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Introduction

The number of patients affected by chronic pain is growing. Various mechanisms 
may underlie the process of chronification of pain. Important mechanisms in-
clude NMDAR activation and up-regulation and inflammatory responses in the 
spinal cord;1-3 both cause central sensitization and are related to repeated affer-
ent excitation.1 Another mechanism involved in pain chronification is dysfunc-
tion of inhibitory pathways or a shift in the balance between pain inhibition and 
pain facilitation. In the last decades the role of central pain modulation in the 
control of nociception been investigated intensively.4,5 Inhibitory and facilitatory 
descending pathways, originating at higher central nervous system sites, such 
as the cerebral cortex, nucleus raphe magnus, periaquaductal grey (PAG), locus 
coeruleus and rostraventral medulla (RVM), modulate activity of dorsal horn 
nociceptive neurons.4,6 Alterations in endogenous pain modulation have been 
observed in chronic pain diseases like irritable bowel syndrome, fibromyalgia, 
chronic tension headache, temporomandibular disorder and complex regional 
pain syndrome type 1 (CRPS-1).5,7-9 Seifert et al. showed a shift from inhibition 
towards facilitation of nociceptive input in CRPS patients.9

Recent studies indicate that treatment of chronic pain patients with the NMDAR 
antagonist ketamine has a prolonged beneficial effect on spontaneous pain re-
porting and is effective when used in combinations with opioids in the treatment 
of acute postoperative pain and cancer pain management.10-15 Ketamine may pro-
duce prolonged analgesia through multiple mechanisms. Most important and 
most frequently studied is its desensitizing effect on sensitized nociceptive neu-
rons in the spinal cord by blocking the NMDAR.1 As a result, ketamine blocks 
the enhanced signal transmission in the pain circuitry. The effect of ketamine 
on endogenous inhibitory pain control remains unknown. Since ketamine ame-
liorates chronic pain (such as occurs in CRPS patients) an effect on endogenous 
pain modulation is plausible. In the current study we address this issue by ex-
amining the effect of low-dose ketamine (40 mg/h) on two expressions of endog-
enous control of pain: Diffuse Noxious Inhibitory Controls (DNIC) and Offset 
Analgesia (OA).5,7,16-20

DNIC has been investigated in both animals and humans, showing central inhi-
bition of a focal pain stimulus by administering a noxious stimulus at a remote 
area, thereby reducing the perception of the focal pain stimulus.5,21 OA has re-
cently been proposed as a second endogenous analgesia mechanism. This mech-
anism demonstrates profound analgesia during slight incremental decreases of 
a noxious heat stimulus, which is more rapid than would be predicted by the 
rate of temperature decrease.16,19,20 Recent studies indicate that OA coincides with 
activation of the PAG, RVM and locus coeruleus, areas with substantial roles in 
descending inhibition of pain.19

The main aim of the present study is to explore whether ketamine interacts with 
pathways involved in endogenous pain modulation and whether it enhances 
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inhibitory control. To that end we studied the effect of low-dose ketamine on 
DNIC and OA in healthy volunteers. We hypothesize that ketamine enhances 
both DNIC and OA and by that contributes to the prolonged analgesic effect of 
ketamine in chronic pain patients. 

Methods

Subjects
Ten healthy volunteers (4 men/6 women) were recruited for participation in the 
study, after approval of the protocol by the local medical ethics committee (Com-
missie Medische Ethiek LUMC). Informed written consent was obtained accord-
ing to the Declaration of Helsinki from all participants. The study was registered 
in the Dutch trial register (www.trialregister.nl) under number NTR2005. Before 
participation all subjects received a physical examination and their medical his-
tory was taken. Exclusion criteria were: age < 18 years or > 75; presence or histo-
ry of a medical disease such as renal, liver, cardiac, vascular (incl. hypertension) 
or infectious disease; presence or history of a neurological and psychiatric dis-
ease (e.g. increased cranial pressure, epilepsy, psychosis); glaucoma; pregnancy; 
obesity (BMI > 30) and any use of pain medication.

Pain assessment, DNIC and offset analgesia
Heat pain was induced using the Pathway Neurosensory Analyzer (Medoc Ltd, 
Ramat Yishai, Israel). Using a 3 x 3 cm thermal probe, the skin on the volar side 
of the arm was stimulated with a preset and computer controlled temperature 
scheme. Baseline temperature was set at 32 ℃. During heat pain stimulation, 
subjects quantified the pain intensity of the noxious stimulus using the slider on 
an electrical potentiometer connected to a computer, allowing continuous mon-
itoring of the Visual Analogue Scale (eVAS), that ranged from 0 (no pain) to 100 
(worst pain imaginable). To overcome adaptation, the volar side of the arm was 
divided into three zones. The thermode was moved from zone to zone between 
stimuli. Prior to the study, the test temperature was determined by applying a 
series of heat stimuli, ranging from 42 ℃ to 49 ℃ with increments of 1 ℃; each 
stimulus was applied for 10 seconds, with 5-10 min intervals between stimuli. 
The temperature evoking an eVAS of at least 50 mm was used during the remain-
der of the study (this is the test temperature).

Cold pain was induced by cold water immersion of the subject’s foot and lower 
leg into a reservoir with cold water. Water with a predetermined temperature 
was produced by a rapid water-cooling system (IcyDip, IcySolutions BV, Delft, 
The Netherlands). The cold water temperature could be set at any value ranging 
from 6 ℃ to 18 ℃. Prior to the study various water temperatures were tested. 
The temperature that produced an eVAS of at least 30 mm was used in the re-
mainder of the study. After each exposure to cold water, the subject’s foot was 
warmed to room temperature using the warm water reservoir of the IcyDip.
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DNIC was determined according to the protocol described by King et al.7 In 
short, for the experimental stimulus focal heat pain was applied to the subject’s 
volar side of the left arm as follows: the temperature gradually increased from 
baseline (32 ℃) to the test temperature (at 1.5 ℃/s) and was held constant for 
30 seconds. Next, the temperature decreased rapidly (at 6 ℃/s) to baseline. Each 
heat stimulus was repeated for a total of three times, after which the same stimu-
lus was applied for another three times but now in combination with the condi-
tioned stimulus (immersion of foot and lower leg in cold water). The conditioned 
stimulus was applied 25 seconds before the start of the experimental stimulus 
and ending simultaneously with the end of the experimental stimulus. Between 
each heat stimulus there was a 3 minute rest period. During the heat stimulation 
the subjects rated pain intensity using the eVAS slider.

Offset analgesia was determined as described by Yelle et al.20 In short, a focal heat 
stimulus was applied to the subject’s volar side of the arm. The thermode posi-
tioned on the arm was ramped (1.5 ℃/s) from baseline temperature to the indi-
vidual’s test temperature. The test temperature was kept constant for 5 seconds 
after which it was raised by 1 ℃ for 5 seconds and next decreased by 1 ℃ to the 
test temperature and kept constant for 20 seconds. Next, the temperature quickly 
returned (6 ℃/s) to baseline. Subjects rated the intensity of the heat stimulus us-
ing the eVAS slider. Offset analgesia was determined three times with a 3 minute 
rest period between tests.

Figure 1. A. Schematic diagram of the study 
protocol. Initially the subjects performed a 
training session; these data were discarded. 
After receiving treatment (ketamine or pla-
cebo) and a 20-minute rest period, the test 
phase started with DNIC (diffuse noxious 
inhibitory control) and OA (offset analge-
sia) experiments. Each subject received the 
2 treatments on separate occasions. OA and 
DNIC studies were randomized. B. Calcula-
tion of offset analgesia. The visual analogue 
scale (eVAS) response, ranging from 0 (no 
pain) to 100 (worst pain imaginable), to a 

heat pain stimulus (black line) is given. The decrease in eVAS from peak eVAS value to its nadir 
following the 1 ℃ decrease of the heat pain stimulus (at t = 20 seconds) is calculated (ΔeVAS). To 
correct for the value of the peak eVAS, the ΔeVAS is divided by the peak eVAS giving the ‘corrected’ 
ΔeVAS or ΔeVASc (= ΔeVAS/[peak eVAS]).
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Study design
The study had a single-blinded, cross-over design. Subjects were randomized for 
treatments (intravenous S(+)-ketamine (Ketanest-S, Pfizer BV, Capelle a/d IJssel, 
The Netherlands) or placebo (NaCl 0.9%)) and pain test order (offset analgesia or 
DNIC, experiment with and without conditioning stimulus). Randomization for 
studies with and without water immersion was performed to avoid a distraction 
or learning effect.22 There were at least two weeks in between the placebo and 
ketamine sessions. On both experiment days, individual test temperatures for 
the experimental and conditioned stimulus were determined first. Next, the sub-
jects were trained by performing DNIC and offset analgesia studies, as described 
above. Subsequently, the subjects received a 1-h infusion of either S(+)-ketamine 
(40 mg per 70 kg) or placebo. After a 20-minute wash-out period the test phase 
began with studies to determine DNIC and offset analgesia after placebo or ket-
amine treatment (with a 30-minute interval between studies). See also figure 1A.

Side effects
During ketamine and placebo treatment the occurrence of nausea and vomit-
ing was recorded (yes/no), and drug high and drowsiness were scored using an 
11-point numerical rating scale ranging from 0 (= no effect) to 10 (= most severe 
effect). 

Data and statistical analyses
The DNIC and offset analgesia data collected during training were discarded. 
The eVAS data were averaged over 1-second periods. To quantify the DNIC data, 
the area-under-the-curve (AUC) of each eVAS response curve was calculated. 
A linear mixed model was used to compare the AUCs without and with condi-
tioning stimulus after ketamine and placebo infusions. Group differences were 
tested by a chi-square test. To quantify offset analgesia the decrease in eVAS from 
peak eVAS value to the eVAS nadir following the 1 ℃ decrease of the test stim-
ulus was measured (ΔeVAS; Fig. 1B) corrected for the value of the peak eVAS 
(ΔeVASc = ΔeVAS/[peak eVAS]). ΔeVASc values observed after ketamine and 
placebo treatment were compared using a linear mixed model. p-values < 0.05 
were considered significant. Data are presented as mean (SEM) unless otherwise 
stated.

Results

Baseline values
All subjects completed the protocol without unexpected or major side effects. 
Baseline subject characteristics are listed in table 1. Between treatment days no 
significant differences were observed in test temperatures of the conditioning 
and experimental stimuli. Mean testing temperatures were 46.1 ± 2.5 ℃ (mean ± 
SD) and 45.9 ± 2.9 ℃ for placebo and ketamine study days, respectively (t-test: 
p = 0.908). The corresponding mean baseline eVAS scores were 52.1 ± 9.8 mm 
(placebo) and 51.7 ± 12.9 mm (ketamine; p = 0.942). The temperatures of the con-
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ditioning stimulus were 10.3 ± 3.9 ℃ (placebo) and 10.7 ± 3.8 ℃ (ketamine; p = 
0.838) with mean baseline eVAS scores of 29.9 ± 16.7 mm (placebo) and 32.6 ± 
20.6 mm (ketamine; p = 0.764). The baseline or training eVAS responses to the 
two heat stimuli paradigms, DNIC and OA obtained prior to placebo and ket-
amine treatment, are given in figure 2 (the DNIC response is given without con-
ditioning stimulus). It shows that the baseline eVAS responses were similar for 
the two treatment sessions.

Ketamine-induced analgesia and side effects
Despite an average 1-hour interval between the end of the ketamine infusion 
and the eVAS responses, ketamine analgesia persisted: eVAS (obtained at iden-
tical temperatures) were significantly lower after ketamine treatment compared 
to placebo treatment by 10 to 12 mm (p < 0.01). In order to get an indication 
of the analgesic effect of ketamine, we plotted the first 13 seconds of the eVAS 
responses following ketamine and placebo treatment for the 2 heat stimuli par-
adigms in figure 3. We present only the initial part of the response in relation to 

Table 1. Subject characteristics
Number of subjects (M/F) 10 (4/6)

Age (year) 24.1 ± 3.7
Weight (kg) 76.5 ± 13.8
Baseline heat temperature in placebo/ketamine studies (℃) 46.1 ± 2.5/45.9 ± 2.9 (ns)
Baseline water temperature in placebo/ketamine studies (℃) 10.3 ± 3.9/10.7 ± 3.8 (ns)

Values are mean ± SD; ns = not significantly different.

Figure 2. Baseline eVAS (visual analogue scale ranging from 0 (no pain) to 100 (worst imaginable 
pain)) responses (obtained during training): A. responses obtained during the 30-second continu-
ous heat stimulus and B. the varying heat stimulus used to induce offset analgesia. Orange circles 
are the eVAS response prior to placebo treatment; blue circles prior to ketamine treatment. Values 
are mean ± SEM. No differences in baseline responses were obtained between treatment sessions.
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ketamine analgesia as it may be argued that other phenomena (e.g. adaptation, 
endogenous analgesic effects) influence the remainder of the response. Conse-
quently, DNIC and OA eVAS responses (and their respective AUCs) in studies 
following ketamine treatment were smaller compared to responses obtained fol-
lowing placebo treatment. Ketamine produced nausea in six subjects and vomit-
ing in three. Numerical rating scores for drug high were 6.0 ± 1.2 versus 1.2 ± 0.8 
(p < 0.05) and for drowsiness 4.7 ± 0.8 versus 0.8 ± 0.6 (p < 0.05) during ketamine 
versus placebo treatment.

Diffuse noxious inhibitory control
eVAS responses (DNIC and OA) without conditioning stimulus were obtained 
59 minutes (95% confidence interval 44 – 79 minutes) following the end of the 
ketamine or placebo infusion. eVAS responses (DNIC) with conditioning stim-
ulus were obtained 56 minutes (41 – 76 minutes) following ketamine infusion. 
Mean DNIC responses are presented in figure 4. Heat pain stimulation for a peri-
od of 30 seconds gave an eVAS response with rapid temporal sensitization (0-10 
seconds) followed by a phase of adaptation (10-30 seconds). After placebo and 
ketamine infusions, significant effects of the conditioning stimuli were observed 
(p < 0.0001). After placebo infusion significant inhibitory control (i.e. DNIC) was 
activated in all subjects. Experimental heat pain applied simultaneously with the 
conditioned stimulus resulted in eVAS values below those observed during test-
ing just experimental heat pain (AUCs 764.3 ± 139.9 versus 1008.9 ± 178.2; p < 
0.001). In contrast, after ketamine infusion, no DNIC was observed, but rather 
a significant facilitatory pain response occurred when heat pain was combined 
with the conditioning stimulus (AUCs 889.8 ± 201.5 versus 708.4 ± 155.9; p < 0.01).

Figure 3. Ketamine’s analgesic effect. First 13 seconds of the eVAS (visual analogue scale ranging 
from 0 (no pain) to 100 (worst pain imaginable)) responses without conditioning stimulus after 
placebo (orange circles) and ketamine treatment (blue circles) for studies performed in the A. DNIC 
paradigm and B. offset analgesia paradigm. Ketamine produced a significant analgesic effect with a 
reduction in eVAS of 10-12 mm at t = 13 seconds.
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In figure 5 the individual magnitudes of the eVAS responses without condition-
ing stimulus versus responses with stimulus are presented in a scatter plot. It 
shows that while the mean AUC without conditioning stimulus (x-axis) after 
ketamine treatment is reduced compared to placebo the individual data over-
lap. The plot further shows that magnitude of the eVAS response without con-

Figure 4. Effect of A. placebo and B. ketamine treatment on endogenous pain modulation as deter-
mined by a diffuse noxious inhibitory control paradigm, that is, a heat pain stimulus (black line) 
applied without and with a conditioning stimulus (leg immersion in cold water). After placebo 
treatment the eVAS (visual analogue scale ranging from 0 (no pain) to 100 (worst pain imagin-
able)) response to experimental heat pain with the conditioning stimulus was significantly in-
hibited compared to the response without the conditioning stimulus (p < 0.001). After ketamine 
treatment the eVAS response to the noxious heat stimulus was increased when the conditioning 
stimulus was applied (p < 0.01). The data are the population mean of the subjects’ mean eVAS 
values (SEM).

Figure 5. Scatter plot of the effect of the 
conditioning stimulus on eVAS (visual 
analogue scale ranging from 0 (no pain) 
to 100 (worst pain imaginable)) responses 
after placebo treatment (orange circles) 
and ketamine treatment (blue circles). 
The dashed lines are lines of identity. 
On the x-axis the areas-under-the curve 
(AUC) of the eVAS responses without 
conditioning stimulus; on the y-axis the 
AUCs of the eVAS responses with condi-
tioning stimulus.
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ditioning stimulus had just limited effect on the magnitude of the response with 
stimulus (slope of linear regression on the ketamine data = 1.19; on the placebo 
data 0.75).

Offset analgesia
Mean OA responses are shown in figure 6. The response after ketamine treatment 
was smaller than after placebo treatment; a sign of persistent analgesic effect of 
ketamine in the hours following treatment. Offset analgesia was observed in all 
subjects after both placebo and ketamine infusion. The placebo ΔeVASc (0.91 ± 
0.03) did not differ significantly from the ketamine ΔeVASc (0.86 ± 0.06), indicat-
ing no effect of ketamine on OA. No correlation was observed between placebo 
ΔeVASc and DNIC responses (inhibition determined by subtracting AUCs) (p > 
0.05, correlation coefficient = 0.11).

Absence of sex differences
No sex differences in the response of ketamine relative to placebo were observed 
in the effects of ketamine on analgesia, DNIC and OA responses.

Discussion

Descending control of nociceptive spinal responses has both inhibitory and facil-
itatory components.6 Diffuse noxious inhibitory control and offset analgesia are 
examples of dynamic inhibitory processes. DNIC is a spinal-medullary-spinal 
feedback loop that is activated when two painful stimuli are applied simulta-
neously.5,17,18 A heterotopic noxious stimulus modifies the perception of another 
noxious stimulus, and, in case of DNIC, inhibits the perception of the primary 
(i.e. test) stimulus. It has been suggested that DNIC serves as a filter that helps 
to extract nociceptive signals from the background noise by inhibiting basal so-
matosensory activity of the population nociceptive neurons (i.e. increasing the 
signal-to-noise ratio).17 In our current study we generated inhibition of a heat 
pain stimulus applied to the arm, by immersion of the foot and lower leg in cold 

Figure 6. Effect of placebo and ket-
amine treatment on endogenous pain 
modulation as determined by the off-
set analgesia paradigm. The ΔeVAS 
values (decrease in eVAS (visual an-
alogue scale ranging from 0 (no pain) 
to 100 (worst pain imaginable)) from 
peak eVAS value to its nadir follow-
ing the 1 ℃ decrease of the heat pain 
stimulus (at t = 20 seconds)) correct-
ed for the difference in peak ΔeVAS 
did not differ between treatments. The 
data are the population mean of the 
subjects’ mean eVAS values (SEM).
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water (placebo data; Fig. 4A). An infusion with ketamine resulted in a blocked 
inhibitory pain response with more pain when a conditioning stimulus was com-
bined with the test stimulus rather than an increase in DNIC (Fig. 4B; i.e. the 
null-hypothesis was rejected). Our data indicate that the balance between pain 
inhibition and pain facilitation (that normally has predominance for pain inhibi-
tion) was shifted by ketamine towards blocking DNIC, resulting in some form of 
pain facilitation. Similar alterations in endogenous pain modulation have been 
observed with acute and chronic morphine treatment.23,24 

Ketamine analgesia versus anti-analgesia
The effect of ketamine on DNIC was not expected and is, at present, difficult 
to explain. Ketamine is usually associated with analgesia in chronic pain and 
in combination with opioids in cancer pain and perioperative pain.10-15,25,26 Pain 
relief occurs due to blockade of excitatory NMDARs, which results in a reduced 
or even blocked signal transmission in the pain circuitry towards the thalamus 
and cerebral cortex. Still, there are several multiple, converging lines of evidence 
showing that ketamine and other NMDAR antagonists are associated with pain 
facilitation and antagonism of opioid-induced pain relief. We recently showed 
in healthy volunteers that while ketamine had a dose-dependent antinocicep-
tive effect on static nociceptive pain (repetitive noxious heat pain stimuli), pain 
responses following infusion were perceived as more painful (by about 1 cm 
VAS) for more than 3 hours compared to pre-drug pain responses.26,27 In agree-
ment with these findings, Mitchell described a cancer patient that developed se-
vere hyperalgesia and allodynia directly following treatment with ketamine.28 
During treatment, the noncompetitive NMDA receptor antagonist MK801 can 
cause an anti-analgesic effect in mice, where it significantly reduced morphine 
and stress-induced analgesia (an effect which displayed sex-dependency).29-32 In 
another study, MK801 induced hyperalgesia in an acute pain model in the rat.33 
Interestingly, in the anesthetized rat, the NMDAR has been implicated in inhibi-
tion of chronic inflammatory pain. High dose (but not low dose) NMDA micro-
injected into the RVM inhibited primary hyperalgesia 3 hours following injection 
of complete Freund’s adjuvant into a hind paw.34 In total, these data indicate that 
apart from a potent analgesic effect, NMDAR antagonists, including ketamine, 
may, under specific circumstances, produce anti-analgesic and pain facilitatory 
effects. 

Mechanisms of ketamine effect on DNIC
Multiple, non-exclusive mechanisms may cause anti-analgesic or pain facil-
itatory responses during and/or following ketamine treatment. (i) It has been 
argued that excitatory amino acids accumulate at spinal and supraspinal sites 
during effective blockade of the NMDAR.30,33 These amino acids may activate 
non-NMDA excitatory receptors (metabotropic or non-NMDA ionotropic glu-
tamate receptors) and consequently produce anti-analgesia and increased pain 
responses. (ii) Ketamine may recruit different nociceptive mechanisms (compare 
the mechanism proposed for the block of DNIC by morphine)23 or additional-
ly activate non-NMDA receptor systems, such as the opioid system causing a 
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net inhibitory effect on DNIC.35 (iii) DNIC may require supraspinal processing, 
which is effectively disrupted by ketamine (e.g. a dissociative effect of ketamine 
between the limbic system and cerebral cortex).1 And (iv), because we performed 
our experiments following ketamine infusion, a direct effect at the NMDAR is 
not excluded, for example by actions of accumulated excitatory amino acids (see 
“i”), which during the loss of NMDAR blockade from the decrease in ketamine 
concentration causes a rebound increase in NMDAR activity and consequently 
enhanced transmission of afferent nociceptive stimuli (i.e. pain facilitation).26 

Because the link of excitatory receptor systems and the process of endogenous 
pain inhibition/facilitation (and its neurotransmitters such as serotonin and nor-
epinephrine) remains understudied, further studies are needed to investigate the 
specific role of the excitatory receptors in the balance between pain inhibition 
and facilitation under physiological and chronic pain conditions.

Offset analgesia
Apart from DNIC, we tested the effect of ketamine on offset analgesia. OA is con-
sidered an inhibitory mechanism that increases the temporal contrast between 
stimuli (i.e. a temporal sharpening filter).16,19,20 OA is defined as the decrease in 
pain intensity following a decrease in stimulus temperature that is dispropor-
tionate compared to a similar increase in temperature. After placebo infusion, we 
observed an increment in eVAS of 6 mm going from 46 to 47 ℃ while a subse-
quent similar decrease in temperature caused a drop in eVAS of 33 mm (a ratio 
of 5.5; Fig. 3). A similar ratio was observed after ketamine infusion. Furthermore, 
the drop in eVAS was twice as fast (average 6 mm/s) in OA experiments com-
pared with the adaptation seen in DNIC experiments (3 mm/s). Ketamine had 
no effect on OA development, i.e. the enhanced and robust analgesia following 
the 1 ℃ decrease in noxious stimulus intensity remained unaffected by ketamine 
(drop in eVAS relative to peak eVAS = 0.91 ± 0.03 after placebo versus 0.86 ± 0.06 
after ketamine treatment). These data contrast the observations in the DNIC ex-
periments. As previously discussed, both in their generation and probably also 
in their neuroanatomic pathways the inhibitory processes OA and DNIC are dis-
tinct: OA relates inhibition to the offset of a noxious stimulus, while DNIC is 
related to the onset of a heterotopic stimulus.16,19,20 In agreement with this is the 
observation that there was no correlation between ΔeVASc and DNIC. We fur-
ther show that OA and DNIC are dissimilar in their interaction with the glutama-
tergic receptor system.

Critique of methods
We tested the effect of ketamine and placebo using a single-blind study design as 
we expected to become unblinded during the treatment of the subjects. Also the 
subjects noted more severe side effects during ketamine treatment but were not 
made aware that this was specific to the test treatment.  We cannot exclude that 
specific a priori expectations may have influenced the study outcome at some 
level. For example, it was shown that the subject’s expectation of hyperalgesia 
completely blocked the analgesic effect of descending inhibition on spinal no-
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ciceptive reflexes.36 To our advantage is that our subjects remained uninformed 
regarding a possible effect of ketamine on DNIC or OA and the a priori expecta-
tions of the investigators were towards an increase in inhibitory control. Further-
more, we observed that treatment sequence had no effect on outcome parameters 
(DNIC and OA, experiment with and without water immersion) and therefore 
we do not think that our approach influenced the study outcome significantly. 

Finally, it may be argued that the ketamine effect on DNIC is related to the small-
er magnitude of the eVAS responses following ketamine treatment and that, for 
example, the increase in eVAS responses during water immersion is due to a 
drift towards pre-ketamine baseline values (due to the loss of ketamine analge-
sic effect). There are several arguments opposing this assumption. DNIC eVAS 
responses without and with conditioning stimulus were randomized and on av-
erage occurred both about 60 min following the end of the ketamine infusion. 
Hence ketamine’s analgesic effect was of similar magnitude in the 2 experiments. 
Furthermore, the magnitude of the eVAS responses with conditioning stimulus 
is minimally related to the magnitude of the responses without stimulus (Fig. 
5). A small effect (ranging from 0 to 20%) cannot be excluded with larger eVAS 
responses with conditioning stimulus associated with larger responses without 
water stimulation. The reverse would be expected when the response would 
have drifted back to pre-ketamine baseline values. 

Conclusions
In conclusion, our data suggest that ketamine treatment effects endogenous 
modulation of nociceptive stimuli as examined by the DNIC paradigm. DNIC 
responses following a 1-hour low-dose ketamine treatment displayed a modu-
lated (blocked or even facilitated) DNIC. These findings suggest a modulatory 
involvement of the NMDA and/or other glutamatergic receptors at some level 
within the endogenous pain system. No effect of ketamine treatment was ob-
served on the inhibitory effects of subsequent OA responses. This suggests that 
OA and DNIC differ in their susceptibility for glutamatergic influences. The en-
during pain relief of chronic pain during and following ketamine treatment10-15 
cannot be explained by our current findings and suggests the absence between 
DNIC alterations and relief of spontaneous chronic pain from ketamine. How-
ever, it may well be that the effect of ketamine on descending pain modulation 
is different in chronic pain patients and cannot be addressed by performing ket-
amine studies in volunteers.
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