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Abstract
Background—Despite widespread use of chronic intrathecal (IT) infusions of morphine, there is
little systematic human work evaluating the steady-state morphine concentrations or cerebrospinal
(CSF) chemistry after long-term IT morphine delivery. We sought to address these issues in
patients receiving chronic IT morphine infusion.

Methods—Pain patients with implanted catheters and pumps (range: 127–2165 days), receiving
a stable dosing (> 1 week) of IT morphine by infusion, were entered into the study. The following
sequence was performed: 1) estimation of pain score; 2) radiograph localization of catheter tip; 3)
Percutaneous sampling of lumbar CSF at the L4-5 or L5-S1 space. CSF/plasma samples were
assayed for chemistry, and morphine and its 3/6 glucuronide metabolites (M3G, M6G) by liquid
chromatography mass spectrometry.

Results—Nineteen patients were enrolled. CSF samples were obtained from 16 subjects. Three
patients were not included in the primary analysis because one catheter was epidural, one catheter
was fractured and one had a granuloma at the catheter tip. Of the 13 sampled patients, the range of
daily doses, rates and concentrations were 1.6–25 mg/d and 0.1–1 ml/d, 5–50 mg/mL,
respectively. The principal observations were: i) morphine, M3G and M6G were present in the
CSF and plasma and showed a significant regression slope when plotted versus daily dose; ii) in
contrast, the regression slope of the group ratio Morphine: M3G: M6G plotted versus daily dose in
CSF or plasma was not different from zero; iii) plotting “normalized” CSF analyte concentration
(e.g., concentration at site/daily IT morphine dose) against the segmental distance of the sampling
site from the catheter tip revealed a significant decline in concentration of morphine, but not of
conjugates as a function of distance from the catheter tip; iv) plotting CSF protein, glucose, red
and white cell counts versus daily morphine dose or morphine concentration at the sampling site
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revealed no significant regression; and v) patients with a catheter failure or a granuloma showed
reduced concentrations of morphine in their CSF.

Conclusion—Chronic infusion of morphine shows high concentrations which correlate with the
infusion dose and the proximity of the sampling site to the infusion site with no effects on CSF
chemistry.

Introduction
The spinal delivery of morphine results in a clinically effective analgesia through activation
of spinal opioid receptors.1 This observation led to the delivery of morphine via an
implanted infusion pump for a variety of clinical pain states.2–8 Despite widespread use, the
steady-state morphine (MOR) and MOR metabolite concentrations in the cerebrospinal fluid
(CSF) and peripheral circulation, or the effects upon CSF chemistry (protein, glucose, white
blood cells [WBC]) after long-term spinal infusion have not been systematically studied.
Previous human kinetic work has largely focused on CSF and plasma concentrations after
acute bolus delivery.9–11 More information on chronic delivery is needed to better
understand the potential effects of MOR on spinal tissues, such as the granuloma which has
been argued to result from high local concentrations.12,13

An additional variable of importance relates to the rostrocaudal distribution of drug from the
drug infusion site. The overall concentrations of MOR in the plasma after intrathecal
delivery (reflecting MOR which is cleared from the intrathecal space) is proportional to the
daily infusion dose. An important variable for the CSF concentrations is the intrathecal
sampling site relative to the infusion site. There is ample porcine work which suggests after
the intrathecal infusion of drugs such as MOR there is a steep rostrocaudal concentration
gradient as one samples at increasing distances from the catheter tip.14–16 Though this is
intuitively relevant, such a gradient has not been systematically examined in humans under
the steady-state conditions as achieved by continuous infusion. The presence of this gradient
is believed to reflect the absence of a robust CSF flow and the role of local dilution and
diffusion of the injectate from the tip where the infusion volume is small relative to the local
CSF volume.15,17 Such a concentration gradient away from the infusion site has theoretical
and practical relevance. First, we believe the ability of an intrathecal opiate to produce
analgesia depends upon the ability of the infusate to achieve adequate concentrations of drug
over a length of spinal cord corresponding to the rostrocaudal distribution of the spinal
afferent terminals of the dermatomes to be blocked. Second, if intrathecal MOR indeed has
an effect upon the clinical chemistry, we hypothesized that the effect would be concentration
dependent and the magnitude of the effects upon CSF chemistry should co-vary with the
local concentrations of MOR at the sampling sites, as opposed to the absolute daily dose that
the patient received. Third, the presence of morphine 3 glucuronide (M3G) and morphine 6
glucuronide (M6G) has been demonstrated in CSF after intrathecal delivery.9–11,18 An
important question is whether these metabolites arise from conversion of intrathecal MOR in
brain neural tissues19 or do they represent MOR which has moved into the peripheral
circulation where it undergoes conjugation and then a central redistribution?20 If the
metabolites derive from spinal tissue, we hypothesize that they will show a gradient
concentration reduction from the catheter tip similar to what is observed with MOR. If
redistributed from the periphery, there will be no gradient. Finally, given that high
concentrations of opiates can evoke changes in local cord pathology, there is concern
whether such infusion might have an effect upon local clinical chemistry that is related to
the drug concentration at the sampling site.

To specifically address the above issues in patients receiving stable infusions of intrathecal
MOR for an interval of at least 7 days we examined 1) the effect of MOR dose on
concentration of MOR and its metabolites, M3G and M6G, in CSF and plasma; 2) the effect
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of sampling site on local concentrations of MOR and its metabolites, and 3) the relationship
between daily infusion dose, local CSF MOR concentration and lumbar CSF clinical
chemistry.

Methods
Patient Population

This study was approved by the University of California, San Diego IRB. Patients who were
receiving intrathecal MOR alone or MOR + clonidine (one subject) through a chronically
implanted catheter and had no changes in the delivered dose for at least one week were
eligible for the study. If the patients were receiving systemic MOR, they were changed to an
equivalent dose of a non-MOR opioid (i.e., oxycodone, methadone, fentanyl patch) and
allowed a 1-week washout of systemic MOR. After informed written consent, the following
was obtained from the subject: 1) average pain score over the previous week using the visual
analog scale (VAS); 2) radiograph localization of the catheter tip; 3) ability to withdraw
CSF from the side port; 4) if there was a positive aspiration of CSF from the side port, the
catheter contents were removed and the catheter integrity was assessed by injecting contrast
through the side port under fluoroscopy; and 5) lumbar CSF was typically sampled at the
L4-5 or L5-S1 space (Percutaneous; 22 gauge; 4 mL). For presentation, vertebral levels from
the thoracic to the sacral are numbered sequentially. Thus, T12 = 12, L3 = 15, etc.

Sample assays
Samples were assayed for: chemistry (cell count with differential, electrolytes, protein,
glucose) (1 mL); gram stain; and MOR, M3G, and M6G (2 mL). Plasma samples (5 mLs)
were assayed for complete blood count with differential; complete chemistry panel including
liver function (1 mL); MOR, M3G and M6G (2 mL).

Assay Techniques
Samples were assayed after extraction by liquid chromatograph–mass spectrometry using a
method similar to that previously published.21 In brief, a solid-phase extraction served to
isolate MOR, M3G, M6G and their deuterated internal standards from CSF and plasma. The
extract was delivered onto a liquid chromatograph tandem mass spectrometer.
Chromatographic separation of the three peaks was achieved on a silica column with an
aqueous organic mobile phase. Assay and extraction techniques had been validated for
human plasma and CSF, with the standard curve range in plasma being approximately 0.5–
50 ng/ml for MOR, 1.0–100 ng/ml for M6G and 10–1000 ng/ml for M6G. Samples below
the assay detection limits of the standard curve were not included in calculations or data
plotting.

Analysis of Hypotheses
Because these patients were clinical patients, no two patients received the same infusion
dose. However, we can assume that diffusion of drug away from the catheter tip is a first-
order process (i.e., rate is independent of dose). Each measured CSF concentration was
divided by the concurrent daily infusion dose to produce a “normalized” CSF concentration.
The relationship between the distance from catheter tip to sampling site (independent
variable) was then plotted against the normalized CSF opioid concentration (dependent
variable). Linear regression of these data was used to test the hypothesis that CSF
concentration varies with the distance from the catheter tip (slope of the regression line is
significantly different from zero). Statistical analyses were performed using Prism v.4 for
MacIntosh (GraphPad Prism Software Inc., San Diego, CA). Differences or regression
slopes reaching a level of p < 0.05 were counted as being statistically significant.
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Results
Patient Population

Nineteen patients were enrolled (6 males, 13 females). Sixteen patients were successfully
sampled and assayed for CSF MOR and metabolites. Three of these patients, #4, #6 and #7
are not included in the primary analysis and are discussed separately below. Patient #4 had a
dysfunctional catheter that was believed to be epidural. Patient #7 had a fractured catheter
that was later discovered when she had a pump reimplant. On magnetic resonance imaging
(MRI), patient #6 displayed a granuloma at the catheter tip. The characteristics of the
included patient population are presented in Table 1. One patient also received clonidine
(1500 mcg/ml) as an adjuvant. Inspection of data did not reveal any CSF concentrations or
CSF chemistry that would be considered an outlier and these data were included in the
analysis.

Morphine and Metabolites
MOR, M3-glucuronide, and M6-glucuronide concentrations were assayed in the CSF and
plasma. All three molecules were measurable in CSF and plasma. The respective
concentrations showed a significant slope for the regression line plotting analyte versus dose
in both CSF and plasma (Figures 1 and 2).

Because there was no significant regression of analyte ratios of M3G/MOR and M6G/MOR
and M6G/M3G) in CSF and plasma versus daily dose (Figures 1 and 2), mean ratios in CSF
and plasma were calculated. As indicated in Table 2, metabolite ratios showed higher
concentrations of metabolite than MOR in plasma while the converse was true in CSF.
Conversely, the M3G/M6G ratios were comparable in both CSF and plasma.

Plotting the CSF to plasma ratio for MOR, M3G and M6G versus daily spinal MOR
infusion reveals that there is no significant slope of the regression of metabolite on daily
dose, indicating that the relative distribution of each drug is independent of the infusion dose
over the range of doses used. (Figure 3) The group mean (±SEM) CSF to plasma ratio for
MOR, M3G and M6G were 3111±353, 0.15±0.04, and 0.16±0.04 respectively.

Effects of Patient Variables on CSF Morphine
We sought to consider the contributions of patient characteristics and sampling site on the
local concentrations of MOR in the CSF.

Patient Characteristics—To assess the contribution of patients’ variables to lumbar CSF
concentrations over dose, we examined the regression of normalized lumbar CSF
concentrations (measured CSF concentration of molecule divided by the daily infusion dose,
e.g., MOR/24 hrs infusion dose) on i) age, ii) body weight, and iii) height. In no case was
there a significant regression of this ratio upon the variable (p > 0.10; data not shown).
Means of groups comparing males and females with a simple t-test showed no significant
differences (p > 0.10; data not shown).

Examination of the VAS scores revealed no significant covariance with either total daily
MOR infusion dose or with lumbar CSF concentrations of MOR (p > 0.10, data not shown).
Mean (± SEM) and median (25th/75th percentile) VAS scores in this population were 63 (±
6) and 73 (54, 80), respectively.

Sampling Site—Catheter tips were identified to range from T8 to L2. To assess the
distribution of drug from the catheter tip, we plotted the CSF MOR concentration,
normalized by dividing by the daily dose, against the segmental distance of the sampling
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catheter from the tip. As indicated in Figure 4, there was a clear and statistically significant
regression of the normalized MOR concentration in the CSF ratio when plotted against
catheter sampling site, the slope of which was statistically significant for MOR, but not the
metabolites. In contrast, plotting the plasma dose ratio revealed no change over segmental
concentrations for MOR or either metabolite (Figure 4). This lack of a regression of plasma
MOR emphasizes that no matter where the infusion site, the plasma concentrations are
related to infusion dose. This further makes the point that MOR clearance into the plasma
was similar for all patients no matter the infusion dose.

CSF Clinical Chemistry
The regression analysis of counts (WBC and red blood cell [RBC]) or concentration (protein
and glucose) versus daily MOR dose (Figure 5) or versus measured MOR concentration (not
shown) indicated no statistical significance. Mean protein, glucose, RBC and WBC levels
(+SEM)(ranges) were 56+13 mg/dL (25–253), 71+5 mg/dL (54–1270), 1187+636 (0–7000),
and 4+1 (0–2) respectively. As indicated, glucose was normal. CSF protein and WBC count
were slightly increased over normal. These values are likely explained by bloody taps in 3
subjects resulting in abnormally high WBC counts. Gram stains were uniformly negative
(data not shown).

Patient Outliers
Patients #4, #6 and #7 are not included in the above analysis and are discussed separately.
Patient #4 had a dysfunctional catheter that was believed to be epidural. Patient #7 had a
fractured catheter that was later discovered when she had a pump reimplant. On MRI,
patient #6 displayed a granuloma at the catheter tip. Table 3 summarizes the variables
characterizing these three patients. For comparison, the values expected based on the
intrathecal dose infused in that patient and the regression relationship provided in the figures
is presented. Of note, CSF MOR concentrations in the patient with an epidural catheter (#4)
and the patient with a fractured catheter (#7) were well below those anticipated based on an
intrathecal infusion of that dose. Interestingly, low concentrations were also noted in the
granuloma patient. Plasma MOR concentrations for the granuloma patient and fractured
catheter were in the expected range associated with the respective infusion doses. However,
the epidural catheter was considerably higher. Considering the CSF chemistry, the patients
with epidural catheter and fractured catheter showed unremarkable CSF whereas the
granuloma patient displayed relatively increased protein, CSF and RBC.

Discussion
This clinical CSF sampling study presents an assessment of the concentrations of MOR and
its metabolites in CSF and plasma in patients receiving chronic intrathecal infusion of MOR.
Excluding the three dysfunctional intrathecal catheters, the data show the presence of CSF
MOR concentrations with gradient that correlates with the infusion dose. It also
demonstrates the presence of the conjugated metabolites with no prominent effects on CSF
chemistry. The significance of these observations will be considered below.

Effects of Chronic Spinal Drug Delivery on CSF Chemistry
Despite the widespread use of spinal drug delivery for the treatment of pain, there is very
little in the literature on the effects of this technique on CSF chemistry. One would predict
that the presence of the foreign catheter and the drug would lead to a chronic inflammatory
state that would be reflected in changes in the CSF chemistry. However, as observed in our
study, the CSF glucose was within normal limits and the CSF protein was slightly increased.
There was one subject with a protein of 253 mg/dL and if eliminated, the mean total protein
would be within normal limits. In addition, the CSF/plasma glucose ratio was within the
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normal limits of 0.6.22 These studies suggest that over the range of daily exposure to the
concentrations of MOR reported here, there were no proinflammatory reactions. Most spinal
toxicity studies have been performed in the canine species with varying reports on the
effects on CSF chemistry. Chronic infusions of intrathecal MOR, sufentanil, alfentanil and
adenosine in a dog model demonstrated an increased total protein and WBCs but no effect
on total glucose in both saline and drug groups.12,23,24 Chronic infusions of intrathecal
neostigmine in a dog model demonstrated increases in both protein and glucose 25 whereas
the infusion of clonidine and baclofen showed no effect on CSF chemistry.26,27 From these
studies one cannot conclude whether the drug or catheter results in CSF chemistry changes.
In the present study, there was no correlation between metabolite concentrations and CSF
chemistry, whether compared as a function of total daily dose or the actual MOR
concentrations assessed in the respective sample. Excluding the patient with a granuloma,
two patients showed increased WBC counts. However, these two patients had a bloody tap
explaining this increase and represent a false positive unrelated to the presence of spinal
drug delivery. Even by including these two subjects, the mean WBC was within normal
limits.

Infection is a risk of chronic spinal drug delivery. In the presence of possible infection,
chronic spinal drug delivery population data on CSF chemistry are important for diagnosis.
Bacterial infections result in increased protein, decreased glucose and increased WBC.22

Our study suggests that chronic spinal drug delivery does not alter protein, glucose or WBC
and an abnormality in any of these markers suggests pathology. Further diagnostic
evaluation is warranted.

Theoretical Consideration of Spinal Drug Disposition
A question we sought to address was the magnitude of the distribution of the MOR from the
catheter tip. As the patient cohort received a variety of doses and concentrations, we had to
rely on a normalization of the expected concentrations using the assumption that the
concentrations would vary linearly with the infusion dose. This assumption is supported by
the data in Figure 1. A second variable was the role of infusion rate. As noted, there was no
evident covariance of measured concentration of the normalized concentration with rate.
Though unexpected, this lack of effect suggests that over the range of 0.1 to 1 mL/day there
is no significant effect upon distribution, e.g., higher rates would likely be required to force
a greater redistribution with a given infusion. Ignoring rate, we found that there was a
significant correlation between sample site and local concentration. The decline over several
segments from the infusion site suggests that even at equilibrium there is a prominent
localization of the infusate to the catheter tip. Intuitively, the steepness of this gradient can
be appreciated by noting that at the catheter tip, the concentration of drug being delivered in
a 20 mg/mL solution would approach a theoretical 20,000 μg/mL. Yet by 5 segments away
the estimated concentration has already declined to a normalized value of 2.5 μg/mL. Such
steep rostrocaudal gradients with low rate chronic infusions have been systematically
described in the elegant porcine work of Flack and Bernards.28,29

An interesting caveat to this analysis is the rationale behind the use of a normalizing
protocol (dividing each sample concentration by the respective daily infusion dose).
Consideration of this strategy emphasizes that it is the same formula used to calculate
clearance. The calculations to normalize CSF drug concentrations divide concentration (ng/
ml) by infusion rate (mg/min). The result is actually a measure of clearance (ml/min). How
can clearance vary as a function of distance from the tip of the intrathecal catheter? During a
typical IV infusion, drug concentrations achieve equilibrium throughout the vascular space,
so clearance is the same no matter where one samples. We would note, however, that in the
clearance model, we are assuming all of the drug flows through all of the system (e.g., the
blood after IV delivery); therefore, the “area under the curve” for drug concentration over
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time will be approximately the same no matter where you sample. However, we believe that
the lumbar intrathecal space is largely a model of diffusion from a point source (the catheter
tip) in a poorly mixed system. This was the conclusion reached by Shafer et al.17 in studying
human intrathecal neostigmine kinetics. They specifically note that this decline in
concentration at the progressively distant site reflects the role played by local dilution as the
drug diffuses as well as the local diffusion (clearance) into tissue/meninges. In such a
system, the concentration gradient is due to a series of segmental equilibria where a local
proximal drug concentration in CSF is the driving force for diffusion into a distal segment of
CSF. Serial dilution plays a major role in defining the changes in local CSF drug
concentration, and the concentration of the infused drug will decrease as the inverse of the
cube of the distance. This dilution is a first order process, (e.g., meaning that the rate of
diffusion and hence concentration at a distant site will be directly proportional to
concentration). Hence it is not unreasonable in a simple model where passive forces and
local dilution are considered to play an important role that one may compare those systems
by dividing by the dose that each receives, e.g., a normalization. Thus, dividing the samples
of CSF concentration of MOR by the daily dose shows a significantly negative slope for
MOR in CSF, but a zero slope for the plasma concentrations (though there is a clear
relationship between the intrathecal dose and the measured plasma concentrations). This
reflects the comments made above that the assessment of clearance assumes the
homogenous distribution of the drug over time (where sampling anywhere in the arterial tree
will give the same value). Two specific points also support the role of a local decline in
MOR concentrations leading to the observed gradient, as compared to a change in MOR
clearance from the CSF space. First, the sampling site was always the same (e.g L5/S1). It
was the infusion site that varied across patients. Hence whatever accounts for the difference
it cannot be ascribed to differences in MOR clearance at different sampling sites. Second,
we may consider and compare the segmental distribution of the conjugated metabolites.
Here we observed in contrast to MOR, that no matter where sampled, the observed
concentrations of M3G or M6G were the same (when normalized by MOR infusion dose).
This difference between the distribution of MOR and its metabolites in the CSF further
support the comment that MOR delivered at a site shows a significant decline in
concentration at increasing distances from the catheter tip.

Changes in Drug Delivery and CSF/Plasma Concentrations
Catheter failure—An important premise is that intrathecally delivered MOR will
distribute into the CSF and then into plasma. Given that neuraxial metabolism plays a minor
role in drug clearance from the CSF, it is not surprising that plasma concentrations co-vary
with dose. However, with failure of intrathecal delivery, it would be predicted that the CSF
concentrations will be unexpectedly low and the plasma concentrations normal. In the
course of this study, patients #4 and #7 were observed to have unexpectedly low CSF MOR
concentrations relative to the concentrations projected on the basis of their daily infusion
dose (Table 3). As noted in the results, both of these subjects were determined to have
malfunctioning catheters.

Granuloma—The present series of 18 patients revealed a single patient with a granuloma
as confirmed by MRI. The incidence of such masses range from 3 in 7 in one series 30 to a
population incidence of 0.1%.31 Preclinical studies have emphasized that at a dose of 12–18
mg/ml/day or higher, there is a 100 % incidence of granulomas in the dog 12 and sheep.32

Systematic studies suggested that the risk of granuloma formation is correlated with local
CSF concentrations.33 Interestingly, sampling lumbar CSF in dogs proximal to the catheter
tip have shown in acute pharmacokinetic studies that at the 12 mg/ml/day dose, CSF
concentrations were on the order of 42,000 ng/mL.13 Interestingly, we emphasize that in the
present case, the patient displaying the granuloma received a daily dose of 36 mg/day. The
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CSF concentration calculated from the regression analysis is approximately 40 mcg/ml at
the sampling site, an amount that caused granulomas in dogs. Interestingly, the original
studies found that dogs developing granulomas had strikingly low MOR concentrations in
CSF but normal concentrations in plasma. Perhaps intrathecal MOR is cleared rapidly in the
vicinity of a granuloma, because there is increased vascularity or compromise of the dura.
Patient #6 was noted to have a much lower than predicted CSF MOR concentration (Figure
4). This discrepancy prompted the diagnostic MRI. Interestingly, this patient’s estimated
MOR concentrations should have made her CSF concentrations the highest of the group
examined. These findings have two implications. First, it suggests that the important
variable toxicity arises not directly from the total dose or the infusion rate, but in fact the
local concentration of drug to which the adjacent tissue is exposed (and the time for which
that exposure occurs). Second, we accordingly suggest that the algorithm for converting
preclinical safety data between species is the local concentration achieved by any given
delivery protocol.

Intrathecal Morphine Metabolites
MOR is metabolized in the liver and central nervous system to M3G, and M6G by
uridine-5′-diphosphate (UDP) glucuronosyltransferase.20 M6G, but not M3G, possesses
potent opioid activity.34 Earlier work has indicated that the 3 conjugated metabolites of
many opiates, including MOR has at the spinal level a potent pro-allodynic, strychnine-like
effect.35 The mechanism of this action is not completely clear, but interesting observations
have implicated interactions with spinal glia.36 In the present work, significant
concentrations of both M3G and M6G were observed, with the later exceeding those
concentrations seen with the former. These results and their concentrations were
proportional to the measured concentrations of CSF MOR and co-varied with the intrathecal
dose. The proportions observed in these human studies are strikingly similar to those ratios
reported in canine chronic intrathecal MOR infusion sampling studies.13 There is significant
controversy as to the degree to which CSF metabolite concentrations after neuraxial MOR
delivery reflect a peripheral metabolism of redistributed MOR or a neuraxial conversion.
Although MOR glucuronidation has been demonstrated in human brain tissue,19 the
synthetic capacity is very low compared to that of the liver. There is little doubt that the
conjugated metabolites are strongly excluded by the CNS. Nevertheless normalizing for the
MOR concentration, the metabolite concentrations are considerably higher in the plasma
than in the CSF. This supports the possibility that while the brain may indeed be capable of
generating these metabolites, the possibility of a peripheral enzymatic conversion and
redistribution to the CSF cannot be excluded. Furthermore, as discussed above, we observed
that no matter where CSF was sampled, the observed concentrations of M3G or M6G were
the same (when normalized by infusion dose). These observations are consistent with the
hypothesis that the primary source of these conjugates is peripheral to the spinal cord and
that it is the diffusion of the M3G/M6G all along the neuraxis that results in the low but
evenly distributed metabolites. The absolute concentrations of M3G/M6G observed in these
studies were less by an order of magnitude from those which have been previously reported
in patients receiving chronic infusion.18 Interestingly, in those studies, unlike in the present
work they found no covariance between metabolites and dosing.

In conclusion, this study demonstrated that the chronic infusion of MOR results in high
concentrations of MOR which correlate with infusion dose and the presence of the
conjugated metabolites. The chronic delivery of intrathecal MOR has no prominent effects
on CSF chemistry. In spite of the continued infusion, these studies support a significant
rostrocaudal gradient as one samples at increasing distances from the catheter tip. The study
also presents an interesting case of the changes in CSF MOR concentrations that occur in the
presence of a granuloma. The extremely low CSF MOR concentrations in correlation with
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MOR dose in the presence of a granuloma are consistent with the preclinical studies. It
should be stressed that the above analysis, though revealing significant changes, is based on
the results from only 12 successfully sampled patients with appropriately placed catheters.
Negative findings have to be interpreted carefully considering the small sample size (false
negative due to lack of power, e.g., patient characteristics and daily MOR dose or CSF MOR
concentrations. Additional patients would be beneficial to confirm the observations.
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Figure 1.
Graphs plot the best fit regression line for the cerebrospinal fluid (CSF) concentrations of
morphine, morphine 3 glucuronide (M3G) and morphine 6 glucuronide (M6G) plotted as a
function of the daily intrathecal dose of morphine. Bottom graph plots the ratio of M3G to
morphine (MS) and M6G to morphine in CSF as a function of daily dose. The ratio of M6G
to M3G was calculated (not shown) * in each graph indicates the statistical significance of
the slope of the regression lines of the respective plot. As shown, the slope of the regression
lines for morphine, M3G and M6G were statistically significant while the slope of the
regression lines for the ratio versus dose was not. Where a statistically significant slope was
found, the 95% CI is plotted (dashed lines)
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Figure 2.
Graphs plot the best fit regression line for the plasma concentrations of morphine, morphine
3 glucuronide (M3G) and morphine 6 glucuronide (M6G) plotted as a function of the daily
intrathecal dose of morphine. Bottom graph plots the ratio of M3G to morphine (MS) and
M6G to morphine in cerebrospinal fluid (CSF) as a function of daily dose. The ratio of M6G
to M3G was calculated (not shown) * in each graph indicates the statistical significance of
the slope of the regression lines of the respective plot. As shown, the slopes of the regression
lines for morphine, M3G and M6G were statistically significant, while the slope of the
regression lines for the ratio versus dose was not. Where a statistically significant slope was
found, the 95% CI is plotted (dashed lines)
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Figure 3.
CSF to plasma ratio for morphine (MS), morphine 3 glucuronide (M3G) or morphine 6
glucuronide (M6G) are plotted versus daily Infusion dose of morphine. No regression slope
reached statistical significance.
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Figure 4.
Normalized concentrations of morphine (top), morphine 3 glucuronide (M3G) or morphine
6 glucuronide (M6G) in cerebrospinal fluid (CSF) and plasma (e.g. measured CSF
concentrations/daily infusion dose of morphine) are plotted as a function of the segmental
distance (number of spinal segments) between the sampling site and the infusion site. * in
each graph indicates the statistical significance of the slope of the regression lines of the
respective plot. As shown, only the slope of the regression line for CSF morphine, was
statistically significant, Where a statistically significant slope was found, the 95% CI is
plotted (dashed lines)
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Figure 5.
Concentrations of protein and glucose (top) or red and white blood cell counts (bottom) in
cerebrospinal fluid (CSF) are plotted as a function of daily intrathecal dose of morphine. No
regression slope was statistically significant over dose (p > 0.10).
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TABLE 1

Patient Population Variables

VARIABLE MALE FEMALE GROUP

Number 6 8a 13

Age (yrs) 54± 2 (48 – 62) 60 ± 6 (40 –76) 57 ± 3 (40 –76)

Weight (lbs) 186 ±16 (146–235) 136± 7 (98 – 165) 158 ± 10 (98 – 235)

Height (in) 69 ± 1 (67 – 72) 62 ± 1 ( 58–66) 65 ± 1 ( 58–72)

Duration of implant (days) 932 ± 129 ( 399–1364) 1162 ± 211 (127 – 2165) 1063 ± 132 (127 – 2165)

Location of catheter tipb 12 ± 1 (9–15) 10.8 ± 0.3 (9.5– 12) 11 ±1 (8.5– 14.5)

Daily Morphine Infusion Dose (mg) 7.9 ± 2.8 (2 – 20.5) 12.6 ± 2.8 (1.6–25) 10.6 ± 2.0 (1.6–25)

Morphine Conc. (mg/ml) 31 ±8.0 (5 – 50) 32±6 (5–50) 31±5 (5–50)

Flow rate (ml/d) 0.29 ±0.05 (0.1–0.4) 0.41±0.09 (0.24–1.0) 0.36±0.06 (0.1–1.0)

Pain score 62±10 (18–82) 61±10 (0–89) 61±7 (0–89)

a
1 female is included, but has no cerebrospinal fluid (CSF) drug assays.

b
For presentation, vertebral levels from the thoracic to the sacral are numbered sequentially 9–15. Thus, T8 = 8, L3 = 15. Ranges are given in ( ).
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Table 2

Morphine metabolite ratios in cerebrospinal fluid (CSF) and plasma.*

SOURCE GROUP

M3G/MOR M6G/MOR M6G/M3G

CSF 0.00058 ± 0.0011 0.00011 ± 0.00003 0.159 ± 0.038

PLASMA 13.9 ± 1.68 2.48 ± 0.30 0.16 ± 0.04

*
Mean ± SEM of all patients.

MOR = morphine

M3G = morphine 3 glucuronide

M6G = morphine 6 glucuronide
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