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Abstract

Purpose We investigated the heat pain threshold (HPT)
and temporal summation threshold (TST) before and after
target-controlled infusion (TCI) of ketamine with an effect-
site concentration (Ce) of 30 and 60 ng/ml.

Methods Healthy young volunteers (n = 20) were
enrolled. A thermode was applied to the volar side of each
volunteer’s right forearm, and HPT and TST were mea-
sured before and after TCI of ketamine. Vital signs and
psychedelic effects according to ketamine infusion were
also observed before and after TCI of ketamine.

Results Mean HPT after TCI of ketamine with a Ce of 30
and 60 ng/ml did not increase significantly. However,
mean TST after TCI of ketamine with a Ce of 30 and
60 ng/ml increased significantly, in a dose-dependent
fashion, compared with the value before ketamine TCI.
Vital signs showed no significant difference before and
after ketamine TCI. The visual analog scale score of psy-
chedelic symptoms was higher with a Ce of 60 ng/ml than
with 30 ng/ml.

Conclusions TCI of ketamine with a Ce of 30 and 60 ng/ml
increased TST but not HPT.
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Introduction

The mechanism by which ketamine exerts its analgesic action
is not clearly understood [1]. Ketamine has complex neuro-
pharmacological characteristics and has numerous binding
sites in the nervous system, such as N-methyl-p-aspartate
(NMDA), non-NMDA glutamate, cholinergic, monoamin-
ergic, and opioid receptors. Additionally, voltage-dependent
ion channels, such as Na and L-type Ca channels, can interact
with ketamine [2-4]. Although all these receptors may be
related to the analgesic action of ketamine, it is likely that the
analgesic effect of ketamine involves NMDA receptor
antagonism [4, 5]. Such NMDA-mediated analgesic effects
seem to be relevant at low, subanesthetic concentrations [5].

Low-dose ketamine produces its effect chiefly on pain
related to central sensitization such as hyperalgesia or
allodynia, rather than acute or phasic pain. Central sensi-
tization may play a crucial role in the development of
chronic pain and is related to the “windup” phenomenon,
which is induced by repetitive stimulation of the spinal
dorsal horn neuron [6, 7].

Because in vivo recordings of windup in humans are
impossible, methods to assess the temporal summation of
repetitive stimuli have been developed that are psycho-
physically associated with windup [7, 8]. Although various
modalities including electric, mechanical, and thermal
stimulation are available to evoke temporal summation,
thermal stimulation is the most appropriate method to
induce temporal summation [9-11].

Several studies have revealed that ketamine suppresses
the temporal summation of repetitive stimuli, rather than a
single painful stimulus [6, 11-13]. However, previous
investigations have used a single injection method rather
than continuous infusion [13]. When the continuous infu-
sion method is used, more accurate strategies such as
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target-controlled infusion (TCI) are not used [6, 12] and
even when using TCI, the ‘target’” was the plasma con-
centration [14]. Moreover, in cases in which the thermal
stimulation method was used, the thermode contact size
was quite small or the stimulation time was too short to
selectively stimulate the C-fiber [15]. Slow rise and return
times also make it difficult to distinguish first and second
pain sensations [10, 16]. Thus, a reliable method for
quantitative sensory testing (QST) is needed to identify the
precise effect of ketamine in various pain conditions.
Based on previous research, we believed that the con-
tinuous infusion of low-dose ketamine would reduce the
temporal summation threshold (TST) of repetitive stimuli,
but not of a single stimulus, such as the heat pain threshold
(HPT). We compared the HPT and TST before and after
TCI of ketamine with an effect-site concentration (Ce) of
30 and 60 ng/ml. Vital signs and psychedelic side effects
according to the ketamine TCI were also observed.

Materials and methods
Study subjects

In total, 20 healthy volunteers (10 men and 10 women, aged
24-32 years) were enrolled. Exclusion criteria were age under
18 years, pregnancy or lactation, a history of drug abuse or
psychosis, and current use of any pain medication.

This study was conducted with our Institutional Review
Board Committee approval according to the Helsinki
Declaration. Written informed consent was obtained from
each of the volunteers. We proceeded with this research
after permission for ketamine use was acquired from the
Korean Food and Drug Administration.

Definition of HPT and TST

HPT was defined as the temperature at which each vol-
unteer first reported pain, not heat, from the heat stimulus.
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TST was defined as the temperature at which each volunteer
felt that the stimulus intensity of the last two stimuli was
stronger than the first two during five successive stimuli.

Measurement of HPT

We used the staircase method to measure HPT [17, 18].
Heat stimuli were delivered by the contact heat evoked
potential stimulation (CHEPS) model of the PATHWAY
(Medoc, Ramat Yishai, Israel) thermode. The diameter of
the thermode was 27 mm. The thermode was applied to the
volar aspect of the right forearm, 2-3 cm proximal to the
wrist crease. The stimulus intensity was increased in steps
of 0.5°C from the baseline (36°C) until the subject reported
pain for the first time. When the subject reported pain, the
target temperature of the thermode was decreased by 2°C
and increased in steps of 0.5°C from that temperature until
the subjects reported pain again. This process was repeated
twice more, and HPT was determined as the mean value of
these three measurements. An interval of more than 3 min
was allowed between each stimulus to allow dissipation of
the residual effects of the prior stimulation [19]. The
temperature was increased by 70°C/s and decreased by
40°C/s using the “Ramp and Hold” mode (Fig. 1). All
volunteers and observers were blinded as to which tem-
perature was used for stimulation.

Measurement of TST

As with HPT, TST was measured using the staircase
method. The thermode was applied to the same site where
HPT was measured. TST measurements started at a tem-
perature 2°C below HPT for each subject. The stimulus
intensity was increased in steps of 0.5°C until the subject
reported that the stimulus intensity of the last two stimuli
was stronger than the first two during five successive
stimuli. When the subject reported a gradual increase in
pain, the thermode target temperature was decreased by
2°C and increased in steps of 0.5°C again. This process was
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repeated twice, and the mean value of the three measures
was determined as the TST. The temperature was increased
by 70°C/s and decreased by 40°C/s, and repetitive stimuli
were applied with a duration of 0.4 s and an interstimulus
interval of 2 s, using the “Ramp and Hold” mode (Fig. 2).
An interval of more than 3 min was also allowed to dis-
sipate the residual effects of prior stimulation, and all
volunteers and observers were blinded as to which tem-
perature was used for stimulation.

Ketamine administration

After a peripheral intravenous route in the left forearm was
secured, a bag containing 100 ml normal saline was con-
nected. TCI of ketamine (Ketomin; Daihan Pharm, Seoul,
Korea) was performed using the Asan pump software (version
1.5; Bionet, Seoul, Korea) and a Pilot Anesthesia (Fresenius
Kabi, France) infusion pump. Ketamine was delivered at a Ce
of 30 and 60 ng/ml, using the pharmacokinetic model of
Domino et al. [20]. All volunteers and observers were blinded
as to which concentration of ketamine was administered.

Vital signs

Heart rate (HR), mean arterial pressure (MAP), percuta-
neous oxygen saturation (SpO,), and tympanic membrane
temperature (TMT) were checked before and after each Ce
of ketamine TCI.

Assessment of psychedelic side effects

Thirteen questions (see Appendix) were asked to assess the
psychedelic effects of ketamine, and each value was
recorded on a visual analog scale (VAS) [21].

Study protocol

HPT, TST, vital signs, and the questionnaire were assessed
before the TCI of ketamine, using the methods already
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described. After that, TCI of ketamine was started at a Ce
of 30 ng/ml for 20 min. At the end of ketamine infusion,
HPT, TST, vital signs, and the questionnaire were assessed
again. Then, a Ce of 60 ng/ml of ketamine TCI was con-
tinued for 20 min and the same parameters were assessed.

Statistical analysis

All data were analyzed using the SPSS 14.0 software (SPSS,
Chicago, IL, USA). HPT and TST values before and after
ketamine TCI were expressed as mean and 95% confidence
interval (CI). Vital signs were expressed as the mean (stan-
dard deviation), and the VAS of the psychedelic effects were
expressed as medians (range). The Friedman test and a
repeated-measures analysis of variance (ANOVA) were
used to assess nonparametric and parametric variables,
respectively. Sex differences of all parameters were com-
pared using one-way ANOVA. P values <0.05 were deemed
to indicate statistical significance.

Results
Effects of low-dose ketamine TCI on HPT

There were no significant differences in HPT before and
after TCI of ketamine. The mean HPT value before keta-
mine TCI was 41.5°C (95% CI, 40.6-42.3). The mean HPT
values after ketamine TCI with a Ce of 30 or 60 ng/ml
were 41.5°C (95% CI, 40.6-42.3) and 41.6°C (95% CI,
40.7-42.4), respectively (Fig. 3).

Effects of low-dose ketamine TCI on TST

The TST after TCI of ketamine increased significantly in a
dose-dependent manner (P < 0.001, P < 0.001, respec-
tively). The mean TST value before ketamine TCI was
40.8°C (95% CI, 40.0-41.5), whereas the mean TST value
after ketamine TCI with a Ce of 30 ng/ml was 43.0°C
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Fig. 3 Changes of heat pain threshold (HPT) and temporal summa-
tion threshold (7ST) before and after ketamine target-controlled
infusion (TCI). Ce, effect site concentration; *P < 0.05 compared to
before ketamine TCI (Ce 0 ng/ml); P <0.05 compared to after
ketamine Ce 30 ng/ml TCI

Table 1 Changes in mean arterial pressure, heart rate, tympanic
membrane temperature, and percutaneous oxygen saturation after
target-controlled infusion (TCI) of ketamine

Before ketamine Ce of ketamine

30 ng/ml 60 ng/ml
MAP (mmHg) 824 +£71 80.9 + 6.7 81.8 £ 6.5
HR (bpm) 703 £ 8.4 68.8 £9.7 704 £ 9.1
TMT (°C) 367+ 02 369 £ 0.3 369 + 04
SpO, (%) 984+ 1.0 983 £ 09 98.1 £ 1.0

Data are expressed as mean + SD

TCI target-controlled infusion, Ce effect site concentration, MAP
mean arterial pressure, HR heart rate, TMT tympanic membrane
temperature, SpO, percutaneous oxygen saturation

(95% CI, 42.2-43.8), and it was 44.8°C (95% CI,
44.1-45.5) for a Ce of 60 ng/ml (Fig. 3).

Vital signs

The HR, MAP, SpO,, and TMT showed no significant
differences before and after ketamine TCI (Table 1).

Psychedelic side effects

There was no significant difference among the VAS score
except for Q11 (I feel high) and Q12 (I feel drowsy). The
VAS scores for each of these questions before and after
TCI ketamine with a Ce of 30 or 60 ng/ml were 0 (0), 0 (0-
21), and 0 (0-52), respectively, and 0 (0), 13.0 (0-77), and
24.5 (0-89), respectively. The Q11 incidence was 5% and
20% after TCI ketamine with a Ce of 30 or 60 ng/ml,

Table 2 Psychedelic effects after ketamine TCI in 100 mm visual
analog scale (VAS)

Question Before ketamine Ce of ketamine
30 ng/ml 60 ng/ml
! 00 0 (0) 0 (0)
2 0 (0) 0 (0) 0 (0)
3 00 0 (0) 0 (0)
4 00 0 (0) 0 (0)
5 0(0) 0 (0) 0 (0)
6 0(0) 0 (0) 0 (0)
7 00 0 (0) 0 (0)
8 00 0 (0) 0 (0)
0 00 0 (0) 0 (0)
10 0 (0) 0 (0) 0 (0)
1 00 0 (0-21) 0 (0-52)*
12 0 (0 13.0 (0-77)*  24.5 (0-89)="
13 0 0(0) 00

Data are median (range)
VAS visual analog scale, TCI target-controlled infusion, Ce effect site
concentration

#P < 0.05 compared to before ketamine TCIL; "P < 0.05 compared to
ketamine Ce 30 ng/ml TCI

Table 3 Comparison between men and women in heat pain threshold
(HPT) and temporal summation threshold (TST) before and after
ketamine TCI

Sex Before ketamine Ce of ketamine
30 ng/ml 60 ng/ml
HPT M 412 £ 1.6 412+ 1.6 413+ 1.6
F 41.8 &£ 2.0 41.8 &+ 2.1 41.9 &£ 2.0
TST M 405 £ 1.6 428 £ 1.8 448 £ 1.5
F 411 £ 1.6 432 £ 1.6 449 £ 1.5

Data are expressed as mean + SD

TCI target-controlled infusion, Ce effect site concentration, HPT heat
pain threshold, 7ST temporal summation threshold

respectively, and 60% and 75% after TCI ketamine with a
Ce of 30 or 60 ng/ml, respectively. There were significant
increases, in a dose-dependent manner, in the VAS
score for each question before and after ketamine TCI
(P = 0.317 and 0.256, P = 0.938 and 0.542, respectively;
Table 2).

Sex differences in HPT and TST

HPT and TST before and after TCI of ketamine with a Ce
of 30 or 60 ng/ml did not show significant differences
between men and women (P = 0.435, P = 0.437 and
0.506, P = 0.453, P =0.650 and 0.828, respectively;
Table 3).
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Table 4 Comparison between men and women in vital signs before
and after ketamine TCI

Sex Before ketamine Ce of ketamine

30 ng/ml 60 ng/ml
MAP (mmHg) M 875 +£57 846 £68 858 £6.0
F 773 £ 4.1% 77.1 £42% 77.8 £3.9%
HR (bpm) M 703+95 68.8 £ 11.1 709 £ 10.7
F 702 £ 7.6 68.7 £ 86 698 £738
TMT (°C) M 367 +02 36.6 £ 0.1 365+ 0.1
F 36.6 £ 0.2 36.6 £02 365+02
SpO; (%) M 983+1.0 9824+ 0.8 98.0x1.0
F 98.5 + 1.0 984+ 1.1 98.1x1.0

Data are expressed as mean = SD

TCI target-controlled infusion, Ce effect site concentration, MAP
mean arterial pressure, HR heart rate, TMT tympanic membrane
temperature, SpO, percutaneous oxygen saturation

*P < 0.05 compared with values of men

Sex differences in vital signs

No significant differences were observed for HR, TMT,
and SpO, before and after TCI of ketamine with a Ce of 30
or 60 ng/ml (P =0.980, P=0.982 and 0.796, P =
0.0.920, P = 0.376 and 0.897, P = 0.647, P = 0.641 and
0.656, respectively; Table 4). However, MAP before and
after TCI of ketamine was significantly higher in men
during all sessions of the study (P < 0.001, P = 0.008 and
0.003, respectively; Table 4).

Discussion

When a single pain stimulus and temporal summation of
repetitive stimuli were induced by the contact heat ther-
mode, the TCI of ketamine with a Ce of 30 or 60 ng/ml for
20 min increased TST significantly, in a dose-dependent
manner, but did not change the HPT. No sex differences
were observed in all parameters except MAP. Among
psychedelic side effects, the VAS scores of the questions ‘I
feel high’ and ‘I feel drowsy’ increased significantly after
TCI of ketamine, but it was not clinically significant.

The windup phenomenon is a response of the spinal
dorsal horn neurons, which are amplified by repetitive
C-fiber stimulation [22]. This frequency-dependent
increase in neuronal excitability is induced when constant-
intensity stimuli are repeated at intervals of <3 s and rep-
resents temporal summation in humans [23]. Windup
(temporal summation) represents an intermediate step in
the development of central sensitization, which results
from derangement of cellular signaling pathways and
genetic expression in postsynaptic neurons. There are
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several experimental investigations indicating that an
NMDA receptor mechanism plays a significant role in
windup and central sensitization [22, 24, 25].

Various experimental studies have demonstrated that
NMDA receptor antagonists can reduce windup in animals
[22, 25] and temporal summation in humans [6, 12, 13].
Ketamine is the most effective and widely used clinically
available NMDA receptor inhibitor and binds to a specific
site [phencyclidine (PCP) binding site] inside the receptor
channel. Thus, it can bind when the channel is already
activated, a so-called “open channel block.” By antago-
nizing the NMDA receptor, ketamine effectively relieves
various kinds of pain related to central sensitization
including postoperative [26], fibromyalgic [27], and neu-
ropathic pain [28-30].

It is now generally accepted that the analgesic dose of
ketamine is lower than the anesthetic dose [12, 26, 28, 29].
Low-dose ketamine has a relatively high affinity for the
NMDA receptor PCP-binding site, and naloxone does not
reverse the antihyperalgesic effects of low-dose ketamine,
but a high dose does [5, 31, 32]. Also, the antinociceptive
effect of low-dose ketamine cannot be antagonized by
dopamine receptor antagonists [33]. Actually, high-dose
ketamine abolishes all types of pain by its anesthetic and
dissociative effect and not by its NMDA receptor-antago-
nizing properties.

Ilkjaer et al. [12] revealed that when ketamine was
administered as a 0.15 or 0.3 mg/kg bolus injection fol-
lowed by continuous infusion of 0.15 and 0.3 mg/kg/h, it
reduced the magnitude of both primary and secondary
hyperalgesia and pain evoked by prolonged noxious heat
stimulation, without significant side effects. Tucker et al.
[34] showed that there was excessive sedation and abnor-
mal responses to a psychometric test when ketamine was
continuously infused above a serum concentration of
60 ng/ml. Thus, although the optimal dosage for “low-
dose” ketamine has not been established, ketamine TCI
with a Ce of 30 or 60 ng/ml may be regarded as a relatively
safe and effective “low dose.”

The therapeutic effects of ketamine may increase in a
dose-dependent fashion, but side effects, such as psyche-
delic effects, limit its clinical use [6, 35], even at a low
dose. Thus, it is important to find an adequate dosage for
ketamine infusion therapy that can effectively relieve pain
without significant side effects. The ketamine Ce of 30 and
60 ng/ml used in this study were lower than the low dose of
previous investigations [6, 14], but psychedelic effects still
increased significantly after ketamine TCI. Nevertheless,
none of the volunteers considered these effects unpleasant
or discomforting, so they were not clinically significant.

Quantification of pain in humans is important when
applying animal experimental research to clinical use.
Among the various modalities, thermal stimulation is one
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of the most commonly used experimental pain procedures.
Electrical stimuli contain strong shocking and pricking
sensations associated with A-beta and A-delta fiber input
[36], and mechanical stimuli reflect an unknown mixture of
A-delta and C-fiber input [11]. Contact heat stimulation is
an ideal pain stimulation method; it has fast onset and
offset, it is a quantifiable stimulation parameter, and it
resembles a natural pain modality [9]. Because the ther-
mode used in the present study had a 70°C/s rise and
40°C/s fall speed with a relatively large contact diameter
(27 mm), it had advantages over previous studies [12, 14,
37] for inducing the temporal summation of pain. Thus,
robust windup can be obtained and is clearly associated
with C-fiber input.

There are some limitations to this study. First, the vol-
unteers were all young healthy adults, making it difficult to
generalize our results to patients of various ages. Second,
the test area was restricted to a single region. Third, we did
not measure the baseline skin temperature. However, the
baseline temperature of the thermode was constant and
there was enough time for the temperature between the skin
and the thermode to be equalized. Finally, the sample size
may have been too small to detect the effects of our ket-
amine regimen. However, determining an adequate sample
size was difficult because of the exploratory nature of this
study. Finally, the assessment of side effects focused only
on the psychedelic effects.

Compared with previous investigations, we confirmed
that the TCI of low-dose ketamine reduced temporal
summation of repetitive stimuli, but not a single stimulus,
in a dose-dependent manner. When administered at a Ce of
30 ng/ml, ketamine increased TST without significant side
effects. TST increased further with a Ce of 60 ng/ml, but
resulted in more psychedelic side effects, which were sta-
tistically significant, but clinically acceptable. There were
no differences in any of the parameters between men and
women except MAP. A well-controlled randomized trial is
needed to identify the actual therapeutic effects of low-
dose ketamine therapy in patients.

Conflict of interest None.

Appendix: Questionnaire for psychedelic
effects of ketamine

Q1. My body or body parts seemed to change their shape
or position (BODY).

Q2. My surroundings seemed to change in size, depth, or
shape (SURROUNDINGS).

Q3. The passing of time was altered (TIME).

Q4. T had feelings of unreality (REALITY).

Q5. It was difficult to
(THOUGHTS).

Q6. The intensity of colors changed (COLORS).

Q7. The intensity of sound changed (SOUND).

Q8. I heard voices or sounds that were not real
(VOICES).

QO. I had the idea that events, objects, or other people
had particular meaning that was specific for me
(MEANING).

Q10. I had suspicious ideas or the belief that others were

against me (SUSPICIOUS).

Q11. I felt high (HIGH).

Q12. I felt drowsy (DROWSY).

Q13. I felt anxious (ANXIOUS).

control my thoughts
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