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Abstract

Objectives: This study aimed to develop a method that objectively measures the clinical benefits
of ketamine infusions to treat complex regional pain syndrome (CRPS), thus making it possible,
for the first time, to determine the optimal dosing of ketamine and duration of treatment to treat
CRPS.

Methods: All patients were diagnosed with hyperalgesia associated with CRPS. Patients
underwent an outpatient, 4-day, escalating dose ketamine infusion. Hyperalgesia was measured
using pain thresholds. Clinical outcome was determined without knowledge of the patient’s pain
thresholds throughout treatment.

Results: We found a correlation between pain thresholds and the intensity of pain reported by
the patient at various sites of the body. We found that clinical outcomes correlated with
improvement in pain thresholds. There was a plateau in pain thresholds between days 3 and 4 for
the lower extremities. There was no plateau in pain thresholds observed for the upper
extremities.

Discussion: Our findings suggest that four days of treatment are sufficient for the treatment of
CRPS of the lower extremities. For the upper extremities, more than four days may be required.
Our study is the first to utilize quantitative sensory testing to direct the treatment of a chronic
pain disorder.

Keywords: Complex regional pain syndrome; hyperalgesia; ketamine; pain thresholds; reflex

sympathetic dystrophy
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Introduction

The safety and efficacy of ketamine to treat complex regional pain syndrome (CRPS) have been
demonstrated in controlled studies a decade ago (1, 2). "Ketamine Clinics" have sprouted up
worldwide with uncertainty about the optimal dose to treat CRPS (3). Human studies designed to
seek the optimal dose and duration of ketamine for treating CRPS may be subject to
Investigational New Drug (IND) application requirements, which can be cumbersome for
individual investigators. Previous studies attempting to establish a standardized protocol have
been limited by sample size and a method to objectively quantify the efficacy of ketamine during
treatment (4).

The primary goal of this study was to determine if it was possible to observe a plateau response
in relieving pain due to CRPS over four days of treatment. Such a determination is critical in
preventing the overtreatment of patients with ketamine, which would have significant economic
and safety consequences. For example, ketamine can cause adverse hallucinations when used in
procedures requiring sedation in 10 to 20% of adults (5). Medications for sedation, such as
midazolam, can manage adverse hallucinations. However, these medications can lead to life-
threatening respiratory depression and thereby limit the amount of ketamine that can be
administered to the patient.

Unfortunately, a method does not exist to measure the intensity of pain from a quantitative
standpoint. For more than a decade, we have found it useful to record quantitative sensory testing
using an algometer to determine the magnitude of hyperalgesia on the surface of the body.
Hyperalgesia is a condition in which a person with chronic pain develops an increased sensitivity
to a painful stimulus. Approximately 5 million Americans experience hyperalgesia due to

fibromyalgia (6). CRPS is a chronic pain disorder also characterized by tactile and deep pain

Copyright © 2020 The Author(s). Published by Wolters Kluwer Health, Inc. Unauthorized reproduction of the article is prohibited. This is an open-access article distributed under
the terms of the Creative Commons Attribution-Non Commercial-No Derivatives License 4.0 (CCBY-NC-ND), where it is permissible to download
and share the work provided it is properly cited. The work cannot be changed in any way or used commercially without permission from the journal.



hyperalgesia (7,8). In this study, we aim to determine if utilizing pain thresholds to measure
hyperalgesia could be used to monitor this component of chronic pain. A pain threshold is

defined as the amount of stimulation required before the sensation of pain is experienced.

Materials and Methods

This study was reviewed and approved by the Institutional Review Board at the University of
Florida.
PATIENT DEMOGRAPHICS
All patients were diagnosed with CRPS based on the Budapest Diagnostic Criteria (9).
This study did not distinguish between CRPS 1 and 2. All patients exhibited
hyperalgesia. Patients were evaluated by the attending physician (A.F.K.). The average
age of female patients was 39 years, ranging from 9 to 50 years. The average age of male
patients was 43 years, ranging from 13 to 59 years. The study included 89 females and 25
males after exclusions. Our experience with administering ketamine in patients with
CRPS is that the response is highly variable. Rather than giving a fixed-dose based height
and weight, we selected at a relatively low dose as a starting dose and titrated upwards.

ExcLusiON CRITERIA

I.  Patients who had a primary location of CRPS above the neck were excluded (6
patients). These patients were excluded from this analysis since the sites where pain
thresholds were measured would not address this area of the body reliably.

Il.  Patients who failed to experience pain when more than 5 kg of force was applied to
the skin at the primary location of CRPS were excluded (27 patients). The force was

measured using a device (algometer by Wagner Instruments. Greenwich, Connecticut.
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United States of America) that is limited to a maximum reading of 5 kg. Therefore,

readings above this point would not be quantifiable.

CLASSIFICATION OF PRIMARY, SECONDARY, AND TERTIARY LOCATIONS OF CRPS

During the initial evaluations of patients, they were asked where they experienced pain most
intensely. An effort was made to identify whether it was on the right or left side and if the
pain involved a specific region of the body. This information about the location and intensity
of the pain is identified in the chief complaint portion of the medical report. Based on the
patients’ presentation of pain at their initial baseline evaluations, pain threshold locations
were classified as primary, secondary, and tertiary. The primary location was defined as the
area of the body where the patient reported the greatest amount of pain. Secondary locations
were reported as painful but not as severe as primary locations. Tertiary sites were least
affected by pain.

TREATMENT TECHNIQUE

The treatment timeline is displayed in Figure 1. Each day the patient had pain thresholds
measured using an algometer. The algometer was pressed against the skin, and the pressure
was slowly increased until the pressure sensation became painful to the patient. Pain
thresholds were measured on the extremities of the body at four sites: the right and left thumb
pads and the right and left great toe pads. The final threshold value at each site was
calculated as an average of three consecutive measurements. The measurement of pain
thresholds at all four sites took less than one minute. The patients were blinded to the value
of the pain thresholds during quantitative sensory testing.

The day before the first infusion, patients had their pain thresholds measured. Next, patients

were videotaped demonstrating their strength and range of motion by completing the
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following exercises: placing each arm behind the head, opening and closing a fist as fast as
he/she can, ankle rotation, flexing the great toe of each foot, walking normally, walking on
toes, and walking on heels.

The ketamine infusions took place on an outpatient basis. Patients were required to have a
surrogate present throughout the infusion. The surrogate was required to be a part of the
patient’s long-term memory, such as a spouse, family member, or long-time friend. Prior
experience demonstrated that having a surrogate present decreases the risk of an adverse
hallucination. The surrogate acted as the proxy for the patient while the patient was under the
influence of ketamine. Also, the surrogate transported the patient home or to a hotel after the
infusion. Patients were not allowed to sleep during the ketamine infusion because we have
found that sleeping is associated with adverse hallucinations.

During the infusion, the surrogate asked the patient a simple long-term memory question
every 15 minutes. Example questions might include “In what state were you born?”” or “What
country are we in right now?”. Based on the patient’s ability to answer the question, the
patient’s level of consciousness (LOC) was recorded from levels 1 to 3. A LOC of 1
indicates the patient was able to answer the question without hesitation. A LOC of 2 means
the patient responded to the question but may have required the question to be repeated
several times or struggled to recall the answer immediately. A LOC of 3 indicates the patient
could not provide the correct answer or did not respond to the question, even after it was
repeated. The attending physician would pause the infusion for 5-10 minutes or decrease the
dose if the patient received a LOC of 3. Blood pressure, pulse, oxygen saturation, and ECG

were monitored continuously throughout the infusion.
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Each infusion treatment lasted four hours. Patients were given 1-2 mg of intravenous
midazolam at the beginning of each infusion. On day 1 of the infusion, the infusion rate of
ketamine started at 60 mg/hr. The rate was increased to 90 mg/hr based on a patient’s
comfort, the stability of vital signs, and LOC. On day 2, the rate was initiated at 60 mg/hr and
was increased to 90 mg/hr, then to 135 mg/hr. On days 3 and 4, the rate was initiated at 90
mg/hr and was increased to 135 mg/hr, then to 200 mg/hr. Near the end of the infusion on
day 4, a video recording of the patient was completed that documented both short-term and
long-term memory at the highest dose of ketamine.

The final infusion took place on a Friday. Three days later (Monday), patients returned to the
surgery center to have their strength and range of motion tested and to have their pain
thresholds recorded. These pain threshold measurements served as the day 5 readings. The
patients were video-recorded completing the same strength and range of motion exercises
they performed before the first treatment. Also, in this video, patients are interviewed about
how their quality of life and abilities have changed since the infusion. Post-treatment clinical
outcome of strength and range of motion was determined by the attending physician (A.F.K.)
to be one of three clinical outcomes (strong, weak, or no clinical improvement) using the
information documented in the video. The attending physician determined the clinical
outcome without knowledge of the patient’s pain thresholds throughout treatment.

CONTROL SUBJECTS

To determine if conditioning to the stimulus caused by the application of force to the thumbs
and the great toes took place over time, we recruited a population of normal volunteers to be
tested over the same period as the experimental group. Control subjects were healthy

volunteers who did not have a history of a neurological or pain disorder. Subjects had their

Copyright © 2020 The Author(s). Published by Wolters Kluwer Health, Inc. Unauthorized reproduction of the article is prohibited. This is an open-access article distributed under
the terms of the Creative Commons Attribution-Non Commercial-No Derivatives License 4.0 (CCBY-NC-ND), where it is permissible to download
and share the work provided it is properly cited. The work cannot be changed in any way or used commercially without permission from the journal.



pain thresholds measured in the same areas of the body as patients receiving ketamine
treatment. VVolunteers came on Tuesday-Friday and the following Monday for their
appointments to have their thresholds measured.

STATISTICS

Due to the broad range of baseline readings for pain thresholds among patients with CRPS,
results were analyzed using the percent change in pain thresholds from the baseline. This
method allowed the patient to be used as his/her control. The normal control subjects also
served as his/her control at baseline. Confidential identifiers were used in place of the patient
and volunteer names. The analysis of data was completed utilizing Microsoft Excel and IBM
SPSS. Longitudinal changes between groups were tested using the mixed-effect model
repeated-measures analysis of variance (ANOVA), after applying normality transformations
(10,11). Follow-up posthoc comparisons were made using the Bonferroni’s adjustment for

multiple comparisons.

To determine when the patients obtain a peak response to treatment, it was necessary to
employ a statistical analysis for longitudinal data. It was not possible to use the percent
change in pain thresholds for this task. Instead, the observed pain threshold changes from
baseline at the primary location were studied. Analyses were conducted using R version
3.4.3. The longitudinal mixed-effect models were used to characterize pain threshold changes
over time for each participant. In the model, patient groups (control versus CRPS), extremity
type (lower versus upper), gender, age, body mass index (BMI), time, time2, and the
interaction terms of all the above terms are used as predictors. In the model, time2 is

considered to allow a quadratic trend of the response over time. To perform model selection,
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the backward variable selection technique was used to decide which predictors should be
included in the final model. The 95% confidence intervals (CIs) of the peak responses were
obtained using a bootstrap procedure with 1,000 bootstrap samples. The bootstrap method is
a widely used statistical technique for constructing confidence intervals without making

unreasonable assumptions about the data (12,13).

Results

CORRELATION BETWEEN PAIN THRESHOLDS AND INTENSITY OF PAIN REPORTED BY

PATIENT
The primary location of CRPS represents the area with the most severe pain reported by the
patient during the initial evaluation. The primary location of CRPS with the most severe pain
shows the highest percent improvement in pain threshold, followed by the secondary then by the
tertiary locations (Figure 2). Throughout the 4-day infusion, readings at the primary and
secondary locations showed significantly greater improvement than tertiary locations and control
locations (F=98.80, P<0.001). We found a correlation between pain thresholds and the level of
pain reported by the patient at various sites of the body (Eta= 0.701), where Eta is the correlation
ratio commonly used to measure the strength of association between a nominal explanatory and a
continuous outcome.

CORRELATION BETWEEN PAIN THRESHOLDS AND CLINICAL OUTCOME
Out of the 114 patients that were evaluated, 101 had a strong clinical outcome, six had a weak
outcome, and seven had no clinical improvement. (Figure 3). Pain threshold changes in the
primary location were analyzed based on the patients’ clinical outcomes. Patients that received a

strong clinical outcome post-treatment showed a significant, robust increase in pain thresholds
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throughout treatment (F=66.49, P<0.001). We found that clinical outcomes correlated with
improvement in pain thresholds (Eta= 0.801).

SEPARATE ANALYSIS OF UPPER AND LOWER EXTREMITIES
We analyzed the difference in response in the upper and lower extremities in the strong
responders (Figure 4). Doing so eliminated the data points from the patients with a weak clinical
outcome or no clinical improvement. By only analyzing the strong responders, the variability of
the data was reduced. From a clinical standpoint, the physician is more interested in knowing
whether there is a difference in response to treatment in the upper and lower extremities in
patients that had a strong clinical outcome after ketamine treatment than those who showed a
weak response or who had no clinical improvement. Figure 4 displays a plateau in response for

the lower extremities but not in the upper extremities.

STATISTICAL ANALYSIS USING A COMPUTER-BASED PROGRAM

To further investigate the differences between the response in the upper and lower extremities, it
was necessary to use a computer-based program. (See materials and methods section). Figure 5
demonstrates that a plateau is evident for the changes in pain thresholds for the lower extremity
between days 3 and 4, but not for the upper extremity. From this statistical model, we can
calculate the estimated position of the peak response to treatment. Also, we can calculate the
95% confidence intervals (CIs) of these positions by the bootstrap procedure. The results are

presented in Table 1.

PATIENT DEMOGRAPHICS AND MEDICATION INTERVENTION
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Table 2 lists the side effects experienced by patients, patient demographics, and medications that
were required during the infusion. The most common side effect was nausea. Females were
affected by nausea more frequently than males. Dexamethasone was used to alleviate nausea.
Glycopyrrolate was used to control excessive salivation caused by ketamine during the infusion.
All patients received 1-2 mg of midazolam at the beginning of each infusion. Additional
midazolam was used to alleviate patient anxiety during the infusion. Anxiety was also alleviated
in some instances by pausing the infusion for 5-10 minutes without having to use midazolam

intervention. No adverse hallucinations or serious complications were observed.

Discussion

When comparing the percent change in pain thresholds in primary, secondary, and tertiary
locations (Figure 2), the primary location of CRPS exhibited the greatest average percent
increase. This observation suggests that ketamine has its most potent effect in areas of the body
that are most affected by pain due to CRPS.

Patients with a strong clinical outcome exhibited the greatest improvement in pain thresholds
(Figure 3). This finding suggests that pain thresholds are a valid method to measure pain in
CRPS as well as to measure clinical outcomes after treatment with ketamine. These results
introduce pain thresholds as a tool to optimize the treatment of CRPS.

We were surprised to find that the upper and lower extremities respond differently to ketamine
(Figures 4-5). When analyzing the lower extremities, there is a plateau in pain thresholds seen
between day 3 and day 4 of treatment, which suggests that the patients may have received the
maximum ketamine benefit. However, for patients with CRPS of the upper extremities, a plateau
IS not conspicuous, which suggests that more than four days of ketamine treatment may be

required for an optimal clinical outcome.
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Ketamine treatment has been shown to increase blood pressure (14). Therefore, elevated blood
pressure was expected (Table 2). Some patients required additional midazolam during the
infusion to counteract anxiety. Additional midazolam should be used with caution due to its
ability to cause respiratory depression, which could limit the amount of ketamine a patient can
receive (15). No adverse hallucinations were observed. Nausea was the most common side effect
and was effectively treated with dexamethasone and, if necessary, glycopyrrolate. Ketamine
increases salivation, which can trigger the gag reflex and cause discomfort for the patient (16).
Glycopyrrolate was given to patients experiencing excess salivation. A treatment protocol for
ketamine infusions should include the availability of intravenous midazolam, dexamethasone,
and glycopyrrolate (Table 2).

The intensity of pain experienced by patients influences a physician’s clinical judgment,
decision-making, selection of treatment modalities, potential surgical indications, and the
subsequent prognosis. An objective method of measuring pain would be a significant
advancement for all medical specialties in the treatment of chronic pain. Existing clinical pain
assessment instruments are restricted to the patient’s subjective perception of the intensity of
pain. The numerical rating scale, verbal descriptor scale, visual analog scale, and other methods
are solely dependent upon the patient’s opinion. Pain scoring methods are useful for assessing
acute pain, but not chronic pain (17, 18).

This report introduces a method for collecting quantitative sensory data concerning chronic pain
that can be subjected to quantification. The data provides the opportunity to confirm, validate, or
refute the patient’s assertions concerning pain magnitude. This study validates the use of pain
thresholds to offer quantitative sensory testing of clinical outcome during the treatment of

chronic pain.
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The measurement of pain thresholds provides a means to quantitate the spreading of CRPS
throughout the body. Patients who report their symptoms of CRPS are often not aware of the
syndrome spreading elsewhere on the body. Pain thresholds identify other affected areas of the
body, which otherwise would be overlooked. Such identification of spreading is essential for
determining the appropriate treatment options (19). For example, if CRPS is localized to a
specific extremity, sympathetic nerve blocks would be an appropriate treatment option.
Alternatively, if CRPS is generalized throughout the body, a more generalized treatment, such as
a ketamine infusion, might be more appropriate. While all patients achieved a CRPS diagnosis
using the Budapest Criteria, this criterion, unfortunately, does not address the spreading of signs
and symptoms as a hallmark of the disorder.

The question of the optimal dose and duration of ketamine for treating CRPS was raised a decade
ago with little response (20). Previous studies attempting to satisfy this need for a standardized
protocol have been limited by sample size and a method to objectively quantify the efficacy of
ketamine during treatment. This study suggests that four days of escalating dose ketamine
infusions might be adequate to treat hyperalgesia associated with CRPS in the lower extremities.
In contrast, there was no plateau in pain threshold improvement for hyperalgesia in the upper
extremities (Figures 4-5).

This was a prospective study without placebo control. Given that two previous studies
demonstrated the efficacy of ketamine utilizing placebo-controlled methods, it would have been
difficult to employ a placebo control from the standpoint of recruiting patients for the current
study (1,2).

There is no "gold standard™ for the objective measures of pain-related physical or functional

capacity in use within the healthcare system. Practitioner ratings are subject to the standard range
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of observer biases (21) and often lack consistent rating scales used to rate performance, which
reduces their reliability and validity. Additionally, despite their apparent objectivity, practitioner
ratings are highly subjective since they rely on their clinical experience and internalized schema
that may begin at childhood, which may account for their poor inter-rater reliabilities (22-24).
Also, pain intensity, functionality, and quality of life may not match, especially in chronic pain.
Our study validates the use of the algometer for quantitative sensory testing for hyperalgesia in
patients with chronic pain in settings where rapid and cost-effective assessment is necessary.
Our study has several strengths. First, a physician experienced in the treatment and diagnosis of
CRPS evaluated research subjects, thus limiting inter-observer variance. Second, this is the first
study to show that it is possible to direct the treatment of chronic pain using a tool that measures
quantitative sensory testing. Furthermore, determining the intensity of pain experienced by the
patient using pain thresholds under blinded conditions is more objective than in previous studies
that depend on self-reporting of pain by the patient. Third, video documentation of results has
not been previously done for CRPS or other chronic pain afflictions. Video documentation (and
evaluation by a blinded interpreter) adds to the validity of our findings. Fourth, for the first time,
ketamine was given to patients who were conscious, and there were no adverse hallucinations
documented. Lastly, we believe that utilizing pain thresholds in the treatment of other chronic
pain disorders will broaden the applicability of this tool across many specialties and facilitate
research into chronic pain.

In summary, our findings suggest that four days of treatment with ketamine are sufficient for the
treatment of hyperalgesia of the lower extremities associated with the diagnosis of CRPS. But for
the upper extremities, more than four days may be required. This study demonstrated that there is

a strong correlation between clinical improvements in hyperalgesia and improvements in
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strength and range of motion of patients on a short-term basis during the four-day ketamine
infusion (Figure 3). However, the effects of treating CRPS has to be associated with the
improvement of quality of life in the long-term. Future studies are in progress to determine if
pain thresholds are predictive of the long-term efficacy of ketamine in several domains such as
strength, range of motion, sleep, depression, opioid use, and patient’s ability to work. The use of
pre and post-treatment videos in this short-term study will serve as a useful baseline in assessing
changes in the quality of life and abilities of the patients in the long-term.
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Legends to Figures

FIGURE 1: Timeline displaying the protocol for the 4-day ketamine treatment

FIGURE 2: Graph showing the percent change from baseline in pain threshold readings for each
location classification (primary, secondary, tertiary). Error bars represent the standard error of

the mean.

FIGURE 3: Comparison of the percent changes in pain threshold readings at the primary
location for patients with a strong clinical outcome, weak clinical outcome, and no clinical
improvement. Post-treatment clinical outcome was based on determining improvements strength
and range of motion in video recordings by the attending physician (A.F.K.). The attending
physician determined the clinical outcome without knowledge of the patient's pain thresholds

throughout the treatment. Error bars represent the standard error of the mean.

FIGURE 4: Percent change in pain thresholds from baseline of the primary upper and lower

extremities in strong responders.

Figure 5 (A-D): Figures 5A and 5B display observed pain threshold changes from baseline (grey
lines) at the primary location for pain. Solid points denote mean values calculated from the raw
data, while the bars indicate mean £ SD. Figures 5C and 5D demonstrate the estimated pain
threshold changes from the final model (black line), together with the observed values (grey

lines).
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Estimated Plateau 95% CI P-Value for Estimated
Position Quadratic Term Coefficient of the
Quadratic Term

Lower 3.68 (3.11,4.45) 0.0397 -0.1083
extremity
Upper 9.37 (4.41,17.90) 0.7557 -0.0179
extremity

TABLE 1: Display of the estimated plateau positions and their 95% Cls, the p-value for the
quadratic term, and the estimated coefficient of the quadratic term for primary lower and upper

extremities in patients with a strong clinical outcome.
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All Patients Females Males
n=114 n=89 n=25
Age
Mean 39.7ylo 38.7ylo 43.2ylo
Median 40.0 ylo 38.0y/o 47.0 ylo
Average Time Between Onset
of CRPS and Infusion
Mean 5.9 years 5.4 years 7.9 years
Median 4.0 years 4.0 years 5.3 years
Average Total Ketamine (mg)
Received Over 4 Days
Mean 1501.6 mg 1501.0 mg 1503.9 mg
Median 1516.0 mg 1517.0 mg 1499.0 mg
Most Common Side Effects
Nausea 46 patients (40%) 40 female patients (45%) 6 male patients (24%)

Respiratory Depression

9 patients (8%)

5 female patients (6%)

4 male patients (16%)

Elevated Blood Pressure

9 patients (8%)

5 female patients (6%)

4 male patients (16%)

Anxiety 6 patients (5%) 6 female patients (7%) 0 male patients (0%)
No Side Effects 44 patients (39%) 31 female patients (35%) 13 male patients (52%)
Medications

Dexamethasone 40 patients (35%) 35 female patients (39%) 5 male patients (20%)

Glycopyrrolate

27 patients (24%)

5 female patients (6%)

6 male patients (24%)

Total Infusions
(114 patients x 4 infusions)

n=456

Female Infusions
(89 females x 4 infusions)

n=356

Male Infusions
(25 males x 4 infusions)

n=100

Infusions where additional
midazolam was needed to treat

anxiety

34 infusions (7%)

27 female infusions (8%)

7 male infusions (7%)
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TABLE 2: Table displaying average age, the average time between the onset of CRPS and first

infusion, average ketamine received, side effects, and medication intervention.
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