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Traditionally, the pharmacokinetics of antimicrobials in bone have been investigated using bone biopsy specimens, but this ap-
proach suffers from considerable methodological limitations. Consequently, new methods are needed. The objectives of this
study were to assess the feasibility of microdialysis (MD) for measuring cefuroxime in bone and to obtain pharmacokinetic pro-
files for the same drug in porcine cortical and cancellous bone. The measurements were conducted in bone wax sealed and un-
sealed drill holes in cortical bone and in drill holes in cancellous bone and in subcutaneous tissue. As a reference, the free and
total plasma concentrations were also measured. The animals received a bolus of 1,500 mg cefuroxime over 30 min. No signifi-
cant differences were found between the key pharmacokinetic parameters for sealed and unsealed drill holes in cortical bone.
The mean = standard error of the mean area under the concentration-time curve (AUC) values from 0 to 5 h were 6,013 % 1,339,
3,222 * 1086, 2,232 * 635, and 952 * 290 min - pg/ml for free plasma, subcutaneous tissue, cancellous bone, and cortical bone,
respectively (P < 0.01, analysis of variance). The AUC for cortical bone was also significantly different from that for cancellous
bone (P = 0.04). This heterogeneous tissue distribution was also reflected in other key pharmacokinetic parameters. This study
validates MD as a suitable method for measuring cefuroxime in bone. Cefuroxime penetration was impaired for all tissues, and

bone may not be considered one distinct compartment.

Osteomyelitis and periprosthetic bone and joint infections
(PJIs) are among the most severe orthopedic conditions.
Treatment includes surgical debridement, removal of implants,
and long-lasting antimicrobial therapy, and it calls for a multidis-
ciplinary approach (1). Nevertheless, treatment failure is com-
mon. One of the reasons for this may be incomplete or heteroge-
neous tissue distribution of antimicrobials, which has been
demonstrated in a number of studies for different combinations
of drug and tissue (2-8).

Determining the penetration of antimicrobials into bone re-
mains a difficult task. Traditionally, bone biopsy has been the
predominant method used. Obtaining pharmacokinetic data by
means of tissue biopsy specimens may, however, be misleading
and ultimately harmful to patients (9, 10). When analyzing tissue
biopsy specimens, no selective measurement of the free extracel-
lular concentration or distinction between the intra- and extracel-
lular compartments can be made. Furthermore, temporal resolu-
tion is poor or nonexistent, and the concentrations are given by
weight and not by volume. Consequently, pharmacokinetic pa-
rameters obtained by tissue biopsy specimens are difficult to relate
to relevant pharmacodynamic endpoints.

In several studies, microdialysis (MD) has been used to deter-
mine the concentrations of antimicrobials in the tissue of interest
(11-16). By being minimally invasive, the MD technique permits
clinical investigations, and at the same time, it provides the possi-
bility of continuous sampling of the unbound fraction of a drug in
the interstitial space. From this perspective, MD offers an attrac-
tive alternative to using bone biopsy specimens in order to assess
antimicrobial penetration into the bone. However, due to the
compact nature of bone, MD probes cannot readily be implanted.
This issue has been overcome by inserting the probes into drill
holes in the bone (17-23). This approach obviously raises the
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question of whether MD measurement of antimicrobials in drill
holes truly reflects bone drug concentration or rather a mixed
concentration stemming partly from the presence in the bone, and
partly from the presence of the substance in the surrounding soft
tissue. Additionally, it is a challenge to create drill holes in cortical
bone and verify that they are strictly intracortical and that the MD
catheters remain in the drill holes during the entire study period.

In the present study, we investigated the suitability of MD for
cefuroxime measurements in a laboratory setting. Second, the fea-
sibility of applying MD to measure cefuroxime in cortical bone
was investigated in anesthetized pigs. With an identical method-
ological setup, parallel in vivo measurements of cefuroxime were
also performed in cancellous bone and subcutaneous tissue. Stud-
ies evaluating the distribution of cefuroxime in cortical and can-
cellous bone by use of MD have not been published.

MATERIALS AND METHODS

This study was conducted at the Institute of Clinical Medicine and the
Department of Clinical Biochemistry, Aarhus University Hospital,
Denmark. The study was approved by the Danish Animal Experiments
Inspectorate and carried out under existing laws. All chemical analyses
were performed at the Department of Biochemistry, Aarhus University
Hospital.
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Microdialysis. An in-depth description of MD can be found elsewhere
(24, 25). Briefly, the basic principles of MD rely on the facts that diffusion
across the semipermeable membrane of the microdialysis probe is quan-
titatively equal in both directions, and that relative recovery of solutes is
independent of the concentration gradient between the tissue and perfus-
ate. In this study, the MD equipment from M Dialysis AB (Stockholm,
Sweden) was used in all the experiments. Specifically, the catheters used
were CMA 63 (membrane length, 10 mm; molecular cutoff, 20 kDa), and
CMA 107 precision pumps produced a flow rate of 2 pl/min.

When calculating the relative recovery by loss (RR,,,) and relative

recovery by gain (RR;,), the following equations were applied:

RRyyin(% ) =100 X (Coy/ C,) (1)

Cout

— ) (2)
Cin

where C,, is the concentration in the perfusate, C,, is the concentration
of the dialysate, and C,,, the concentration in the medium surrounding the
catheter.

As microdialysates are gathered continuously, the measured concentra-
tions were attributed to the midpoint of the sampling intervals for the subse-
quent data analysis. In the in vivo studies, absolute tissue drug concentrations
were obtained by correcting for relative recovery using the following equa-

RRjps (% ) = 100 X (1 -

tion:
Cout
Ctissue = ( RD}; ) (3)
Individual in vivo probe calibration was performed for all animal ex-
periments.

Handling of samples. The dialysates were immediately frozen and
stored at —80°C until analysis. Venous blood samples were stored at 5°C
for a maximum of 20 h before being centrifuged at 3,000 X g for 10 min.
The plasma aliquots were then frozen and stored at —80°C until analysis.

UHPLC analysis of cefuroxime. The assessment of cefuroxime was
performed with ultrahigh-performance liquid chromatography (UHPLC).
For measuring the total plasma drug concentrations, 100 .l plasma was
added to 300 pl acetonitrile (Sigma-Aldrich, Denmark) containing 30 pg/ml
ceftriaxone (Sigma-Aldrich) as an internal standard and filtered through a
protein precipitation plate (Captiva ND plate; Agilent Technologies, USA).
Subsequently, 400 .l of 10 mM phosphate buffer (PB) (pH 3) (NaH,PO,,
H,O adjusted with HCl; Merck, Germany) was added to the filtrate. Stan-
dards (6.25, 25, and 100 pg/ml) were prepared by adding cefuroxime sodium
(Fresenius Kabi AB, Sweden) to human donor plasma.

For measuring the free fraction of cefuroxime, 300 wl plasma was
placed into an ultrafilter 96-well plate with a 30-kDa molecular mass
cutoff (AcroPrep 30K Omega; Pall Corporation, USA) and centrifuged for
30 minat 1,000 X g. Fifteen microliters of plasma ultrafiltrate, dialysate, or
in vitro sample was added to 20 pl PB containing 10 wg/ml ceftriaxone.
For these measurements, standards of cefuroxime (0.6, 1.3, 2.5, 5.0, and
10 pg/ml) in 0.9% NaCl-water were used. The UHPLC system (Agilent
1290 Infinity; Agilent Technologies, USA) was equipped with a 1.7 pm
100 by 2.1 mm C, 4 column (Kinetex; Phenomenex, USA), and chroma-
tography was performed with a gradient of acetonitrile (5 to 10% over
4 min) in PB as the eluent. For analysis, 5 ul prepared sample was
injected, and the analytes were detected at 275 nm. Quantification
was based on the areas of the cefuroxime and ceftriaxone peaks and
was performed with the ChemStation software (Agilent Technolo-
gies). The limit of quantification was 0.25 pg/ml for the measurement
of the total cefuroxime concentration in plasma and 0.06 pg/ml for the
measurement of the free concentrations in plasma, dialysate, and sam-
ples from the in vitro study. Intrarun (interrun) imprecisions (percent
coefficients of variation [%CV]) were 5.3% (8.2%) at 12.5 pwg/ml and
4.1% (4.3%) at 50 wg/ml for quantification of the total plasma drug
concentrations, and 4.3% (4.7%) at 2.5 pg/ml and 1.6% (6.2%) at 38
pg/ml for the quantification of the free concentrations. The accuracy
of the assay was judged by repeated measurements of 5 different cefu-
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roxime formulations obtained from the pharmacy at Aarhus Univer-
sity Hospital and was found to be between —3.3% and 5.8%.

In vitro experiments. I vitro relative recovery by gain (RR,,;,) and by
loss (RR,,,) were determined using isotonic saline solutions containing
cefuroxime concentrations of 1, 10, and 50 pg/ml. Using 20-min intervals,
3 samples of 40 .l were harvested for each concentration, starting at 1
pg/ml. An equilibration period of 15 min was allowed whenever the con-
centrations were changed. The same catheter was used for both RR,,;, and
RR,, at all concentrations, and the entire experiment was conducted on
the same day. The temperature was maintained at 30 = 1°C.

The effect of temperature was also assessed. This was done in a series of
RRy,;, experiments, where the temperature was increased in a stepwise
manner at fixed concentrations of 1, 10, and 50 pg/ml, respectively. Three
samples of 40 .l were harvested at each temperature step: 22°C = 1°C,
30°C = 1°C, and 40°C = 1°C.

In vivo studies. (i) Animal, anesthetic, and surgical procedures. Fif-
teen pigs were included in the study (60-kg Danish Landrace breed). The
animals were kept under general anesthesia during the entire study using
acombination of fentanyl (0.25 to 0.5 mg/h, continuous infusion), propo-
fol (150 mg/h, continuous infusion), and sevoflurane (minimal alveolar
concentration, 1.1% * 0.1%). pH, which is known to affect RR (24), was
evaluated with arterial gas analysis and kept within the reference range
(7.36 to 7.42) throughout the study by controlling ventilation. Normal
kidney function, assessed by plasma creatinine, was confirmed for all pigs
before inclusion in the study. Body temperature was kept within the range
of 36.5°C to 39.5°C. Immediately after the induction of anesthesia, the
surgical procedures were performed. MD catheters were placed either in
drill holes in cortical bone of the anterior margin of the tibia or in cancel-
lous bone within the femoral condyles. The tibia was accessed by an an-
teromedial approach, while the femur was accessed by a lateral approach.
The depths of the drill holes were 15 mm and 20 mm for the cortical and
cancellous drill holes, respectively. Regardless of the anatomical location,
the holes were made using a 2-mm drill. Cessation of drilling occurred
every few seconds to prevent overheating the tissue. The catheters were
fixed to the skin with sutures. The correct locations of the catheters were
verified by autopsy. For all pigs, in places where a catheter was implanted
into cortical bone, postmortem computed tomography (CT) scans of the
tibia were performed in order to document the correct intracortical loca-
tion of the drill hole.

(ii) Assessment of stability of recovery over time. In order to assess
whether RR,, remains constant over a relevant period of time, retrodi-
alysis was performed for 7 h in three pigs. The first pig had two catheters
implanted in cortical and cancellous bone, the second had three catheters
implanted in cortical bone, cancellous bone, and subcutaneous tissue, and
the third pig had catheters implanted in cancellous bone and subcutane-
ous tissue. The cefuroxime concentrations in the perfusates were 5 pg/ml
for cortical bone catheters and 10 pg/ml for cancellous bone and subcu-
taneous tissue catheters. The samples were collected at 60-min intervals.

(iii) Assessment of the effect of bone wax sealing of drill holes. This
part of the study was designed to assess whether MD measurements of
cefuroxime in drill holes in cortical bone solely reflect bone drug concen-
trations. In six pigs, four holes were drilled in the cortical part of the tibia,
two at each side. Each hole was symmetrical with a hole on the contralat-
eral side, leaving a total of two symmetrical pairs. When all holes were
fitted with a catheter, one hole in each pair was randomly allocated for
sealing with bone wax, while the corresponding contralateral hole was left
open. Prior to implantation, the catheters were perfused with Ringer’s
acetate containing cefuroxime at a concentration of 10 pg/ml. When sur-
gery was completed, a 30-min tissue equilibration period followed. The
probes were then calibrated using the retrodialysis method (26) by col-
lecting a sample over a 30-min interval. Following calibration, the perfus-
ate was changed to blank Ringer’s acetate, and a 75-min washout period
was conducted. A dialysate was collected during the last 20 min of this
period in order to assess the efficacy of the washout. Fifteen hundred
milligrams of cefuroxime was then administered intravenously over a
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FIG 1 (a) Mean RR,;,
cefuroxime. Bars represent the SEM.

30-min period. The dialysates were collected at 30-min intervals for the
first 2 h and at 60-min intervals at 3 to 5 h.

(iv) Measurement of cefuroxime in cancellous bone and subcutane-
ous tissue. The methodological setup of this part of the study is analogous
to the one outlined above. However, the MD catheters were placed in
cancellous bone of the femur and in subcutaneous tissue of the abdomen.
The dialysates were collected every 20 min for the first 3 h and every 30
min for the next 5 h, giving a total sampling time of 8 h. Additionally,
venous blood samples were collected in the middle of every dialysate sam-
pling interval. The blood samples were drawn from a central venous cath-
eter. Six pigs were included in this part of the study.

Pharmacokinetic analysis and statistics. The pharmacokinetic pa-
rameters were determined separately for each subject by noncompart-
mental analysis (NCA) using Stata (version 12.0; StataCorp, USA). The
exception is the time to 50% of C,, ., (Ts004 of cmax)> Which was determined
using WinNonlin software (version 5.3; Pharsight Corporation, Mountain
View, CA). The washout concentrations were low and as such were neglected
in the analysis. The area under the concentration-time curve (AUC) values for
the sampling periods were calculated using the trapezoidal rule. As cefu-
roxime measurements were conducted for only 5 h in cortical bone, the AUC
from 0 to 5 h (AUC,_5) was also calculated for the other compartments to
allow for a relevant statistical comparison. The terminal half-life (¢,,,) was
calculated as In /N, where A is the terminal elimination rate constant esti-
mated by linear regression of the log concentration on time. The appropriate
number of points used for the calculation was determined separately by in-
spection of the concentration-time profiles.

In order to assess whether RR,  remains constant, the relation of
RR,s to mean RR, for the entire 7 h (RR, . /mRR,,) was calculated for
every catheter at each time point. In the following analysis, the data were
pooled for all catheters and for each distinct location, respectively.

All values are given as the mean = standard error of the mean (SEM)
unless stated otherwise. An unpaired t test was used for comparing relative
recovery at room temperature and 40°C. A paired ¢ test was used for
comparing the pharmacokinetic parameters between sealed and unsealed
drill holes within the same animal. A general comparison of the pharma-
cokinetic parameters was conducted using one-way analysis of variance
(ANOVA) with a random animal effect. Finally, post hoc pairwise com-
parisons were made for selected pairs of pharmacokinetic parameters.
When comparisons were made across the two animal experiments, the
variability of C, .. and AUC increased slightly. Normality improved and
was confirmed when transforming to the log scale, and as such, compar-
isons for these parameters were made on a log scale. A P value of <0.05
was considered significant. As a measure of tissue penetration, the ratio of
the free tissue AUC (fAUC ;) to free plasma AUC (fAUC ) was also

tissue plasma
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Temperature (°C)

and RR,; values at different concentrations of cefuroxime. (b) Effects of temperature on recovery at different concentrations of

calculated for subcutaneous tissue and cancellous bone. Statistical analy-
ses were also performed using Stata (version 12.0; StataCorp, USA).

RESULTS

Effects of concentration, temperature, and time. The mean
RR;,, and RR, for cefuroxime were 42.1% and 42.9% at 1 g/
ml, 46.0% and 48.8% at 10 pg/ml, and 51.3% and 48.0% at 50
ng/ml, respectively (Fig. 1a). Figure 1b shows RR,,;, using differ-
ent concentrations of cefuroxime at different temperatures. When
pooling data for the three different concentrations, the average
difference in recovery between 20°C and 40°C was 7.5% (95%
confidence interval [CI], —2.4 to 17.4) (P = 0.12).

Over 7 h, the pooled relationship of RR,/mRR,, ranged from
0.96 to 1.04, while the ranges for subcutaneous tissue, cortical,
and cancellous bone were 0.93 to 1.10, 0.93 to 1.12, and 0.92 to
1.12, respectively (see Fig. 2). No distinct patterns were recog-
nized for the pooled relationship or for any of the separate
anatomical locations.

Assessment of the effect of bone wax sealing of drill holes. Of
the 6 pigs included in this part of the study, only 5 were eligible for
analysis. In the excluded pig, one pair of drill holes was excluded
because the postmortem CT scan revealed penetration to the sur-
roundings in the distal part of the hole. For one of the catheters in
the other pair of drill holes, two concentration analyses failed, and
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FIG 2 The relationship of RR,,/mRR,, for each anatomical location
(dashed lines) and the means for all locations (solid line). The horizontal solid
line represents a relationship of 1. Bars represent the SEM.
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FIG 3 Mean concentration-time profiles for sealed and unsealed drill holes.
Bars represent the SEM.

not enough material was left for a third reanalysis. In another pig,
the calibration resulted in an RR of 4%. This was considered un-
reliably low, and therefore, all the samples from this catheter were
reanalyzed. The mean RR values were 18.7% % 2.5% and 17.7% =
1.7% for the sealed and unsealed holes, respectively. The mean
concentrations in the washout samples were 0.26 * 0.08 pg/ml
and 0.31 = 0.05 pg/ml for the same holes, respectively. The con-
centration-time profiles for the sealed and unsealed drill holes are
depicted in Fig. 3. No significant differences were detected be-
tween the key pharmacokinetic parameters (Table 1).

Pharmacokinetics of cefuroxime in subcutaneous tissue and
cancellous bone. Of the 6 pigs included in this part of the study,
only 5 were included in the analysis. For the excluded pig, the
perfusate accidentally was not changed to pure Ringer’s acetate
following calibration. Thus, it was not possible to calculate abso-
lute tissue drug concentrations. For another pig, the RR of the
subcutaneous catheter was not reliably determined. Conse-
quently, the subcutaneous measurements in this pig were also left
out of the analysis. The mean RR values were 29.1% * 11.0% and
29.4% = 14.1% for the cancellous and subcutaneous catheters,
respectively. The mean concentrations in the washout samples
were 0.11 & 0.05 pg/mland 0.10 = 0.05 pg/ml for the same holes,
respectively. The concentration-time profiles of the two locations
and for plasma are depicted in Fig. 4. The pharmacokinetic pa-
rameters are shown in Table 2. Significant differences among the
means were found for AUC, C,,.,, and Ts5q; of cmax Values. Signif-
icant differences were also found for pairwise comparisons of free
plasma versus subcutaneous tissue and free plasma versus cancel-
lous bone for the same pharmacokinetic parameters.

TABLE 1 Key pharmacokinetic parameters for sealed and unsealed drill
holes in cortical bone

Pharmacokinetic Sealed drill holes ~ Unsealed drill holes
parameter” (mean * SEM) (mean * SEM) P
AUC, . (min - pg/ml) 868 = 233 1,037 * 318 0.38
Cppox (ng/ml) 48+ 1.0 57+14 0.42
T ax (min) 84 = 12.7 105 = 11.8 0.33
Ts006 of Cmax (MiN) 318+ 58 28.7 £ 4.7 0.61
t,,, (min) 136 = 42.0 1422 = 59.3 0.93

@ Cpaxo Peak drug concentration in serum; T, time to Cyos T5006 of Cmax tiMe to
50% 0f Cpya 112> half-life at B phase; AUC,, . area under the concentration-time
curve from 0 to the last measured value.
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FIG 4 Mean concentration-time profiles for plasma, subcutaneous tissue, and
cancellous bone. Bars represent the SEM.

Comparison of AUC,_s, C,,,.,, and time to 50% of C,,,, for
free plasma, subcutaneous tissue, and cancellous and cortical
bone. The AUC,_; values were 6,013 * 1,339, 3,222 £ 1,086,
2,232 * 635, and 952 * 290 min pg/ml for free plasma, subcuta-
neous tissue, cancellous bone, and cortical bone, respectively (P <
0.01, ANOVA). The value for cortical bone is the average of the
sealed and unsealed drill holes. A subsequent comparison of can-
cellous versus cortical bone showed a P value of 0.04. Statistically
significant differences among the means were also found for the
Crnax (P <<0.01) and Ts504 of cmax (P < 0.01) values for plasma and
the three different tissues (data not shown). For these parameters,
a significant difference was found for the C,,,, (P < 0.01) for the
subsequent pairwise comparison of cancellous and cortical bone
but not for the T5p0, of Cmax-

DISCUSSION

In this study, we have demonstrated that in vitro RR,,;, equaled
RR,, over a relevant range of concentrations and that RR was
independent of the concentration. When temperature was in-
creased from 20°C to 40°C, an insignificant increase in the recov-
ery of 7.6% was found. It was also shown that in vivo RR, re-
mained constant over a relevant period of time. Accordingly, MD
seems to be a valuable tool for assessing tissue distribution of
cefuroxime in studies lasting several hours and with possible phys-
iological changes in temperature. This is in agreement with the
findings in previous studies (7, 27, 28).

Bone is a compact tissue. Thus, it is necessary to create drill
holes in order to implant MD catheters. This inevitably raises the
question as to whether MD measurements of cefuroxime in drill
holes solely reflect bone drug concentrations or rather a mixed
tissue drug concentration stemming from the actual presence of
cefuroxime in bone and a contribution of cefuroxime diffusing
into the drill hole from the surrounding soft tissues. Our results
show identical pharmacokinetic parameters for sealed and un-
sealed drill holes, with parallel and almost overlapping time-con-
centration profiles. If a substantial diffusion of cefuroxime should
have occurred from the surroundings to the unsealed drill holes,
the pharmacokinetic parameters for these holes should have re-
sembled findings in subcutaneous tissue and/or plasma, which
was not the case. In addition to the common pharmacokinetic
parameters, we included Ty, of cmayx i1t the analysis for the follow-
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TABLE 2 Key pharmacokinetic parameters for plasma, subcutaneous tissue, and cancellous bone”

Pharmacokinetic

parameter” Total plasma Free plasma Subcutaneous tissue Cancellous bone P
AUC, ., (min - pg/ml) 8,450 = 1,911 6,227 + 1,449 3,386 + 1,120¢ 2,292 * 660° 0.01
Crnax (ug/ml) 154.4 = 45.7 109.9 + 31.4 24.0 + 6.5 22.9 + 6.3 <0.01
T,n (min) 30.0 = 0 30.0 = 0 50.0 + 8.2 50.0 = 0

t,/, (min) 60.8 £ 9.6 66.6 £ 11.5 85.4 + 34.9 56.4 = 6.6 0.40
Ts006 of Crmax (T0IN) 11.0 + 1.7 10.7 + 2.2 16.8 = 1.4° 225+ 1.5 <0.01
JAUC s tissuel fAUC pragma 0.58 = 0.19 0.45 = 0.13 0.57"

a

JAUC G e
b All values (other than P values) are expressed as the mean = SEM.

“ One-way ANOVA for free plasma, subcutaneous tissue, and cancellous bone.
4 P < 0.05 for comparison with the corresponding free plasma value.

¢ P < 0.01 for comparison with the corresponding free plasma value.

/By t test.

ing reasons. Considering the fact that the concentration-time pro-
files are rather flat around C,,,, combined with a temporal reso-
lution of 30 min, T,,,, is an insensitive measure for detecting
differences in the kinetics. Tsgo, of cmax ON the other hand, is situ-
ated on the steepest part of the curve, making evaluation and
comparison of tissue penetration more accurate.

Over the last 2 decades, an increasing number of studies have
demonstrated incomplete tissue penetration for different combi-
nations of drug and tissue under both physiological and patholog-
ical conditions (2—8). This emphasizes the need not only to char-
acterize the pharmacokinetics of an antimicrobial drug in a
specific tissue but also under specific conditions. In this study,
tissue distribution was analyzed using a number of pharmacoki-
netic parameters. For all extravascular tissues, a heterogeneous
tissue distribution was demonstrated. Significant differences in
AUC values were found for all tissues compared to free plasma.
The lowest AUC was found in cortical bone, reaching only about
1/6 of the corresponding free plasma value. The same ratio for
cancellous bone was just >1/3. Both the AUC and C,,,,, values
were significantly higher in cancellous than in cortical bone, sug-
gesting that bone may not be considered one distinct compart-
ment. It is noteworthy that cefuroxime penetration was impaired
for all investigated tissues, as expressed in several pharmacokinetic
parameters. Altogether, the findings in this study support the fact
that complete tissue penetration cannot be taken for granted. In
turn, it can be speculated that poor bone penetration may partly
account for the prolonged treatment needed for osteomyelitis and
PJIs and for the high failure rate when treating these infections.

Determining the concentration of antimicrobials in bone re-
mains a difficult task. The vast majority of studies assessing this
challenge have done so using bone biopsy specimens. This
method, however, has considerable limitations, not only regard-
ing the method but also because of the lack of standardized pro-
cedures in terms of sample preparation, drug analysis, data han-
dling, and reporting (10, 29). Regarding the method as such, it
allows only for measurement of the total tissue concentration and
not the free and unbound extracellular fraction, which is known to
be pharmaceutically active (30, 31). Due to the inherent invasive-
ness of bone biopsy specimens, samples can be harvested only
during surgery, providing poor temporal resolution. Moreover,
concentrations are given by weight and not by volume, which
makes it difficult to relate the findings to established pharmaco-
dynamic endpoints (10, 29). For B-lactams, it is generally recom-

3204 aac.asm.org

"maxo Peak drug concentration in serum; T, time to C,,.,; t,/,, half-life at  phase; AUC,_,,, area under the concentration-time curve from 0 to the last measured value;
/fAUC,jasma> free area under the concentration-time curve ratio of interstitial fluid (ISF) tissue to free plasma.

mended that the concentration of the drug exceeds the MIC for
suspected microorganisms for =50% of a dosing interval, leaving
the time exceeding the MIC (Ty;;) as the most important phar-
macokinetic parameter for this group of antimicrobials (32). Due
to the restricted temporal resolution provided with bone biopsy
specimens, Ty cannot be assessed with this method. The present
study suggests that microdialysis can solve these major limitations
that are encountered with bone biopsy specimens.

When performing MD experiments, it is important to realize
that there will often be a trade-off between experimental needs
and the ideal setup. Examples of factors contributing to the limi-
tations are the analytical lower limit of quantification, injection
volume, membrane length, and flow rate. Also, these are the ad-
justable experimental factors that will ultimately decide the RR
and the temporal resolution. Our setup resulted in an in vivo RR of
approximately 18% for cortical bone MD measurements. It is gen-
erally recommended that recovery should be >20%, as lower lev-
els of recovery are relatively more exposed to the standard devia-
tions associated with the preanalytical handling as well as chemical
analysis (33). The resulting variations will increase exponentially
with decreasing recovery. This disadvantage should be remem-
bered when interpreting results obtained with MD. Nevertheless,
in our case, where the depth of the drill holes limits membrane
length and the relatively short half-life of cefuroxime calls for high
temporal resolution, an in vivo RR of 18% seems acceptable.

From a clinical perspective, the findings of the present study are of
considerable importance. A drug like cefuroxime reaches a high peak
concentration in plasma after a bolus injection, but it is rapidly
cleared from plasma because of excretion and redistribution. For the
drug to exceed the MIC in its target site for a sufficient period of time,
quick tissue equilibration seems mandatory for obtaining relevant
antimicrobial action. For cortical bone in particular, penetration
seems to be incomplete and delayed, as shown in this study, and it can
be questioned if bolus injections of drugs with short half-lives are
suitable when treating or preventing infections in bone.

In conclusion, the findings in the present study demonstrate
that MD is a valuable and reliable method for evaluating the tissue
distribution of cefuroxime. Calibration can be performed by
means of retrodialysis, and studies can be prolonged for several
hours. The problem of assessing cefuroxime concentrations in
bone can be overcome by placing the MD catheters in drill holes,
and sealing of these seems unnecessary. As such, we find that MD
might be a valuable tool for clinical studies on bone pharmacoki-
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netics. The uneven tissue distribution that was demonstrated in
this study is important and may account for treatment failures in
the clinical setting.
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