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Abstract

Purpose Morphine is administered intravenously for pain

management in the perioperative period. The effect of the

inflammatory response to surgery on morphine distribution

across the blood-brain barrier (BBB) in humans was

investigated. We hypothesized that a graded surgically

induced, systemic inflammatory response alters

cerebrospinal fluid (CSF) levels of morphine, morphine-

3-glucuronide (M3G), and morphine-6-glucuronide (M6G)

througha temporary reduction inBBBdrug efflux transporter

function.

Methods We conducted a prospective pharmacokinetic

study of the plasma and CSF distribution of the

P-glycoprotein (PGP) substrate morphine in 33 patients

undergoing open thoracic (n = 18) or endovascular

(n = 15) aortic aneurysm repair. Morphine was

administered with induction of anesthesia and in the

intensive care unit. Plasma and CSF concentrations of

interleukin (IL)-6, morphine, M3G, M6G, and albumin

were measured prior to surgery (baseline), during surgery,

and postoperatively every six hours until removal of the

CSF drain. The area under the curve (AUC) was

determined for plasma and CSF IL-6, morphine, M3G,

and M6G concentrations vs time. The primary endpoint

measures were the correlations between the morphine,

M6G, and M3G AUC CSF/plasma ratios and systemic

inflammation as quantified by the time-normalized IL-6

exposure, which was calculated for each individual by
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dividing the total exposure (AUC) by time (t). A Bonferroni

corrected P\ 0.017 indicated a significant correlation.

Results Plasma and CSF IL-6 concentrations increased

postoperatively. The median [interquartile range] IL-6

exposures were significantly higher in the open vs

endovascular surgical group for plasma (105 [40-256]

pg�mL-1 vs 29 [16-70] pg�mL-1, respectively; P = 0.013)

and CSF (79 [26-133] pg�mL-1 vs 16 [9-80] pg�mL-1,

respectively; P = 0.013). For the primary endpoint, the

plasma IL-6 AUC/t did not correlate with the CSF

accumulation of morphine (r = -0.009; P = 0.96) or

M3G (r = 0.37; P = 0.04) when corrected for surgical

procedure, age, and sex. There were insufficient data on

CSF concentration to complete the primary analysis for

M6G.

Conclusion Morphine distribution into the CSF was not

significantly altered in patients undergoing thoracic aortic

aneurysm repair. This suggests that BBB PGP function

may not be affected by the perioperative inflammatory

response.

Trial registration www.clinicaltrials.gov, NCT 00878371.

Registered 7 April 2009.

Résumé

Objectif La morphine administrée par voie intraveineuse

est utilisée pour prendre en charge la douleur en période

périopératoire. Nous avons examiné l’effet de la réaction

inflammatoire à la chirurgie sur la distribution de

morphine à travers la barrière hémato-encéphalique

(BHE) chez l’humain. Nous avons émis l’hypothèse

qu’une réaction inflammatoire systémique notée et induite

par la chirurgie altérait les taux de morphine, de

morphine-3-glucuronide (M3G) et de morphine-

6-glucuronide (M6G) dans le liquide céphalorachidien

(LCR) en réduisant temporairement la fonction de

transporteur efflux de la BHE.

Méthode Nous avons réalisé une étude

pharmacocinétique prospective de la distribution dans le

plasma et le LCR des substrats de morphine de la

P-glycoprotéine (PGP) chez 33 patients subissant une

réparation d’anévrisme aortique thoracique ouverte

(n = 18) ou endovasculaire (n = 15). La morphine a été

administrée à l’induction de l’anesthésie puis à l’unité de

soins intensifs. Les concentrations dans le plasma et le

LCR d’interleukine (IL)-6, de morphine, de M3G, de M6G

et d’albumine ont été mesurées avant la chirurgie (mesures

de base), pendant la chirurgie et en période postopératoire

toutes les six heures jusqu’au retrait du drain de LCR. La

surface sous la courbe (SSC) a été déterminée pour les

concentrations d’IL-6, de morphine, de M3G et de M6G

dans le plasma et le LCR vs le temps. Les critères

d’évaluation principaux étaient les corrélations entre les

taux de SSC dans le LCR/plasma de morphine, de M6G et

de M3G et l’inflammation systémique telle que quantifiée

par la quantité d’IL-6 normalisée dans le temps, qui a été

calculée pour chaque personne en divisant l’exposition

totale (SSC) par le temps (t). Une correction de Bonferroni

de P\ 0,017 indiquait une corrélation significative.

Résultats Les concentrations dans le plasma et le LCR

d’IL-6 ont augmenté en période postopératoire. Les

expositions médianes [écart interquartile] à l’IL-6 étaient

significativement plus élevées dans le groupe chirurgie

ouverte vs chirurgie endovasculaire (105 [40-256]

pg�mL-1 vs 29 [16-70] pg�mL-1, respectivement;

P = 0,013) et dans le LCR vs le plasma (79 [26-133]

pg�mL-1 vs 16 [9-80] pg�mL-1, respectivement;

P = 0,013). En ce qui a trait au critère d’évaluation

principal, le taux SSC/t d’IL-6 dans le plasma n’était pas

corrélé à l’accumulation de morphine (r = -0,009;

P = 0,96) ou de M3G (r = 0,37; P = 0,04) dans le LCR

lorsqu’il était corrigé pour tenir compte de l’intervention

chirurgicale, de l’âge et du sexe. Les données recueillies

étaient insuffisantes concernant la concentration dans le

LCR pour finaliser l’analyse primaire pour le M6G.

Conclusion La distribution de morphine dans le LCR n’a

pas été significativement altérée chez les patients subissant

une réparation d’anévrisme thoracique. Cela suggère que

la fonction de barrière hémato-encéphalique de la PGP

pourrait ne pas être affectée par une réaction

inflammatoire périopératoire.

Enregistrement de l’étude www.clinicaltrials.gov, NCT

00878371. Enregistrée le 7 avril 2009.

Morphine is frequently administered in the perioperative

period for pain management. Surgically induced

inflammation may alter drug pharmacokinetics,1 and

altered function of protective blood-brain barrier (BBB)

drug efflux transporters, including P-glycoprotein (PGP)

and multidrug resistance-associated proteins (MRPs), may

contribute to these observations.2-4 Cellular and animal

studies provide evidence that human and rodent PGP

transports morphine.5,6 Furthermore, experimental

evidence suggests that a reduction in BBB PGP function

enhances brain morphine accumulation and antinociceptive

effects7-9 and clinical response.10-12 Therefore, if morphine

distribution across the BBB is enhanced by inflammation-

mediated inhibition of PGP, this could be manifest as

increasing analgesic effect for the same stable dosing level

over time with the potential for toxicity.

Morphine-6-glucuronide (M6G) and morphine-

3-glucuronide (M3G) are the two primary metabolites of

morphine produced in humans. M6G shows twofold higher

affinity for the l-opioid receptor and contributes to
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analgesia following morphine administration. While M3G

has very weak binding affinity for the l-opioid receptor and

no analgesic activity, antagonistic or neuroexcitatory effects

have been reported.13-15 Both M3G and M6G are

transported by MRP transporters expressed at the

BBB.16,17 Thus, if inflammation-induced alteration in

BBB MRP function occurs, this could be manifest as

central nervous system (CNS) disturbances (frequently seen

clinically and possibly attributable to M3G toxicity) and/or

increased analgesic effect (possibly attributable to the

effects of the metabolite M6G) with its possible attendant

toxicity.

Animal and cell-based studies have shown that the

expression and/or function of protective BBB drug efflux

transporters, including PGP and MRP, are differently

altered under acute inflammatory conditions.4,16,18-24 Most

studies report reductions in BBB drug efflux transporter

function during inflammation, with a resultant

accumulation of drug efflux transporter substrates in the

CNS. Nevertheless, these studies are limited by

interspecies differences and the low expression of BBB

tight junctions and drug transporters in human in vitro cell

models.25,26 Therefore, additional human translational

studies are needed to confirm or refute the conclusions

based on animal and in vitro studies.4

We have previously shown that, while the cerebrospinal

fluid (CSF) uptake of morphine remained relatively

unchanged after an acute neuroinflammatory response,

there was a large associated increase in the uptake of M3G/

M6G without a concomitant change in a marker of passive

BBB function (i.e, albumin).2 These data raise concerns

that acute CNS inflammatory responses may alter BBB

drug handling in humans. Nevertheless, there are limited

clinical data examining the association between a systemic

inflammatory response and BBB PGP activity in humans.

Thus, we conducted a prospective pharmacokinetic study

to test the hypothesis that a graded surgically induced,

peripheral systemic inflammatory response alters CSF

levels of morphine, M3G, and M6G through a temporary

reduction in BBB drug efflux transporter function that

would be evidenced by a positive correlation between the

morphine, M6G, and M3G area under the curve (AUC)

CSF/plasma ratios and systemic inflammation as quantified

by time-normalized plasma IL-6 exposure.

Methods

Trial design

The Capital District Health Authority Research Ethics

Board approved this prospective cohort study in May 2009

(ethics ID: CDHA –RS/2010-004). The study conformed to

the STROBE guideline for reporting observational

studies.27 The study principal investigators (K.B.G.,

R.I.H.) had complete access to the study data.

Study participants and interventions

From May 2009 to February 2013, consecutive adult

patients presenting to the Queen Elizabeth II Health

Sciences Centre in Halifax, Nova Scotia, Canada for

elective repair of a descending thoracic aortic aneurysm

were screened for study eligibility. We included adults

undergoing elective endovascular or open surgical repair

of a thoracic aortic aneurysm, with or without

cardiopulmonary bypass (CPB), who required insertion of

a lumbar CSF drain and provided written informed consent.

The patients were not blinded to the study allocation or

procedures. We excluded patients who were sensitive or

allergic to morphine or unable to have a lumbar CSF drain

placed.

Prior to induction of anesthesia, a peripheral arterial

catheter and a lumbar CSF drain were placed in each

patient. These remained in situ during the surgical

procedure. Prior to administration of morphine, CSF

(5-15 mL) was collected into a dedicated reservoir and blood

(5 mL) was collected into a glass tube containing sodium

citrate. Patients were then administered morphine 5-10 mg

at induction of anesthesia. Subsequently, upon arriving at

the intensive care unit (ICU), patients were given (as

needed for analgesia) morphine 0.5-4.0 mg iv boluses or a

continuous intravenous morphine infusion of 1-2 mg�hr-1.

Cerebrospinal fluid (5-15 mL) and blood samples (5 mL)

were obtained from all patients immediately prior to

incision, at wound closure, and then every six hours until

the lumbar CSF drain was removed for clinical reasons. To

account for the additional role that heparin and CPB might

play in affecting cytokine levels, CSF and blood samples

were obtained from patients undergoing open surgery with

CPB immediately prior to initiation of CPB and

immediately following return of native circulation post-

CPB. The CPB priming solution consisted of Normosol,

and glucocorticoids were not administered. Albumin was

not administered intraoperatively or postoperatively to any

patient. The course of a patient’s care was unaltered in the

operating room or ICU other than to encourage the use of

morphine as the primary narcotic analgesic agent while in

the ICU. Some individuals received other supplemental

narcotic analgesics—i.e., fentanyl (n = 9), hydromorphone

(n = 10), and/or meperidine (n = 4). Following collection,

CSF and blood samples were kept on ice for 1-12 hr. Blood

samples were centrifuged for ten minutes at 1,100 g to

prepare plasma. The CSF and plasma samples were divided

into working aliquots and stored at -70�C prior to

analysis.

Inflammation and CSF distribution of morphine 1011
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Cytokines and albumin determination

A Q-PlexTM human cytokine inflammation (9-plex) ELISA

kit (Quansys Biosciences, Logan, UT, USA) and LI-COR�
Odyssey infrared imaging system were used to determine

concentrations of interleukin (IL)-1a, -1b, -2, -4, -6,

-10, and -12; interferon gamma (IFNc); and tumour

necrosis factor (TNF) in plasma and CSF samples

according to the manufacturer’s protocol (see Electronic

Supplementary Materials [ESM], methods). Sample cytokine

concentrations below the lowest detectable standard cytokine

concentrations were assumed to be zero. Albumin

concentrations (g�L-1) in plasma and CSF samples were

determined using a bromocresol green-based assay

(QuantiChromTM, BioAssay Systems, Hayward, CA, USA)

according to manufacturer’s directions (see ESM, methods).

Morphine and metabolite quantification

Methods to determine total concentrations of morphine,

M3G, and M6G in plasma and in CSF samples were

validated and described in detail in a previously published

study (see ESM, methods).2 Samples with analyte

concentrations that fell below the lower limit of

quantitation (1 ng�mL-1 for plasma and 0.5 ng�mL-1 for

CSF) were considered to be zero.

Data analysis

The intensity of inflammatory response in CSF and

peripheral blood was estimated by comparing the peak

cytokine concentrations (Cmax) after surgery with the

baseline concentrations (C0) just prior to surgery. The

AUC for plasma and CSF cytokines, morphine, M3G, and

M6G was used as a measure of the ‘‘total exposure’’ of the

body and the brain to these substances as previously

described (see ESM, methods).2 The AUCs were calculated

using PK Solutions 2.0 (Summit Research Services,

Montrose, CO, USA). The morphine and M3G and M6G

AUC values (ng�mL-1�hr-1) were normalized to the

individual total morphine dose (mg) to account for

differences in morphine dosing between patients. The

plasma morphine elimination rate constant kel and

elimination half-life (t1/2) (0.693/kel) were determined by

least-squares linear regression of the elimination phases

(defined by a minimum of three points) of the log10-

transformed plasma morphine concentration vs time

curves. For each serial time point, the ratio of

metabolites to morphine—i.e., M3G/M and M6G/M in

plasma and M3G/M in CSF, was also calculated in order to

assess the effect of the surgical procedure on the

metabolism and elimination of morphine, M3G, and

M6G. To assess BBB passive permeability of albumin,

the CSF/plasma albumin ratio was determined for each

serial time point using the formula CSF albumin (g�L-1) �
1,000/plasma albumin (g�L-1).28 Skewed continuous data

were summarized using median [interquartile range (IQR)]

and presented graphically as line plots or Tukey box and

whisker plots.

Statistical analysis

The primary endpoint measures were the correlations

between morphine, M3G, and M6G AUC CSF/plasma

ratios and systemic inflammation as quantified by the time-

normalized IL-6 exposure. This was calculated for each

individual by dividing the AUC by time (t). Interleukin-6

was chosen as the primary inflammation variable.29 Our

initial analysis of plasma and CSF samples determined that

the CSF M6G concentrations typically fell below the lower

limit of assay quantification. Thus, there were insufficient

concentration data available to complete the primary

analysis for M6G. A correlation between patients was

performed as per published methodology.30 Briefly, each

measured IL-6 exposure was transformed using log10, as

the variable was not normally distributed as determined by

the Shapiro-Wilk test. The mean log10-transformed IL-6

exposures and the raw morphine and M3G AUC

CSF/plasma ratios were calculated for each subject and

weighted based on the number of paired measurements for

each subject. A Pearson’s correlation of the log10-

transformed plasma IL-6 exposures vs the morphine and

M3G AUC CSF/plasma ratios was performed with and

without correction for age, sex, and type of surgery. A P

value\ 0.017 (two-sided with Bonferroni correction for

multiple comparisons) was used as the statistical cutoff to

reject the null hypothesis (i.e., no correlation between

plasma IL-6 exposures and the morphine, M3G, M6G AUC

CSF/plasma ratios). Based on our previous work,2 we

judged for our primary endpoint measure that a difference

from baseline in the correlation between morphine and/or

M3G and M6G AUC CSF/plasma ratios and the average

plasma IL-6 exposure from 0 (i.e., no relationship) to 0.70

would represent an important statistical and clinical

relationship and would satisfy our hypothesis. An overall

sample size of 19 achieves 83% power to detect a

difference of -0.70 between the null hypothesis

correlation of 0.00 and the alternative hypothesis

correlation of 0.70 using a two-sided hypothesis test with

a significance level of P B 0.01. To allow for subject

dropout (e.g., insufficient CSF or accidental catheter

removal), we aimed to enroll a minimum of 30 patients.

The secondary endpoint measures included the

correlation between the morphine, M3G, and M6G

CSF/plasma ratios and plasma IL-10 and CSF IL-6. This

was developed as a post hoc effort based on the observed

1012 Y. Wang et al.
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cytokine responses. The correlations were performed as

described for the primary endpoint. We also sought to

determine if the type of surgical procedure (i.e., open vs

endovascular) differentially affected the inflammatory

response and morphine pharmacokinetics. For this

analysis, patients were stratified into two groups

according to the anticipated magnitude of the

inflammatory response: 1) anticipated low to moderate

inflammatory response (endovascular group) and 2) those

with anticipated high inflammatory response (open

thoracotomy with or without CPB [open group]). A

Friedman non-parametric analysis of variance with

Bonferroni correction for multiple comparisons was used

for within-group comparisons of cytokines and albumin

concentrations over time. A non-parametric Mann-Whitney

Student’s t test was used for comparisons of measured

variables between the endovascular and the open groups at

defined time points. A P value\ 0.05 indicated a

significant difference in the measured variables. For all

Mann-Whitney tests, the Hodges-Lehman estimate of the

median difference between group medians and the

corresponding 95% confidence interval (CI) were

determined. In all cases, hypothesis testing was two-

tailed. Statistical analysis was performed using IBM

SPSS� Statistics version 23 (IBM Corporation, Armonk,

NY, USA), with the exception of the Hodges-Lehman

estimate and corresponding 95% CI, which were

determined using GraphPad Prism version 6 (GraphPad

Software, La Jolla, CA, USA).

Results

Patient demographics, morphine dosing, clinical

outcomes, and concomitant drugs

Thirty-six patients were recruited into the study. Two

patients were excluded after a review of their

chart revealed that they were administered codeine or

morphine prior to collection of the baseline (time 0)

sample. A third subject was excluded because of

insufficient blood and CSF samples for analysis. Eighteen

(55%) of the 33 remaining patients underwent an open

surgical procedure, 17 of whom received CPB.

Table 1 depicts the study patient characteristics

stratified by open vs endovascular surgical repair. The

median age of patients in the open group was significantly

lower (eight years) than that of the endovascular group. In

the open vs the endovascular group, the median duration of

surgery was longer (by 6.1 hr), the median cumulative

morphine dose was higher (by 7 mg), and the median

duration of morphine administration was longer (by 14 hr).

The average morphine-dosing rate (mg�hr-1) and ICU

duration were not different between the groups. Two

Table 1 Summary of patients’ characteristics

Total Endovascular

Surgery

Open surgery

(± CPB)

P valuea Difference between

medians and (95% CI)

of differenceb

Sample Size 33 15 18 NA

Age (yr) 74 [64 – 78] 77 [71 – 84] 69 [54 – 76] P = 0.01 -9.0 (-19.0 to -2.0)

Sex (M/F) 23/10 10/5 13/5 NA NA

Height (cm) 173 [162 – 180] 168 [160 – 180] 174 [164 – 181] P = 0.38 5.0 (-5.0 to 13)

Weight (kg) 76 [68 – 91] 76 [66 – 91] 76 [68 – 91] P = 0.73 1.3 (-9.4 to 11.8)

Surgery Duration (hr) 4.8 [1.7 – 7.7] 1.4 [1.1 – 3.7] 7.5 [4.7 – 8.4] P\ 0.001 4.6 (2.8 to 6.5)

Total Morphine Dose (mg) 18 [14 – 26] 15 [12 – 24] 22 [17 – 36] P = 0.008 7.0 (2.0 to 15)

Morphine Duration (hr)c 17 [9 – 34] 10 [6 – 20] 24 [13 – 42] P = 0.007 12.9 (3.5 to 25.8)

Morphine dosing ratec (mg�hr-1) 1.1 [0.8 – 1.5] 1.4 [0.8 – 1.6] 1.1 [0.7 – 1.4] P = 0.26 -0.18 (-0.60 to 0.25)

ICU Duration (hr) 35 [20 – 84] 24 [18 – 75] 45 [20 – 120] P = 0.40 8.75 (-11.8 to 44.3)

Subjects receiving potential PGP inhibitors n = 9 n = 5 n = 4 NA NA

Amiodarone 6 3 3

Nifedipine 1 1 0

Pantoprazole 4 2 2

Data are shown as median [interquartile range]. aP\ 0.05 denotes a statistically significant difference between ranks for each parameter between

the open surgery vs the endovascular surgery groups, non-parametric Mann-Whitney test. NA = not applicable. bThe reported median difference

is the Hodges-Lehman difference in the medians of the open vs endovascular groups. The corresponding 95% confidence intervals (CIs) of the

median differences are shown in brackets. cTwo subjects received a single bolus dose of morphine; thus, the duration and the dosing rate for these

subjects were not determined. CPB = cardiopulmonary bypass; ICU = intensive care unit; PGP = P-glycoprotein
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participants died as a result of postoperative complications.

Nine patients (endovascular n = 5; open n = 4) received

concomitant PGP inhibitors (e.g., amiodarone, nifedipine

or pantoprazole) while in the ICU.

Systemic and CNS inflammatory responses and

albumin distribution

A significant increase in the measured plasma and CSF IL-

6 concentrations occurred in both the open and

endovascular aortic surgery groups relative to the time 0

baseline (Fig. 1A, B). The first peak plasma IL-6

concentration and the median plasma and CSF time-

normalized IL-6 exposures were significantly higher in the

open surgery vs the endovascular surgery group (Fig. 1C,

D). The median differences between the open and

endovascular groups were: 178 pg�mL-1 (95% CI, 31 to

433) and 47 pg�mL-1 (95% CI, -63 to 191) for peak

plasma and CSF IL-6, respectively and 50 pg�mL-1 (95%

CI, 12 to 171) and 42 pg�mL-1 (95% CI, 5.5 to 83) for the

respective time-normalized plasma and CSF IL-6

exposures. Plasma IL-10 increased significantly in the

open surgical group only (Fig. 2A). This was reflected by a

significantly higher IL-10 1st peak and time-normalized

exposure in the plasma of open surgical vs endovascular

surgical patients (Fig. 2B, C). The median differences

between the open and endovascular groups were 413

pg�mL-1 (95% CI, 149 to 802) and 151 pg�mL-1 (95% CI,

68 to 258) for peak plasma IL-10 and time-normalized

plasma IL-10 exposure, respectively. Cerebrospinal fluid

IL-10 was undetectable in the majority of samples and was

excluded from further analysis. Plasma and CSF levels of

IL-1a, IL-1b, -2, -4, and -12, IFNc, and TNF

displayed measurable concentrations only in a minority

of patient samples. Consistent postoperative increases in

these cytokines were not observed (ESM, Fig. 1), and

therefore, these cytokines were not analyzed further.

The open and endovascular aortic surgical patients

displayed a temporary decrease in the plasma albumin

concentration in the post-surgical period compared with

baseline (Fig. 3A). Cerebrospinal fluid albumin did not

significantly increase relative to baseline in either group.

This resulted in a marginally higher median CSF/plasma

albumin exposure in the open vs the endovascular surgical

Fig. 1 The effect of open and endovascular aortic aneurysm surgery

on plasma and cerebrospinal fluid (CSF) interleukin-6 (IL-6)

concentrations. Plasma (A) and CSF (B) IL-6 concentrations were

measured in patients undergoing open surgical procedures with or

without cardiopulmonary bypass or in patients undergoing

endovascular surgical procedures. The symbols and error bars

depict the median [interquartile range (IQR)] raw concentrations vs

average sampling times. The P values indicate a significant difference

compared with the within-group baseline control value at time 0,

Friedman non-parametric analysis of variance with Bonferroni

correction for multiple comparisons. Tukey box plots show the

median first peak IL-6 concentrations (C) and time-normalized IL-6

area under the curves (D) determined from the plasma and CSF

concentration vs time profiles. Outliers beyond 1.5 9 IQR are

identified by the filled circles (d), and the mean values are indicated

by the (?) symbol. The P values indicate a significant difference

compared with the endovascular surgery group, Mann-Whitney non-

parametric Student’s t test. The data analysis in A and B included

samples up to an average time of 26 hr (x-axis) due to limited

available samples beyond that time point
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group over the first 24-26 hr period (Fig. 3B). The median

difference in CSF/plasma albumin ratio between the open

and endovascular groups was 13.4 (95% CI, -1.3 to 43.9).

Assessment of morphine, M3G, and M6G

pharmacokinetics

The plasma and CSF concentrations for morphine and

M3G stratified by surgical group are shown in Fig. 4. The

initial peak median [IQR] concentrations in CSF vs plasma

were significantly delayed for morphine (5.7 [2.7-7.1] hr vs

1.5 [1.1-1.7] hr, respectively; P\ 0.001) and M3G (21.4

[10.6-26.6] hr vs 1.7 [1.3-11.6] hr, respectively;

P\ 0.001). The shape of the M6G plasma concentration

time profile paralleled the M3G profiles, albeit the M6G

concentrations were 10-20% of those measured for M3G

(data not shown). Only 15 patients had detectable CSF

M6G and typically at later time points. As a result, the CSF

M6G measures were not included in further analysis. Since

morphine doses differed between patients and the

cumulative morphine dose was significantly higher in the

open surgical group (Table 1), we determined the dose-

normalized AUCs for plasma, CSF morphine, and CSF

M3G, which were not different over the 0-6 hr, 0-12 hr, 0-

18 hr, and 0-24 hr intervals (Table 2). The plasma

M3G/morphine ratio was significantly lower in the open

vs endovascular group at 2-6, 6-12, and 12-18 hr after

baseline (Table 3). The median [IQR] plasma morphine t1/2

of elimination was estimated to be significantly longer in

the open surgical group (3.7 [2.6-4.8] hr) compared with

the endovascular group (1.6 [1.3-2.1] hr) (P\ 0.001). The

CSF M3G/morphine ratio did not differ between groups at

any of the time intervals. There were insufficient samples

to define the terminal elimination half-lives for plasma

M3G and M6G and CSF morphine and M3G.

Primary and secondary endpoint analyses

For the primary endpoint analyses, there were no

significant correlations between the morphine AUC

CSF/plasma ratios and plasma or CSF IL-6 AUC/t. A

moderate positive correlation (corrected for age, sex, and

the type of surgery) was observed between the M3G AUC

CSF/plasma ratio and the CSF IL-6 AUC/t but not the

plasma IL-6 AUC/t (Fig. 5). There was no significant

correlation between the morphine and M3G AUC

CSF/plasma ratios and the plasma IL-10 AUC/t or the

CSF/plasma albumin ratio (data not shown). There were

insufficient data on CSF M6G concentration to permit

analysis.

For the secondary endpoint analysis, the average or

interval (0-2 hr, 2-6 hr, 6-12 hr, 12-18 hr, and 18-24 hr)

morphine and M3G AUC CSF/plasma ratios did not differ

significantly between the open and endovascular groups

(data not shown). The secondary outcome measures were

also compared between patients grouped by CPB (n = 17)

vs non-CPB (n = 16). The overall results were similar,

likely due to the small number of patients (n = 1)

Fig. 2 The effect of aortic aneurysm surgery on plasma interleukin-

10 (IL-10) concentrations. Plasma IL-10 concentrations were

determined in patients undergoing open surgical procedures with or

without cardiopulmonary bypass or in patients undergoing

endovascular surgical procedures (A). The symbols and error bars

depict the median [interquartile range (IQR)] raw concentrations vs

average sampling times. The P values indicate a significant difference

compared with the within-group baseline control value at time 0,

Friedman non-parametric analysis of variance with Bonferroni

correction for multiple comparisons. Tukey box plots show the

median first peak IL-10 concentrations (B) and time-normalized IL-

10 area under the curves (C) in plasma. Outliers beyond 1.5 9 IQR

are identified by the filled circles (d), and the mean values are

indicated by the (?) symbol. The P values indicate a significant

difference compared with the endovascular surgery group, Mann-

Whitney non-parametric Student’s t test. The data analysis in A

included samples up to an average time of 26 hr (x-axis) due to

limited available samples beyond that time point
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Fig. 4 The effect of aortic aneurysm surgeries on the plasma and

cerebrospinal fluid (CSF) concentrations of morphine and morphine-

3-glucuronide (M3G). Plasma and CSF morphine (A, B) and M3G (C,

D) concentrations were measured in patients undergoing open

surgical procedures with or without cardiopulmonary bypass or in

patients undergoing endovascular surgical procedures. The symbols

and error bars represent the median interquartile range concentrations

vs average sampling times. The clear circles represent patients in the

open surgical group and filled circles the patients in the endovascular

surgical group. The data analysis included samples up to an average

time of 26 hr (x-axis) due to limited available samples beyond that

time point

Fig. 3 The effect of aortic aneurysm surgery on plasma and

cerebrospinal fluid (CSF) albumin concentrations. Plasma and CSF

albumin concentrations were determined in patients undergoing open

surgical procedures with or without cardiopulmonary bypass or in

patients undergoing endovascular surgical procedures (A). The

symbols and error bars depict median interquartile range

concentrations vs average sampling times. The P values indicate a

significant difference compared with the within-group baseline

control value at time 0, Friedman non-parametric analysis of

variance with Bonferroni correction for multiple comparisons.

Tukey box plots show the CSF/plasma albumin ratios over time

grouped by surgery type (B). The mean values are indicated by the

(?) symbol. The P values indicate a significant difference compared

with the endovascular surgery group, Mann-Whitney non-parametric

Student’s t test. The data analysis in A included samples up to an

average time of 26 hr (x-axis) due to limited available samples

beyond that time point
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Table 2 Morphine and M3G plasma and CSF dose-normalized AUCs

Time interval

0-6 hr 0-12 hr 0-18 hr 0-24 hr

PL M AUC/D

Endovascular 6.2 [4.2 – 8.6] 7.7 [4.5 – 13] 6.5 [5.4 – 13] 8.1 [5.6 – 14]

Open Surgery 6.6 [5.6 – 7.9] 8.2 [5.9 – 11] 9.9 [7.2 – 11] 9.9 [7.2 – 12]

P value 0.81 0.79 0.38 0.72

Median differencea and (95% CI) 0.07 (-2.3 to 2.3) 0.67 (-4.3 to 4.3) 2.1 (-2.5 to 4.6) 1.1 (-3.7 to 4.9)

CSF M AUC/D

Endovascular 4.2 [3.1 – 6.1] 7.9 [5.8 – 11] 11 [7.8 – 16] 11 [9.2 – 20]

Open Surgery 4.9 [2.5 – 6.1] 7.7 [5.5 – 12] 8.5 [6.5 – 13] 11 [6.9 – 15]

P value 0.67 0.99 0.32 0.42

Median difference and (95% CI) 0.38 (-1.2 to 1.8) -0.05 (-2.9 to 3.0) -1.8 (-5.7 to 1.5) -2.0 (-7.6 to 2.7)

PL M3G AUC/D

Endovascular 78 [35 – 87] 130 [110 – 150] 150 [120 – 180] 170 [110 – 220]

Open Surgery 69 [62 – 85] 120 [110 – 140] 160 [110 – 190] 210 [140 – 250]

P value 0.67 0.60 0.79 0.27

Median difference and (95% CI) 3.1 (-14 to 18) -8.2 (-32 to 29) 4.9 (-41 to 48) 29 (-28 to 89)

CSF M3G AUC/D

Endovascular 0.9 [0.4 – 1.0] 3.3 [2.3 – 3.8] 6.4 [5.3 – 9.1] 9 [4.8 – 14]

Open Surgery 0.9 [0.4– 1.4] 3.4 [2.4 – 4.4] 6.0 [4.8 – 8.6] 10 [7.5 – 13]

P value 0.80 0.99 0.63 0.74

Median difference and 95% CI 0.06 (-0.48 to 0.59) 0.03 (-0.99 to 2.4) -0.47 (-2.9 to 3.4) 0.93 (-4.2 to 5.6)

The AUC/D values are shown as median [interquartile range]. The units for AUC/D are mL�hr-1 9 10-6. a The reported median difference is the

Hodges-Lehman difference in the medians of the open vs endovascular groups. The corresponding 95% confidence intervals (CIs) of the median

differences are shown in brackets. AUC = area under the curve; CSF = cerebrospinal fluid; D = dose; M = morphine; M3G = morphine-

3-glucuronide; PL = plasma

Table 3 M3G/morphine ratios in endovascular vs open surgery groups

Time Interval

0-2 hr 2-6 hr 6-12 hr 12-18 hr 18-24 hr

Plasma M3G/M

Endovascular 6.4 [5.1 – 9.8] 17 [10 – 21] 30 [25 – 37] 48 [29 – 120] 11 [8.3 – 83]

Open Surgery 6.8 [5.3 – 9.5] 12 [8.8 – 13] 20 [13 – 27] 24 [11 – 41] 38 [12 – 69]

P valuea 0.61 0.032 0.0089 0.035 0.67

Median difference and 95% CIb 0.44 (-1.8 to 2.6) -4.8 (-9.2 to -0.40) -12 (-17 to -2.3) -30 (-107 to -0.53) 4.5 (-73 to 69)

CSF M3G/M

Endovascular 0.04 [0 – 0.45] 0.25 [0.15 – 0.51] 0.54 [0.37 – 0.91] 0.91 [0.63 – 1.9] 1.6 [0.77 – 3.9]

Open Surgery 0.12 [0.07 – 0.87] 0.24 [0.15 – 0.39] 0.72 [0.48 – 0.93] 0.92 [0.76 – 1.5] 1.7 [1.4 – 2.2]

P value 0.28 0.76 0.31 0.97 0.96

Median difference and 95% CI 0.10 (-0.45 to 0.98) -0.02 (-0.26 to 0.16) 0.18 (-0.17 to 0.48) -0.01 (-0.86 to 0.55) 0.04 (-1.6 to 0.97)

Data are shown as median [interquartile range]. aP\ 0.05 denotes a significant difference in ranks of the M3G/M ratio between the open surgery

vs endovascular surgery groups at the indicated time point, non-parametric Mann-Whitney test. b The reported median difference is the Hodges-

Lehman difference in the medians of the open vs endovascular groups. The corresponding 95% confidence interval (CI) of the median differences

is shown in brackets. The metabolism analysis was limited to a maximal average time of 24 hr due to limited samples available beyond that time.

CSF = cerebrospinal fluid; M = morphine; M3G = morphine-3-glucuronide
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undergoing open thoracotomy without CPB (data not

shown). In those patients that underwent open surgery

with CPB, plasma IL-6 and IL-10 rose sharply from the

pre-CPB to the post-CPB time points, suggesting that the

CPB procedure and heparin administration could be

contributing to the observed increase in cytokine levels

(data not shown).

Discussion

Our results suggest that BBB PGP activity and CSF

distribution of morphine were not altered by the systemic

inflammatory response or by the less robust CNS

inflammatory response. These results are consistent with

our previous study, which also failed to show an impact of

acquired brain injury on the CSF distribution of morphine.2

The secondary endpoint analyses revealed a more robust

systemic inflammatory response in the open vs

endovascular group. Nevertheless, this differential

inflammatory response was not associated with a

significant difference in the CSF/plasma morphine AUC

ratio in the open vs endovascular surgical groups, arguing

against a surgery-specific effect of PGP on BBB morphine

efflux transporter function. This result is consistent with

observations in a rat model, which showed no change in

PGP expression 24 hr following CPB and deep

hypothermic circulatory arrest.31 The clinical implications

of this finding are that, in humans, the penetration of

morphine into the CNS will be unaltered by inflammation

occurring over the first 24 hr postoperatively.

We chose to conduct our study in patients undergoing

open vs endovascular elective aortic surgical repair because

these procedures produce a systemic inflammatory

response characterized by elevated concentrations of pro-

inflammatory cytokines proportional to the extent of

surgical trauma. Further, the cytokines liberated during

this response have previously been linked to inflammation-

mediated changes in BBB drug efflux transporters.4,32-34

Systemic inflammation was evident in this study by

increased plasma concentrations of the pro-inflammatory

IL-6 and anti-inflammatory IL-10 cytokines and by

decreased plasma albumin, a negative acute phase

reactant. The observation of a lesser, yet significant,

increase in CSF IL-6 is consistent with the known

occurrence of the peripheral-brain humoral immune

transmission process and subsequent CNS inflammatory

response.35,36

The median plasma t1/2s of morphine were in the

expected range.37 Nevertheless, the prolonged morphine

Fig. 5 Weighted between-patient correlations of morphine and

morphine-3-glucuronide (M3G) area under the curve (AUC)

cerebrospinal fluid (CSF)/plasma ratios with plasma and CSF

interleukin (IL)-6 exposure. For each patient, the morphine and

M3G AUC CSF/plasma ratios and log10-normalized IL-6 exposures

were calculated and weighted for the number of paired measurements

in each patient. Pearson’s correlations were performed on the

weighted mean values. The uncorrected and corrected (for age, sex,

and surgery) correlations and corresponding P values are provided in

each figure. The clear circles represent patients in the open surgical

group and filled circles represent the patients in the endovascular

surgical group. A Bonferroni corrected P\ 0.017 indicated a

significant correlation
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half-life and reduction in plasma M3G/morphine ratios in

the open surgical group suggested that reduced morphine

metabolism occurred following surgery. This could be the

result of inflammation-mediated reductions in the function

of hepatic UDP-glucuronosyltransferase 2B7, the primary

enzyme responsible for morphine metabolism to M3G in

humans.38,39 Although the reduction in morphine

metabolism to M3G may have also occurred in the

human brain,40 the CSF M3G/morphine ratio was similar

in the open vs endovascular groups, arguing against an

altered central metabolism as the cause.

The possibility that increased brain distribution of M3G

follows the systemic inflammatory response produced by

aortic surgery is not supported by our primary outcome

analyses. Nevertheless, the M3G AUC CSF/plasma ratio

correlated with CSF IL-6 AUC/t, indicating that an alteration

in BBB M3G pharmacokinetics may occur due to the CNS

inflammatory response. Supporting this, the correlation

between the CSF/plasma AUC ratios for M3G was similar

in magnitude in the present study to that observed in our

previous study of the CNS inflammatory response produced

by acquired brain injury.2 The magnitude of the

inflammatory response in the CNS following vascular

surgery was substantially lower (based on average CSF IL-

6 exposure) than the previous study, suggesting that an

alteration in the brain distribution of M3G occurs over a

broad range of inflammatory responses. While the exact

mechanisms cannot be deduced, downregulation of MRP

and/or solute carrier organic anion transporters by elevated

CSF IL-6 and reduced efflux transport of M3G could be

contributing factors.2,4,41,42 Supporting this, the CSF IL-6

concentrations observed in our study were at the lower end of

the range (300-20,000 pg�mL-1) that significantly alters the

expression and/or function of various ABC transporters in

cell culture models.20,21,43,44 Furthermore, the observation

that M3G concentration continues to increase in the CSF

despite stable or falling plasma concentrations could in part

reflect inflammation-mediated reduction in BBB drug efflux

transporter function with time. The clinical implications of

this finding are that, in man, the penetration of M3G into the

CNS is enhanced by the inflammatory response occurring

during surgery and may be manifest as altered CNS

disturbances, including agitation, as has been observed in

animal models.45 This observation requires further

investigation and validation. No such disturbances were

observed in any of the patients enrolled in this study.

We observed a decline in plasma albumin, a result that

was consistent with either hemodilution or capillary leak

caused by the surgery-induced inflammatory response.46

We also inferred from the increased CSF/plasma albumin

ratio that BBB passive permeability increased in the

immediate postoperative period to a greater degree in

patients undergoing open surgical procedures. The

sensitivity of albumin CSF/plasma ratios as a marker of

passive BBB permeability may be questioned.

Nevertheless, other human studies in similar patient

populations have employed this ratio for the same

purpose,28,46 and given the observational and preliminary

investigative nature of the study, it was not considered

practical or feasible to utilize other investigative methods

such as radioisotopes or functional MRI. The lack of

correlation between the morphine and M3G CSF/plasma

AUC ratios and the CSF/albumin ratio suggests that a

change in BBB passive permeability did not influence the

primary or secondary study outcome measures for

morphine or M3G.

Comparing our results with published data by Meineke

et al.10 reveals a time delay in the attainment of peak

morphine and M3G concentration in the lumbar CSF relative

to the ventricular CSF following intravenous morphine

administration. The degree to which this time-shifted

hysteresis between ventricular/lumbar CSF morphine and

M3G concentrations alters the interpretation of our results is

unknown, and we acknowledge this as a limitation.

Nevertheless, since the delayed distribution to the lumbar

CSF relative to ventricular CSF was proportional for parent

drug and metabolite, the lumbar CSF concentrations of

morphine and M3G should reflect their concentrations in the

ventricular CSF and brain parenchyma. Furthermore, the use

of time-inclusive AUC ratios should account for and mitigate

some of the distribution-related effects and be reflective of

alterations (or lack thereof) in BBB transport. Comparable

results in our current study vs previous study,2 where we

sampled from ventricular CSF, support this assertion.

Our study has several additional limitations. There were

insufficient measurable concentrations of M6G in CSF to

permit any analysis. This is in distinction from our previous

study findings involving a CNS insult. We speculate that this

may be due to the longer sampling duration (96 hr vs 26 hr)

and a 25-50-fold higher magnitude CNS inflammatory

response, as measured by CSF IL-6 concentrations, in the

previous vs the present study.2 The correlation results for

M3G are modest, and as a result, conclusions must be

tempered. Nevertheless, as the findings agree with those of

pre-clinical investigations and we were unable to control for

all potentially confounding variables (e.g., differing doses of

morphine utilized, differing magnitude of the inflammatory

response among patients within a study group), we consider

the observed signals to be valid and therefore clinically

important. We measured total and not free morphine.

Nevertheless, given low plasma protein binding of

morphine (34-38%),47 we expect that the observed

reduction in plasma albumin would not significantly

impact morphine BBB pharmacokinetics. Potential

contributions of functional PGP polymorphisms48,49 and

other BBB transporters that are regulated by inflammation
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and have overlapping substrate specificity with PGP20,50

could have confounded our ability to detect a significant

association between BBB morphine pharmacokinetics and

the surgical inflammatory response. P-glycoprotein is also

present in the blood-CSF barrier of the choroid plexus where

it functions in opposition to that observed at the BBB (i.e.,

morphine is moved into the CSF not into the blood) and could

confound the results.51 This effect was not quantifiable, but

we suspect the effect to be minimal given the much larger

surface area provided by the BBB capillary system vs that of

the choroid plexus. We did not measure brain drug

concentrations directly and used the CSF concentration as

a surrogate for brain drug concentrations. The degree to

which this assumption is correct is unknown in humans under

the conditions studied. Some patients showed increases in

TNF, IL-1b, and IFNc, all of which may alter drug

transporter function.4 Nevertheless, the frequencies of the

responses were insufficient to allow us to examine their

potential role in our observations. Thus, we cannot exclude

that a significant interaction involving these cytokines may

have influenced our observations; however, our findings for

the magnitude of change in inflammatory markers are

consistent with what has been reported in the

literature.29,52-54 Finally, a potential role of concomitant

administration of PGP inhibitors/enhancers could not be

investigated due to the low number of patients (n = 9)

receiving a variety (n = 3) of these agents.

In summary, our results suggest that, for patients

undergoing thoracic aortic aneurysm surgery, the

distribution of the PGP substrate morphine across the BBB

into the CNS is unaltered in the presence of inflammation as

measured by changes in IL-6 CSF/plasma ratios. This

suggests that blood-brain barrier PGP function may not be

affected by the perioperative inflammatory response.

Clinically, the use of continuous infusions of morphine

should not need adjustment in the perioperative period based

on the effect of the inflammatory response on BBB function,

although other reasons for dose adjustment in patients with

inflammation may exist, e.g., altered drug metabolism. The

distribution of the metabolite M3G into the CSF was altered,

but the results require further investigation to determine the

clinical relevance and if other altered BBB drug efflux

transporters are involved.
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