) b 24). The control groupwas recruited via advertise-
ments in local newspapers. Control subjects had to meet the same
criteria as the PD patients – except the diagnosis of PD. Moreover,
healthy subjects who suffer from acute pain on the test day were not
included.

The study was a cooperation of the Department of Neurology,
Sozialstiftung Bamberg, and the Department of Physiological Psycholo-
gy, University of Bamberg. The Department of Neurology was in charge
of themedical, especially neurological diagnosticswhile the pain testing
was conducted in the Department of Physiological Psychology.
1 Pain was considered to be related to PD if it could not be attributed to another known
somatic pathology.
All sessions took place in themorning, PDpatientswere asked to dis-
continue their dopaminergic medication for the 14–15 h leading up to
the investigation. If treated with prolonged released medications, par-
ticipants did not take these medications for the 24 h prior to the inves-
tigation in order to at least reduce retarded pharmacological activity.
Likewise, other PD medications, like COMT or MAO inhibitors or
NMDA receptor blockers, were also discontinued for 24 h.

On the test day between 8 and 9 am, PD patients in the Off were ex-
amined by experienced neurologists (PR or CM, who are chief or senior
physicians) in theDepartment of Neurology, Sozialstiftung Bamberg, for
inclusion and exclusion criteria as well as for the severity of the PD. For
this purpose the 3rd scale (motor examination) of the Unified
Parkinson's Disease Rating Scale (UPDRS) was used. Afterwards, the ac-
tual experimentwas conducted in the Department of Physiological Psy-
chology, University of Bamberg, starting between 9 and 10 am. The
study protocol was approved by the ethics committee of the University
of Erlangen. All participants gave their written informed consent. For
their participation all participants received 60 Euros and travel
expenses.
2.2. General procedure

The procedure with a time schedule of the study is illustrated in
Fig. 1. The experimental session comprised two identical blocks. Each
block consisted of 3 parts. First, heat stimuli, which were intended to
evoke brain and skin potentials, were applied while EEG and SSR were
recorded. Second, NFR threshold was determined and subsequently
participants were stimulated with supra-NFR threshold stimuli while
EMG of the biceps femoris was recorded. Third, the heat-pain threshold
was determined. After threshold-determination facial pain expressions
in response to heat-pain were recorded in a test of 15min (data not re-
ported here, see [37]).

After the first block, a break of one hour was taken, in which no pain
measurements were conducted, neither in the PD patients nor in the
controls. At the beginning of the break, PD patients took their individual
DA medication. During the break, PD patients completed a set of ques-
tionnaires (cognitive functioning, non-motor PD symptoms in the last
4 weeks, see below).

Prior to the second experimental block, patients were asked to rate
their motor performance. The On-phase was assumed to be reached
during the first hour after medication intake, which is good practice in
comparable studies investigating pain processing in PD patients both
in the Off andOn [7,18,20,39]. In addition, PD patients were asked to es-
timate whether the severity of the potentially persisting PD-symptoms
after medication intake was of the usual degree. After the break, PD pa-
tients and controls completed the second experimental block. For sim-
plifying the terminology, “Off” always refers to the first test block in
PD patients and in controls, while “On” refers to the second block both
in PD patients and in controls throughout the paper, although the latter
did of course not receive any medication. Duration of the experimental
session was about 5 h (2 h for each block and 1 h break). Participants
were carefully familiarized with the methods. For the measurements
participants were comfortably seated on a chair.
2.3. Stimulators

Heat stimuli were generated and applied by a contact-heat evoked
potential sensory and pain evaluation system (CHEPS, Medoc, Israel)
with a round 27 mm-diameter surface stimulator.

Electrical stimuli, whichwere intended to elicit the nociceptive flex-
ion reflex (NFR), were generated by a bipolar constant current stimula-
tor (Digitimer DS5, Hertfordshire, AL7 3BE, England) and applied via
two round 5 mm diameter surface electrodes.



Fig. 1. Schematic illustration of the experimental protocol.
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2.4. Heat-stimulation and pain-evoked brain and skin potentials

2.4.1. Stimuli
In order to elicit contact-heat-evoked brain potentials (CHEPs) and

skin potentials (SSR), participants were exposed to 20 phasic heat stim-
uli, ten of which had a fixed temperature of 51 °C or alternatively 45 °C
(baseline temperature of 35 °C, plateau duration of 10 ms, rate of rise/
fall of 70 °C/40 °C per second). The sequence of the 45 °C and 51 °C stim-
uli was randomized once and then set for all participants. All stimuli
were applied to participants' volar site of the left forearm2 in an about
7 × 7 cm2 area located 2–4 cm beneath the cubital joint. The thermode
washeld by an experimenter to allow forflexible placement and slightly
moved after each stimulus to prevent receptor fatigue and cortical ha-
bituation [19]. Participants were instructed to rate the painfulness of
each stimulus using a 11 points numeric rating scale (NRS) ranging
from 0 (“not painful at all”) to 10 (“highest imaginable pain”) after
they had felt the stimulus.

2.4.2. EEG and SSR recording
EEG-recording was accomplished by a DC Brain Amp amplifier

(Brain Products GmbH, Germany) with a sampling rate of 1024 Hz
and a recording bandwidth from 0.1 Hz to 300 Hz. For electrode
2 The stimulation side was held constant across participants since slight between-side
differences regarding the NFR may even occur in our non-hemi PD patients. The left side
was chosen because of the right hemispheric dominance of pain perception in the brain
[28].
placement, a commercial cap realizing the international 10–20 system
was used. Cz served as reference. The impedances of all electrodes
were kept below 5 kΩ. Furthermore, tin electrodes were placed on the
mastoids for offline re-referencing the data in order to regain Cz. In ad-
dition, an electro-oculogram (EOG) was recorded.

Sympathetic skin responses were assessed by use of the
SUEmpathy100 (SUESSMedizintechnik, Germany). The differential sur-
face electrodes were fixed at the palm of the right hand with the refer-
ence electrode fixed on the proximal third of the right forearm. The bio-
signal was sampled at a rate of 512 Hz.

2.4.3. EEG parametrization
EEG data from Czwere analyzed offline (Brain Vision analyzer, Brain

Products, Germany) in order to determineN2 and P2 amplitudes and la-
tencies as well as N2P2 peak-to-peak amplitudes following the protocol
described by Granovsky and colleagues [19].

The ten potentials evoked by the 45 °C stimuli were averaged in the
Off andOn, sowas donewith the ten potentials evoked by the 51 °C stim-
uli. The averaged signals were used to determine two components: N2
was defined as the most negative peak in a time window from 200 to
500 ms, P2 was defined as the most positive peak in a time window
from 400 to 650 ms. Thereby, we used more liberal criteria (wider time
windows) for peak detection than Granovsky and colleagues [19] did in
their study on healthy individuals (N2: 300–500 ms, P2: 400–600 ms).
We did so because latencies of the CHEPsmight be changed in the PD pa-
tients (increaseddue to thepotentially down-regulated cortical systemor
decreased due to increased pain sensitivity) and in the aged participants
(increased due to age-related deceleration of the neuronal transmission).

For further analysis, the peak-to-peak N2P2 amplitude, i.e. the abso-
lute difference between the voltage of theN2 and the P2,was calculated.
Consequently four N2P2-complex amplitude scores resulted for each
subject, one for the 45 °C and one for the 51 °C stimulus both in the
Off and On. Additionally, N2 and P2 amplitudes and latencies both for
the 45 °C and for the 51 °C stimulus both in the Off and On were kept
for further analysis.

2.4.4. SSR parametrization
Following the protocol described elsewhere [11], SSR data were an-

alyzed in order to determine the peak-to-peak amplitude of the first
negative peak (N1) and the subsequent positive peak (P2), i.e. the
N1P2-complex amplitude. For non-responses in the SSRs zero values
were subscribed and kept as such in the analyses. Additionally, the re-
sponse latency, which is defined as time from trial onset to the onset
of the negative deflection, was determined for the trials in which a re-
sponse occurred. Then, the amplitudes and the latencies were averaged
for the 45 °C-trials in the Off and On, so was done for the 51 °C-trials.
FourN1P2-complex amplitude and latency values resulted for each sub-
ject, one for the 45 °C and one for the 51 °C stimulus both in the Off and
On. Since the SSR might not occur in every trial due to habituation pro-
cesses, which might differ between groups, the frequency of responses
was parameterized per subject both for the 45 °C and for the 51 °C stim-
ulus in the Off and On.

2.5. Electrical stimulation and NFR

2.5.1. NFR threshold determination and EMG recording
Trains offive rectangular pulseswith 1msduration each at a frequen-

cy of 250 Hz served as stimuli for NFR threshold determination and NFR
supra-threshold stimulation. For the purpose of eliciting the NFR, the
sural nerve of the left leg2 was stimulated in its retromalleolar pathway.
For NFR threshold determination the up-down staircase method was
used (6 turning points, EMG amplitude at least 50 μV, time window
70–200 ms after stimulus onset; see [31–33] for a detailed description).

After NFR threshold determination participants were exposed to 10
supra-threshold stimuli (threshold+3mA, ISI=20 s)which should re-
liably elicit the NFR. Comparable to the first part of the session (heat-
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pain), participants were instructed to rate the painfulness of each stim-
ulus using the already familiar 11 points NRS ranging from 0 (“not pain-
ful at all”) to 10 (“highest imaginable pain”).

For quantifying the NFR activity of the left biceps femoris in response
to the electrical stimulation, two surface recording electrodes were
used, one of whichwas placed over the short head of the biceps femoris
and one of which was placed over the tendon of the biceps femoris at
the head of the fibula. EMG recording was accomplished by the device
SIGMA PlPro/Type Databox DB 36 (Sigma Medizintechnik, Gelenau,
Germany). The EMG signal was sampled at a rate of 512 Hz.

2.5.2. EMG parametrization
EMG data analysis (conducted with Brain Vision analyzer, Brain

Products, Germany) referred both to the amplitude and latency of the
NFR. Raw data were filtered offline with a high pass filter of 20 Hz and
a lowpassfilter of 250Hz aswell as a 50Hznotchfilter. Next, signal seg-
ments of 300msduration startingwith stimulus onsetweremarked. Af-
terwards, the signal was rectified and integrated. Segments were
visually inspected for artifacts and NFR-like events, which occurred out-
side the time window of 70–200 ms after stimulus onset, and, if neces-
sary, excluded from further analysis. Remaining segments were
averaged (at least 5 valid NFR responses were required for calculating
mean values). The most negative data point within the 70–200 ms
time window in the averaged signal was defined as the NFR amplitude.

2.6. Heat-pain threshold determination3

Participants' heat-pain threshold was determined using the method
of limits. Thereby, the thermode temperature increased from a baseline
of 35 °C at a rate of 0.7 °C/s until the participants felt a first pain sensa-
tion and responded by pressing a button. Overall, therewere 8 trials and
pain thresholds were determined as the average of the last 5 trials.
Please see [37] for a more detailed description.

2.7. Self-report of pain

PD patients rated their highest, lowest and average PD-related pain
intensity during the last 4 weeks and their current pain intensity each
by using the already familiar 11 points NRS (0 = “no pain”, 10 =
“highest pain imaginable”) which results in a sum score between 0 and
40. In order to support PD patients to differentiate between PD related
pain and pain stemming from further pathologies, they were instructed
to consider only those pain symptoms which may be some kind of “un-
explainable”, i.e. which cannot be attributed to another known somatic
pathology and which may improve after dopaminergic medication.

2.8. Neurological examination and questionnaires

PD patients' motor symptoms were quantified by experienced neu-
rologists (PR and CM) using the third scale of the Unified Parkinson Dis-
ease Rating Scale (UPDRS). Additionally, the Mini-Mental Status
Examination (MMSE) [15] and the German version of the Non-Motor
Symptoms Questionnaire for PD patients (NMSQuest) (self-report)
were applied [9,23].

2.9. Statistical analysis

2.9.1. Biosignals and rating data
EEG data (N2P2-complex amplitudes, N2 and P2 amplitudes as well

as N2 and P2 latencies) and SSR data (N1P2-complex amplitudes, laten-
cies and response frequencies) as well as the pain ratings of the heat
3 The heat-pain threshold data have already been published in a paper issuing part 3 of
the experimental blocks (see Fig. 1) [37]. In this study, the heat-pain thresholdswere used
in order to tailor pain stimuli whichwere supposed to elicit the facial expression of pain to
the individual pain sensitivity.
stimuli were subjected to separate split-plot ANOVAs with the be-
tween-factor group (PD vs. controls) and the within-factors phase (Off
vs. On) and stimulus intensity (45 °C vs. 51 °C). NFR data (threshold,
amplitude and latency) as well as the pain ratings of the electrical stim-
uli were subjected to separate split-plot ANOVAswith the between-fac-
tor group (PD vs. controls) and thewithin-factor phase (Off vs. On). The
expected pattern (between-group differences in the Off, not in the On)
should manifest itself in an interaction of group and phase.

If sphericity could not be assumed in ANOVAs a Greenhouse-Geisser
adjustment dfs was accomplished. Post-hoc tests were generally two-
tailed. If we had a specific hypothesis about the direction of an effect,
one-tailed tests were computed, which are clearly denoted.

2.9.2. Heat-pain threshold
Since the pain thresholds were not normally distributed (Kolmogo-

rov-Smirnov-test: p's b 0.01) non-parametric tests (Mann-Whitney-U-
tests and Wilcoxon-Rank-tests) were used for between-group (PD vs.
controls) and within-group (PD Off vs. PD On) comparisons.

2.9.3. Correlations among and between physiological and psychological
variables

We considered deficient nociceptive coherence in PD patients espe-
cially in the Off which should manifest itself in missing/smaller correla-
tions between the responses of the different nociceptive levels.
Therefore, two correlation analyseswere run separately for both groups
in the Off and On. In the first analysis, themost prominent physiological
parameters of the different levels of the nociceptive system, i.e. the NFR
amplitude, the SSR N1P2-complex amplitude and the EEG N2P2-com-
plex amplitude, were correlated. In the second analysis, the physiologi-
cal parameters were correlated with the psychological parameters.

For the correlation analysis, EEG and SSR responses as well as the
heat-pain ratings were combined across stimulus intensities (45 °C
and 51 °C stimuli) both for the Off and On in order to get more general
measures for nociception. Correlations were tested for between-group
differences using the Fisher-Z-test. Thereby, only those correlations
were tested which differed significantly from zero in at least one
group (PD/controls).

2.9.4. Correlations between clinical variables and nociceptive parameters
For testing if more severe PD symptoms and a longer disease dura-

tion are related to higher nociceptive responses, the UPDRS score and
disease duration were correlated with the EEG N2P2-complex ampli-
tude, the SSR N1P2-complex amplitude, the heat-pain ratings, the NFR
threshold, the NFR amplitude, the NFR pain ratings and the heat-pain
threshold in PD patients.

Significance level was set α = 5%. Statistical Package for the Social
Sciences version 20 (IBMSPSS, Chicago, IL, USA)was used for all analyses.

3. Results

3.1. Sample characteristics

Table 1 provides an overview over the sample characteristics. Mean
age of the 23 PD patients (3 female) was 67.1 years (SD= 9.90), mean
age of the 23 controlswas 68.2 years (SD=7.78). The difference regard-
ing age between the groups was not significant (t b 1). Additionally,
groups did not differ in height andweight (all t's b 1). Mean disease du-
ration of PD patients was 8.1 years (SD = 5.65). In the PD patients, the
mean UPDRS score was 18.4 (SD = 9.06) and the mean NMSQuest
score was 8.8 (SD= 4.47), which both are in line with the assumption
of rather mild symptoms [9].

Five PD patients took dopaminergic agonists alone, one took levodo-
pa supplements alone and 17 took a combination of both. In addition, 9
patients were treated withMAO inhibitors and 2 with COMT inhibitors,
while 5 PD patients were treated with NMDA receptor blockers. Sixteen
of the 23 PD patients reported clinical pain which was related to PD



Table 1
Means (M) and standard deviations (SD) of the sample characteristics for PD patients and
controls. UPDRS= 3rd scale of the Unified Parkinson's Disease Rating Scale, NMSQuest =
Non-motor symptoms Questionnaire Score, MMSE = Mini-mental status examination
score.

PD patients (n = 23,
3 female)

Controls (n = 23,
3 female)

M SD M SD

Age (years) 67.09 9.90 68.21 7.78
Height (cm) 174.17 8.81 175.17 6.90
Weight (kg) 83.09 13.76 80.22 8.21
Disease duration (years) 8.09 5.65
NRS pain rating (0–40) 9.17 6.98
UPDRS (Off) (0–108) 18.39 9.06
NMSQuest (0–30) 8.82 4.47
MMSE (0–30) 28.96 1.19
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(musculoskeletal pain alone: 13, central pain alone: 1, musculoskeletal
and central pain: 2) [16] while seven did not report pain. The clinical
pain occurring in patients was rather moderate (~9/40 scores on the
NRS, see Table 1) and always responsive to dopaminergic treatment.

3.2. Non-responders and drop-outs

Unfortunately we lost some data regarding the NFR: First, 4 four PD
patients and one control subject showed noNFR in response to the elec-
trical stimulation both in the Off and On. Second, 3 PD patients and one
control subjectwere NFR responders in the Off but not in the On. Conse-
quently, NFR threshold and rating data could be collected in 16 PD pa-
tients and 21 controls in both phases. Furthermore, unfortunately we
lost the EMG data of 6 controls and 2 PD patients during the supra-
threshold stimulation due to technical problems (deficient adherence
of electrodes, disturbed signal), and – after normal threshold determi-
nation – due to non-responding to supra-threshold stimulation. Conse-
quently, the NFR amplitudes and latencies of 15 controls and 14 PD
patients in both phases could be determined.

3.3. Impact of PD on the specific nociceptive levels4

Figs. 2 and 3 provide an overview over the descriptive statistics un-
derlying the upcoming analyses.

The expected pattern with between-group differences in the Off
which attenuate or disappear in the On (interaction group*phase) was
only found for the heat-pain thresholds. Compared to the controls, PD
patients showed significantly reduced heat-pain thresholds in the Off
(U = 1.80, p = 0.036, one-tailed); in the On heat-pain thresholds of
PD patients substantially increased (U = 2.44, p = 0.008, one-tailed)
to a level which did not significantly differ from the controls (U =
1.46; p = 0.073, one-tailed). For all other parameters (EEG, SSR, NFR
and rating data) the interaction group*phase tested by means of
ANOVAs missed significance (all p's N 0.05).

Yet, we found a main effect of group for the SSR parameters with
overall lower N1P2 amplitudes (F(1,44) = 13.556; p = 0.001; η2 =
0.470), lower SSR frequencies (F(1,44) = 4.354; p = 0.043; η2 =
0.090) and longer SSR latencies (F(1,44) = 8.375; p = 0.007; η2 =
0.207) in PD patients compared to controls. Additionally, PD patients
showedmarginally higher NFR amplitudes than controls in both phases
(F(1,27)= 3.075; p=0.091; η2= 0.102), while no between-group dif-
ferences were found for the NFR threshold or NFR latency, neither for
the EEG parameters nor the rating data (all p's N 0.10).

Thus, PD patients showed an overall reduced subcortical-vegetative
activity (less frequent andweaker SSRs) and – as themedian effect size
4 In the running text we focus on the main results, namely themain effect of group and
the interaction group ∗ phase. All other effects are illustrated in the Tables A1 and A2 in the
appendix section.
[η2=0.102] indicates – a clear tendency of increased spinal activity (in-
creased NFR amplitudes) in response to pain in both phases, while the
cortical (EEG) and subjective parameters (ratings) were not affected
by PD neither in the Off nor in the On.

3.3.1. Correlations among and between physiological and psychological
variables

Correlation analyses were run separately for both groups in order to
test for relationships between the parameters representing the different
levels of the nociceptive system. For this purpose, correlationswere cal-
culated among the physiological parameters and between the physio-
logical and physiological parameters. When looking at Table 2a it
becomes obvious that the pattern of significant correlation differed be-
tween the two groups; thus, significant correlations in the controls did
not reach significance for the PD patients and vice versa.

In both phases, we found a significant correlation between the EEG
N2P2-complex amplitude and the heat-pain ratings only in controls
(Off: CG: r = 0.427, p = 0.042; PD: r = −0.026, p = 0.907; On: CG:
r = 0.636, p = 0.001; PD: r = 0.296, p = 0.171), with significant be-
tween-group differences in both phases (Off: Z = 1.54, p = 0.031; On:
Z= 1.42, p= 0.039; one-tailed). Nevertheless this correlation margin-
ally significantly increased for PD patients in the On relative to the Off
(Z = 1.05, p = 0.074; one-tailed).

Moreover, in the Off significant correlations between the EEG N2P2-
complex amplitude and the SSR N1P2-complex amplitude (r = 0.454,
p = 0.030) alternatively the NFR amplitude occurred only in controls
(r = 0.771, p b 0.001), but not in the PD patients (r = 0.024, p =
0.915; r = 0.074, p = 0.762) with significant between-group differ-
ences (Z=1.46, p=0.037; Z=3.00, p=0.005; one-tailed). In contrast,
none of these correlationswere found to be significant in the On neither
in PD patients nor in the controls (p's N 0.05).

3.4. Correlations between clinical variables and nociceptive parameters

Table 2b indicates widely missing significant correlations between
UPDRS score/disease duration and the nociceptive parameters in the
PD patients. Merely the correlation between the UPDRS score and the
EEG N2P2 complex amplitude (Off) (r = 0.441, p = 0.035) and the
UPDRS-score and the NFR threshold (On) (r = 0.535, p = 0.033)
reached significance.

4. Summary

Taken together, our analyses revealed the following results. (1) The
expected pattern, namely between-group differences indicating higher
nociceptive responses in PD patients only in the Off, not in the On,
was found only for the heat-pain threshold while it was missed for all
other parameters. (2) Compared to controls, PD patients showed
lower SSR amplitudes/frequencies and longer SSR latencies as well as
a clear tendency of increased NFR amplitudes in both phases. (3) No be-
tween-group differences were found regarding the EEG parameters or
rating data neither in the Off nor in the On. (4a) In contrast to the con-
trols, no substantial correlations between the EEG N2P2-complex am-
plitudes and the heat-pain ratings were found in PD patients. (4b)
Correlations of the nociceptive parameters and the disease duration/
UPDRS score were largely non-significant.

5. Discussion

The objective of the present studywas to investigate pain processing
and nociception in PD patients with mild symptoms on the spinal, sub-
cortical-vegetative and cortical level using a multi-methods approach.
While we found increased pain sensitivity in the lower end of the pain
range (heat-pain threshold) only in the Off (not in the On), diminished
activity of the vegetative parameters occurred in both phases. In con-
trast onlyminor dysfunctions could be detected on the cortical or spinal



Fig. 2.Means and standarddeviations of the EEG (first and second row) andSSRmeasurements (third raw). “+”= p b 0.1; “*”= p b 0.05. Referring to our hypotheses, only themain effects
of group and the interactions of group and phase are plotted for the reason of clarity.
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level, namely disturbances of the nociceptive integration (cortical:
missing relationship between N2P2-complex amplitude and pain
ratings) and a trend towards increased NFR activity (spinal) in PD pa-
tients in both phases. Interestingly, there were hardly any substantial
relationships between disease duration or motor symptom severity
(UPDRS) and the experimental parameters.

5.1. Intact excitatory ascending pain pathways in PD patients

The occurrence of heat-evoked brain potentials, SSRs and NFRs in
our study indicates intact peripheral Aδ-fibers and central ascending
nociceptive pathways (spinothalamic tract) in PD patients, which
has already been shown by other research groups [18,39–41]. Yet,
in contrast to our data, the previous studies reported either
increased (in PD patients with central pain) [39] or decreased [40,
41] amplitudes of the pain-evoked brain potentials indicating distur-
bances of the cortical processing of nociceptive input [39–41]. In our
study the lack of abnormalities in the pain-evoked brain potentials
might result from preserved functionality of the pain-signaling and
pain-modulating pathways, including thalamus, ACC, somatosenso-
ry cortex and insula [40,41] along with the basal ganglia, the
substantia nigra and further cortical circuits [5,10] in our PD sample
due to their relatively mild symptoms. In line with this, as the corre-
lation analysis indicates, more severe motor symptoms and an ad-
vanced stage of PD were accompanied by stronger nociceptive
cortical responses in our study.

Yet, our data also provide indication for abnormal processing of no-
ciceptive input in PD patients at higher CNS levels. Thewell-established



Fig. 3. Means and standard deviations of the heat-pain threshold, the NFR threshold, the
pain rating auf the NFR eliciting stimulus the NFR amplitude and the NFR latency.
“+” = p b 0.1; “*”= p b 0.05.
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relationship between the amplitude of the pain-evoked brain potentials
and the pain ratings of the eliciting stimulus (for example [19]), which
was replicated in our control group, did not occur in PD patients. This
missing relationship may derive from DA induced disturbances of the
pain-integrative pathways including the basal ganglia, especially the
cortico-basal ganglia-thalamic-cortical loop with input from the ACC
and the insula [5,39–41].

5.2. Efferent vs. afferent disturbances on the subcortical-vegetative and spi-
nal level

Whereas the activation of various indicators of afferent nociceptive
processes could be reliably achieved in the present study, the degree
of activation differed (normal CHEPs vs. reduced SSRs and a tendency
towards increased NFR amplitudes). We claim that the efferent path-
ways triggering the SSR and the NFR which both can be seen as
nocifensive actions [32] should be focused on in order to explain this
pattern.

5.2.1. Reduction of the sympathetic skin response (SSR)
The SSR in response to pain is mainly driven by the excitation of the

medial pain system. Peripheral and central Aδ-fibers (spinothalamic
tract) transmit the signal to higher areas which leads – both via
spinoreticular projections and medial thalamic nuclei – to an activation
of the anterior cingulate cortex (ACC).While one afferent branch carries
the signal to higher cortical areas, like the insula and the somatosensory
cortex (brain potentials), an efferent branch leads from the ACC to the
anterior hypothalamuswhich produces the SSR via further relay centers
like the brainstem, vegetative ganglions and the postganglionic C-fibers
[3,32,35,44].

In our PD sample the efferent pathways might be disturbed due to
PD related degenerations of vegetative nuclei in thebrainstem. Especial-
ly, the periaqueductal grey (PAG), which contains some dopaminergic
neurons and receives input from the substantia nigra, should be focused
on [14]. Since the neural degeneration in PD begins in lower medullar
areas and in the course of the disease moves upwards through the
brainstem to cortical areas, it is understandable that vegetative abnor-
malities occur already early in the course of disease, like in our PD sam-
ple [4,6,48]. Additionally, referring to authors who found a reduced SSR
activity in response to non-painful stimuli in PD patients, disturbances
of the peripheral branches of the vegetative nervous system, especially
a reduced postganglionic sympathetic cholinergic activation, should be
considered also in our PD sample [1,17,22,45].

5.2.2. Tendency towards increased spinal pain reactivity (NFR)
In our study, we observed between-group differences neither in the

NFR threshold nor the NFR latency. Yet, there was a tendency of in-
creased motor activity in response to painful stimulation in PD patients
(increased NFR amplitudes).

The widely unaltered NFR parameters can be explained by intact af-
ferent Aδ-pathways carrying the nociceptive input to the dorsal horn
and intact spinal NFR circuits. Yet, we have to point out that a reduced
NFR threshold in PD patients has already been shown which was re-
sponsive to DA treatment [18]. PD related insufficiency of descending
dopaminergic pain-inhibiting input to the dorsal horn [5,10,36], might
account for the finding reported by Gerdelat-Mas and colleagues [18].
The lack of clear differences between PD patients and controls on the
spinal level in our study might be explained by the mild symptomatol-
ogy in our PD sample, in which the DA induced pain inhibition might
widely be preserved.

Yet, the slightly increased NFR amplitudes provide at least an indica-
tion of spinal disturbances of nociception. On a speculative level, the lat-
ter might result from disturbances of the efferent pathway including
top-downNFR controlwhichdescends from the thalamus via brainstem
areas [29] with a decrease of descending inhibitory motor inputs from
the substantia nigra to the thalamus and brainstem [2,29].



Table 2a
Correlations among the electrophysiological parameters of the different levels of the nociceptive system and correlations between the pain ratings and the corresponding electrophysio-
logical parameters for PD patients and controls both in the Off and On. Correlationswhich differ significantly from a zero-correlation are marked: “*”= p b 0.05. “**”= p b 0.01. Addition-
ally, the columns “between test” illustrate the results of the Fisher-Z-tests which test correlations for between-group differences.

Parameters Off On

Group Between-test Group Between-test

PD CG Z p PD CG Z p

Electrophysiological parameters EEG N2P2 SSR N1P2 0.024 0.454* 1.46 0.037 −0.080 0.154 – –
EEG N2P2 NFR amplitude 0.074 0.771** 3.00 0.005 −0.229 0.045 – –
SSR N1P2 NFR amplitude 0.645** 0.065 2.22 0.007 0.377 0.273 – –

Pain ratings and electrophysiological parameters Heat-pain rating EEG N2P2 −0.026 0.427* 1.54 0.031 0.296 0.636** 1.42 0.039
Heat-pain rating SSR N1P2 −0.024 0.297 – – −0.283 0.221 – –
NFR pain rating NFR amplitude −0.352 0.267 – – −0.290 0.000 – –

66 J.A. Priebe et al. / Journal of the Neurological Sciences 368 (2016) 59–69
5.3. Pain hypersensitivity in PD patients and further data collected in the
sample [37]

At least the reduced heat-pain thresholds in PD patients in the Off
normalizing in the On argue for increased pain sensitivity due to DA-
dysfunctions in our PD sample which has been shown by other authors
[40,41,46]. Since the descending pain inhibition seemed to be intact in
our patients (normal NFR threshold) (see also [31]), disturbances of no-
ciceptive basal ganglia loops including the thalamus, the cingulate cor-
tex (ACC), the amygdala and the somatosensory cortex in the Off
which are restored afterDAmedication intakemay underlie this pattern
[39].

It is further interesting that another study on the samePD sample in-
vestigating the facial expression of pain [37] revealed an overall reduced
facial expression in response to pain in the Off, not in the On. Thus, the
facial data which actually underpin alterations in pain sensitivity [24,
25], seemingly contradict the assumption of increased pain sensitivity
which was actually reflected by the heat-pain threshold data. Thus,
even if there might be more pain to be expressed in PD patients, the
motor problems prevent its expressionwhichmay lead to an underesti-
mation of PD patients' pain in theOff by observers. In theOn this contra-
diction dissolves with the decrease in pain sensitivity and the increase
in facial responses to pain [37].
5.4. The role of the phase (Off vs. On)

Since most of our parameters have shown no substantial abnormal-
ities neither in the Off nor in the On (CHEPs, ratings, NFR) conclusions
about the impact ofmedication on nociception in our PD sample are dif-
ficult to draw. Only the heat-pain threshold revealed the expected pat-
tern namely higher sensitivity in PD patients in the Off which
Table 2b
Correlations between disease duration/the UPDRS score and the electrophysiological
and subjective parameters of the nociceptive system for PD patients in both phases.
Correlations which differ significantly from a zero-correlation are marked: “*”= p b 0.05.
“**”= p b 0.01.

Off On

Disease duration EEG N2P2 0.091 0.140
SSR N1P2 −0.405 −0.384
Heat-pain rating 0.305 0.393
NFR threshold −0.040 0.288
NFR amplitude 0.079 0.300
NFR pain rating 0.100 0.296
Heat-pain threshold −0.023 −0.105

UPDRS EEG N2P2 0.441* 0.362
SSR N1P2 −0.085 −0.142
Heat-pain rating 0.108 0.161
NFR threshold 0.280 0.535*
NFR amplitude 0.175 0.047
NFR pain rating −0.247 −0.078
Heat-pain threshold 0.169 −0.061
attenuated in the On. This might be due to an improvement of
nigrostriatal DA activity in the On [7].

Yet, the substantially down-regulated SSR occurred both in the Off-
and the On-phase in our study. Three explanations might account for
this finding. First, the functionality of the nigrostriatal DA system, espe-
cially the loops, cannot be sufficiently reestablished so that the activa-
tion of the PAG via basal ganglia is not sufficient to elicit normal SSR.
Second, peripheral dysfunctions of the VNS, especially a reduction in
the cholinergic activation of the postganglionic sympathetic fibers,
may contribute to the weak sympathetic activity in PD patients [1,17,
22,45]. Third, other transmitter systems, especially the serotonergic
raphe nuclei and the noradrenergic locus coeruleus, might be affected
in PD due to degenerations in brainstem areas and may consequently
be involved in nociceptive abnormalities especially on the vegetative
level in PD [8,21,38,39]. Yet, missing differences in nociceptive parame-
ters between the Off and On in PD patients have already been reported
[12,40].

5.5. Limitations

First, we have to point out that in spite of testing three levels of the
CNS there was a confounding with changes in the physical modality of
the stimulus (spinal: electrical; subcortical-vegetative and cortical:
heat). The most self-evident way might be to elicit the responses of all
investigated levels without varying the physical features which enables
to monitor all levels at the same time. Yet, we aimed to choose the op-
timal stimulus configuration for eliciting the particular physiological re-
sponse. Second, only 3 female patients participated in our study
although the sex ratio of PD prevalence is 1.6 with men predominating
[49]. Since sex has been shown to affect nociception (for example [13,
26,33]) future studies should include more female patients. Third,
although the On-phase should be reached one hour after medication in-
take by all PD patients, the degree of nigrostriatal DA functioning at this
time point might differ between patients due to different types of med-
ication. Fourth, a randomization of the sequence of the phaseswas omit-
ted (all PD patients were first tested in the Off and then in the On). Yet,
in order to control for possible order effects, the control group was also
tested two times. Additionally, we spared by that an extra session for
the patients. Fifth, although sensory testing of epicritic and protopathic
modalities revealed no abnormal findings, slightest forms of subclinical
polyneuropathy, as described by Toth and colleagues (2010) [42], can-
not be completely ruled out in our PD sample which may in turn con-
tribute to the alterations in nociception [34].

6. Conclusions

The aim of the present study was to investigate nociception in pa-
tients with mild PD on different levels of the nervous system. Partially
in line with previous studies, a clear indication of PD associated
hyperalgesia was only given by the reduced heat-pain threshold in the
Off, which normalized in the On. The latter pattern might be due to
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DA induced disturbances of nociceptive basal ganglia loops in the Off
which dissolved after DA-medication intake.

Furthermore,while the CHEPs parameters of the cortical nociception
werewidely inconspicuous, substantially decreased subcortical-vegeta-
tive activity (decreased and slower SSRs) and at least tentatively in-
creased spinal activity (increased NFR activity) in response to pain
were found in PD patients in both phases. Since the afferent nociceptive
pathways seem to be intact (undisturbed signals reach the cortex), cen-
tral or peripheral dysfunctions of the efferent nocifensive system may
account for this result pattern. Since these abnormalities persisted in
the On, the impact of other transmitters, like serotonin, noradrenaline
and acetylcholine as well as non-synaptic mechanisms, like central or
peripheral lesions of the efferent pathways, on PD-related nociceptive
dysfunctions should be clarified in future studies.
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Appendix A. Appendix

For completeness, we elaborate the effects of the ANOVAs here,
which were not focussed by our hypotheses (see Section 3.3).

EEG, SSR, heat-pain ratings
Table A1
Statistics of the ANOVAs regarding the EEG, SSR and heat-pain rating data. G= (Effect of) group
and lettersmark significant effects (p b 0.05), cursive numbers and lettersmarkmarginally signi
is reported.

EEG/ratings Effect F p η2

N2P2 amplitude G b1
P 0.067 0.797 0.00
I 40.755 b0.001 0.4
G ∗ P b1
G ∗ I b1
P ∗ I b1
G ∗ P ∗ I b1

N2 amplitude G b1
P 1.089 0.302 0.02
I 10.674 0.002 0.1
G ∗ P b1
G ∗ I 1.128 0.294 0.02
P ∗ I b1
G ∗ P ∗ I b1

P2 amplitude G b1
P 2.687 0.108 0.05
I 68.879 b0.001 0.6
G ∗ P b1
G ∗ I b1
P ∗ I b1
G ∗ P ∗ I 3.494 0.068 0.07

SSR N1P2 amplitude G 13.556 0.001 0.4
P 1.072 0.306 0.02
I 23.716 b0.001 0.3
G ∗ P b1
G ∗ I 6.066 0.018 0.1
P ∗ I b1
G ∗ P ∗ I b1

SSR frequency G 4.354 0.043 0.0
P 8.283 0.006 0.1
I 13.616 0.001 0.2
G ∗ P b1
G ∗ I 3.036 0.088 0.06
P ∗ I b1
G ∗ P ∗ I b1
Main effect of phase
The significantmain effects of phase for the heat-pain ratings refer to

higher pain ratings in the On compared to theOff in both groups. For the
SSR frequencies, themain effect of phase indicates a reduced amount of
SSRs in the On relative to the Off both in PD patients and controls. Thus,
the pattern of the heat-pain ratings (Off b On) suggest sensitization
while the SSR-frequency pattern (Off N On) rather argues for habitua-
tion in the On compared to the Off. Since the phase effect occurred in
both groups (main effect) it rather seems to result from repeated testing
than from a pharmacological impact.

Main effect of stimulus intensity
Themain effect of stimulus intensity, whichwas found for all param-

eters, resulted fromgenerally higher EEGN2P2-complex,N2 and P2 am-
plitudes and longer N2 and P2 latencies in response to the 51 °C
stimulus compared to the 45 °C stimulus. Furthermore, higher SSR
N1P2-complex amplitudes and SSR frequencies as well as shorter SSR
latencies and higher heat-pain ratingswere found for the 51 °C stimulus
compared to the 45 °C stimulus. Thus, the stronger stimuli led differen-
tially to stronger responses according to all parameters.

Interactions of group and stimulus intensity
For post-hoc testing the (marginally) significant two-way interac-

tion group ∗ stimulus intensity for the SSR parameters (N1P2-complex
amplitude, latency and frequency), data were combined across phases
(Off/On) for each parameter.

For the SSR N1P2 complex amplitudes, the two-way-interaction
group ∗ stimulus intensity results from bigger between group differ-
ences (PD b CG) for the 45 °C stimulus compared to the 51 °C stimulus
, P= phase, I = (stimulus) Intensity, G ∗ P= interaction group ∗ phase […]. Bold numbers
ficant effects (p b 0.10).When F-valueswere below1 (significance is impossible), only F b 1

Effect F p η2

Heat-pain ratings G b1
2 P 7.152 0.010 0.140

81 I 189.629 b0.001 0.812
G ∗ P b1
G ∗ I b1
P ∗ Í b1
G ∗ P ∗ I b1

N2 latency G b1
4 P b1

95 I 21.566 b0.001 0.334
G ∗ P b1

5 G ∗ I 2.662 0.110 0.058
P ∗ I 4.586 0.038 0.096
G ∗ P ∗ I 4.920 0.032 0.103

P2 latency G b1
8 P b1

10 I 17.385 b0.001 0.288
G ∗ P b1
G ∗ I b1
P ∗ I b1

4 G ∗ P ∗ I b1
70 Latency G 8.375 0.007 0.207
4 P 2.761 0.106 0.079

50 I 14.658 0.001 0.314
G ∗ P 2.284 0.141 0.067

21 G ∗ I 3.458 0.072 0.098
P ∗ I b1
G ∗ P ∗ I b1

90
58
36

5
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(Cohen's d=1.11 vs. Cohens d=0.21). For the SSR frequencies, the in-
teraction group*stimulus intensity, resulted from lower SSR frequencies
in PD patients compared to controls for the 45 °C stimulus, t(44)=2.50,
p = 0.016, not for the 51 °C stimulus, t(44) = 1.57, p = 0.125, and
higher SSR frequencies for the 51 °C stimulus compared to the 45 °C
stimulus in PD patients, t(22) = 3.81, p = 0.001, not in controls,
t(22) = 1.39, p = 0.179. Last, compared to controls, the SSR latencies
in PD patients were longer for the 51 °C but not for the 45 °C stimulus,
t(42) = 2.11, p = 0.041. Additionally, latencies were shorter for the
51 °C stimulus compared to the 45 °C stimulus only in PD patients,
t(20) = 3.93, p = 0.001, not in controls, t(22) = 1.37, p = 0.186.

Interaction of group, phase and stimulus intensity
Indeed, there was a three-way interaction group ∗ phase ∗ stimulus

intensity for the EEG P2 amplitudes and the EEG N2 latencies which
might be driven by the expected pattern (between-group differences
in the Off, not in the On) mediated by the stimulus intensity. Yet,
these interactions result from higher P2 amplitudes in the On relative
to the Off only in controls for the 45 °C stimulus, t(22) = 2.12, p =
0.045, alternatively from amarginally significant drop of the N2 latency
for the 51 °C stimulus in the On relative to the Off only in the control
group, t(21) = 1.89, p=0.072. All other comparisons were non-signif-
icant (p's N 0.10).

NFR

Although themarginally significant interaction group ∗ phase for the
NFR latency is consistent with our hypothesis, the pattern differed from
the expected one: The interaction resulted from amarginally significant
drop of the NFR latency in the On compared to the Off in controls
(t(14) = 1.85, p = 0.085), while there was no Off\\On difference in
PD patients t b 1.

Table A2
Statistics of the ANOVAs regarding the NFR data. G= (Effect of) group, P = phase, G*P =
interaction group*phase. Bold numbers and letters mark significant effects (p b 0.05), cur-
sive numbers and letters mark marginally significant effects (p b 0.10). When F-values
were below 1 (significance is impossible), only F b 1 is reported.
N

N

N

N

Effect
 F
 p
 η2
FR threshold
 G
 b1

P
 b1

G ∗ P
 b1
FR amplitude
 G
 3.075
 0.091
 0.102

P
 b1

G ∗ P
 b1
FR latency
 G
 b1

P
 2.138
 0.155
 0.073

G ∗ P
 3.187
 0.085
 0.106
FR ratings
 G
 b1

P
 b1

G ∗ P
 1.330
 0.257
 0.037
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