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Aims

Prompt and sufficient broad-spectrum empirical antibiotic treatment is key to preventing
infection following open tibial fractures. Succeeding co-administration, we dynamically as-
sessed the time for which vancomycin and meropenem concentrations were above relevant
epidemiological cut-off (ECOFF) minimal inhibitory concentrations (T > MIC) in tibial com-
partments for the bacteria most frequently encountered in open fractures. Low and high MIC
targets were applied: 1 and 4 pg/ml for vancomycin, and 0.125 and 2 pg/ml for meropenem.

Methods

Eight pigs received a single dose of 1,000 mg vancomycin and 1,000 mg meropenem si-
multaneously over 100 minutes and 10 minutes, respectively. Microdialysis catheters were
placed for sampling over eight hours in tibial cancellous bone, cortical bone, and adjacent
subcutaneous adipose tissue. Venous blood samples were collected as references.

Results

Across the targeted ECOFF values, vancomycin displayed longer T > MIC in all the investi-
gated compartments in comparison to meropenem. For both drugs, cortical bone exhibit-
ed the shortest T > MIC. For the low MIC targets and across compartments, mean T > MIC
ranged between 208 and 449 minutes (46% to 100%) for vancomycin and between 189 and
406 minutes (42% to 90%) for meropenem. For the high MIC targets, mean T > MIC ranged
between 30 and 446 minutes (7% to 99%) for vancomycin and between 45 and 181 minutes
(10% to 40%) for meropenem.

Conclusion

The differences in the T > MIC between the low and high targets illustrate how the inter-
pretation of these results is highly susceptible to the defined MIC target. To encompass any
trauma, contamination, or individual tissue differences, a more aggressive dosing approach
may be considered to achieve longer T > MIC in all the exposed tissues, and thereby lower
the risk of acquiring an infection after open tibial fractures.
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and meropenem in orthopaedic compartments most
relevant to open tibial fractures.

Key messages

The main finding was short T > MIC, especially in
cortical bone, for both vancomycin and meropenem
across all MIC-values evaluated.

Vancomycin demonstrated longer T > MIC values
than meropenem across all compartments and MIC
values evaluated.

To achieve sufficient antibiotic prophylaxis in open
fractures, alternative dosing regimens seem necessary.

Strengths and limitations

This is the first study to evaluate co-administered
vancomycin and meropenem by microdialysis,
providing dynamic concentration-time profiles from
tissue targets.

The main limitation is that the experiment was
conducted on young, healthy pigs with no open tibial
fracture or soft-tissue damage.

Introduction

The nature of open fractures introduces an obligate
bacterial contamination of the wound, inevitably
resulting in higher infection rates compared with closed
fractures.’® The reported infection rates following open
fractures vary from 0% to 50%,%¢ reflecting the hetero-
geneity in contamination grade, anatomical location,
soft-tissue damage and laceration, and presence of
vascular compromise,” e.g. open tibial fractures are
associated with infection rates twice those for open
fractures in other locations.® This is also exemplified by
the Gustilo-Anderson classification where higher grades
are associated with both a higher risk of infection and
a more diverse contamination.>*# Infection following
open fractures is associated with multiple surgical revi-
sions, prolonged antibiotic treatment, and increased
morbidity.” To lower the risk of infection development,
revision surgery should be accompanied by prompt
antibiotic treatment with sufficient coverage of the
bacteria that are most frequently causing infections after
open fractures."? In cases of open tibial fractures, recent
studies have found that the combination of vancomycin
and meropenem as first-line antibiotic therapy covers
up to 93% to 96% of the encountered bacteria causing
infection, most frequently being Staphylococcus aureus,
Enterococcus spp., Pseudomonas aeruginosa, Entero-
bacter species, and coagulase-negative staphylococci
(CoNS)."21° Supported by the current European Bone
and Joint Infection Society (EBJIS) guidelines on preven-
tion of fracture-related infections,” the diverse contam-
ination profile demands a broad antibiotic prophylactic
spectrum encompassing both Gram-positive and Gram-
negative bacteria.?

When administering antibiotics to prevent infection
of a contaminated open fracture, it is essential that anti-
biotic target site concentrations, as a minimum, reach
and remain above relevant bacteria’s minimal inhibitory
concentrations (MICs) for a sufficient amount of time.
While it remains difficult to obtain sound evidence of
the time during which the bacteria must be exposed to
concentrations above MIC to ensure antibiotic prophy-
laxis, dynamic assessment of target concentrations in
bone and soft-tissues of various antibiotics by use of
microdialysis (MD) has gained increased interest during
the last few years.”®'> A dynamic assessment of target
bone and soft-tissue concentrations for the combina-
tion of vancomycin and meropenem has the potential
to create important pharmacokinetic knowledge, which
can improve the antibiotic regimens and lower the risk
of developing an infection following open tibial frac-
tures. Open tibial fractures were chosen as a well-defined
disease entity for the purpose of defining target MICs,
although the results can be applicable to all open frac-
tures, as they share similar microbiology.'®

Therefore, we dynamically assessed single-dose vanco-
mycin and meropenem concentrations following co-ad-
ministration in tibial cancellous bone, cortical bone,
and subcutaneous adipose tissue using MD in a porcine
model. The primary endpoint was to evaluate the time
with vancomycin and meropenem concentrations above
relevant epidemiological cut-offs (ECOFF) (T > MIC)
for bacteria most frequently encountered in infections
following open tibial fractures.™?

Methods

This study was conducted at the Institute of Clinical Medi-
cine, Aarhus University. The study was approved by the
Danish Animal Experiments Inspectorate and was carried
out in agreement with existing laws (license no. 2017/15-
0201-01184). The study adhered to the ARRIVE guidelines,
as shown by the ARRIVE checklist included in the Supple-
mentary Material. All chemical analyses were performed
at the Department of Forensic Medicine, Aarhus Univer-
sity Hospital.

Microdialysis. A more elaborate description of MD can
be found elsewhere.” In brief, the method allows for
dynamic collection of samples simultaneously from dif-
ferent relevant tissues. MD is a catheter-based sampling
method, allowing for extracellular water-soluble mole-
cules to diffuse across a semipermeable membrane at the
tip of the MD catheter along the concentration gradient.
Due to continuous perfusion of the MD system, equilibri-
um across the membrane cannot occur. Accordingly, the
sampled analyte concentration found in the dialysate will
only represent a fraction of the absolute tissue concentra-
tion. This fraction is referred to as relative recovery (RR).
In antibiotic pharmacokinetic studies, individual catheter
determination of RR is mandatory to calculate absolute
tissue concentrations. In the present study, retrodialysis
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by drug was used to calculate RR using the following
equation:™

RR (%) =100 x (1 fw)

perfusate

where C,  is the concentration of vancomycin or
ysate

meropenem in the dialysate, and C__ . is the concen-
tration of vancomycin or meropenem in the perfusate.
In the data analysis, the measured concentrations were
attributed to the midpoint of the sampling interval
resulting in a 450-minute dosing interval. The absolute
tissue concentrations (C,_ ) were obtained by individual
correction of the membrane-specific RR of each sample,
for each drug, using the following equation:
Ctissue = 100 x %;al(y;t)e

The MD equipment used was acquired from M Dial-
ysis AB (Sweden). Specifically, the catheters used were
CMA 70 (membrane lengths 10 and 20 mm with a
20 kDA molecule cut-off) and CMA 107 precision pumps
producing at a flow rate of 1 pl/min.
Animals, anaesthetic, and surgical procedures. Eight fe-
male pigs (Danish Landrace breed; weight 78 to 82 kg)
were included in the study. A combination of fentanyl (0.6
to 0.7 mg/hour) and propofol (550 to 600 mg/hour) was
used to keep the pigs under general anaesthesia through-
out the surgery. pH and body temperature were moni-
tored and kept within a range of 7.40 to 7.55 and 36.5°C
to 39°C, respectively. pH was regulated through venti-
lation and body temperature with blankets or icepacks.

With the pig in a supine position, the proximal part
of the right tibia was exposed by a medial incision. Here-
after, a 25 mm drillhole was made into cancellous bone
approximately 10 mm distal to the epiphysial line of the
tibial condyle. Next, a 15 mm drillhole was made into
the cortical bone by assessing the anterior margin of the
tibial diaphysis with an anterolateral approach. Precau-
tionary measures were taken when drilling all holes by
only drilling for short periods of time and by continu-
ously applying cold sodium chloride (NaCl) upon the
drill site to prevent bone necrosis. A20 mm and a 10 mm
MD catheter were introduced into the drill holes of the
cancellous bone and cortical bone, respectively, and
fastened to the skin with single sutures. Lastly, a 20 mm
MD catheter was placed in the subcutaneous adipose
tissue of the right leg, lateral to the knee joint using an
introducer. Correct location of all bone catheters was
verified by fluoroscopy, and post-mortem CT was applied
to verify that the cortical drill holes had not penetrated to
the bone marrow and remained intracortical throughout
their extent.
Sampling procedures. Immediately after placement of
all MD catheters, the catheters were perfused with 0.9%
NaCl, followed by a 20-minute tissue equilibrium peri-
od. Next, vancomycin and meropenem were adminis-
tered simultaneously through different venous catheters;
1,000 mg of vancomycin over 100 minutes, and 1,000 mg
of meropenem over 10 minutes. Time of administration

defined time zero. Following this, dialysates were collect-
ed with 30-minute intervals from time O to 4 hrs and with
60-minute intervals from four to eight hours, resulting
in a total of 12 samples over eight hours. Venous blood
samples were collected at the midpoint of each sampling
interval. After eight hours, all perfusates were changed
to a 0.9% NaCl solution containing 100 pg/ml meropen-
em and 300 pg/ml vancomycin, allowing for calibration
of the catheters with the retrodialysis by drug method.
After a catheter equilibrium period of 30 minutes, one
40-minute recovery sample was collected. All dialysates
were instantly frozen and stored at -80°C until analysis.
Blood samples were stored at 5°C for no longer than six
hours before being centrifuged at 3,000x g for ten min-
utes. Plasma aliquots were then frozen and stored at
-80°C until analysis.

Minimal inhibitory concentration. Given the high infec-
tion rates following open tibial fractures, and diversity of
the encountered bacteria, we opted to investigate a range
of prophylactic MIC targets for both vancomycin and
meropenem. We considered vancomycin as the relevant
drug of choice for coverage against Gram-positive organ-
isms, while meropenem would provide Gram-negative
coverage.

ECOFF for planktonic S. aureus, Enterococcus spp., and
CoNS, defined by the European Committee on Antimi-
crobial Susceptibility Testing (EUCAST), were used to
evaluate the pharmacokinetic/pharmacodynamic target
T > MIC for vancomycin, while ECOFF values for plank-
tonic Pseudomonas aeruginosa and various members of
the Enterobacterales order were used for meropenem
targets. For vancomycin, these specific MICs have been
reported in the range of 1 to 4 ug/ml and consequently
we chose 1 and 4 ug/ml as low and high targets, respec-
tively. For meropenem, MICs have been reported in the
range of 0.125 to 2 pg/ml, and therefore we chose 0.125
and 2 pg/ml as low and high targets, respectively.”
Quantification of vancomycin and meropenem concentra-
tions. The free concentrations of vancomycin in plasma
were quantified with a clinical standard homogeneous
enzyme immunoassay technique (Chemistry XPT, Advia
Chemistry, Germany). The intra-run (total) imprecisions
for this assay were £ 1.2 ug/ml (standard deviation (SD)
2) at 6.6 pg/ml and £ 3.7 pyg/ml (SD 2) at 29.1 pg/ml.%°
For meropenem, free plasma concentrations were quan-
tified using ultra-high performance liquid chromatogra-
phy. The lower limits of quantification were found to be
0.5 pg/ml. Interrun imprecision (percentage coefficients
of variation (%CV)) was 3.0% at 2.0 ug/ml. The accuracy
of meropenem quantification was found to be between
-4.3% and 4.8%, within a linearity range of 0.5 pg/ml to
105 pg/ml.?!

Quantification of free vancomycin and meropenem
concentrations in the microdialysate samples was done
using ultra-high performance liquid chromatography
and tandem mass spectrometry. Microdialysate samples
were prepared by mixing 300 pl internal standard
solution with 5 pl microdialysate sample in a 96-well
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Table 1. Time above minimal inhibitory concentration values for vancomycin and meropenem in cortical bone, cancellous bone, and subcutaneous adipose

tissue, expressed as minutes and percentages of the dosing interval.

Parameter Cortical bone Cancellous bone

Subcutaneous adipose tissue Plasma

Mean T > MIC, mins (95%
(d)]

Vancomycin, pg/ml

1.0 (low target)
2.0
4.0 (high target)

Meropenem, pg/ml

0.125 (low target)
0.25
2.0 (high target)

Mean %T > MIC (95% CI)
Vancomycin, pg/ml

1.0
2.0
4.0

Meropenem, pg/mi

0.125
0.25
2.0

208 (158 to 259)*
139 (79 to 200)*
30 (-26 to 86)*

189 (137 to 241)+
177 (130 to 225)t
45 (17 to 73)t

46 (35 to 58)
31 (18 to 44)
7 (-6 to 19)

42 (30 to 54)
39 (29 to 50)
10 (4 to 16)

403 (352 to 453)
379 (318 to 439)
296 (240 to 352)

278 (226 to 329)
256 (208 to 303)
144 (116 to 172)

89 (78 to 101)
84 (71 to 98)
66 (53 to 78)

62 (50 to 73)
57 (46 t0 67)
32 (26 to 38)

441 (390 to 491)
433 (373 to 494)
416 (360 to 473)

331 (280 to 383)
311 (264 to 359)
180 (152 to 208)

98 (87 to 109)
96 (83 to 110)
93 (80 to 105)

74 (62 to 85)
69 (59 to 80)
40 (34 to 46)

449 (399 to 499)
448 (388 to 508)
446 (390 to 502)

406 (353 to 458)
372 (324 to 419)
181 (153 to 209)

100 (89 to 111)
100 (86 to 113)
99 (87 to 112)

90 (78 to 102)
83 (72 to 93)
40 (34 to 46)

p < 0.001 for overall comparison using repeated measurements analysis of variance (F test) for both vancomycin and meropenem T > MIC.
*p < 0.001 using analysis of variance (paired t-test) for comparison with all other compartments.
+p < 0.025 using analysis of variance (paired t-test) for comparison with all other compartments.

Cl, confidence interval; MIC, minimal inhibitory concentration; %T > MIC,

above MIC.; T > MIC, time with concentration above MIC

microplate. The internal standard solution was 0.1 ug/
ml of Norvancomycin (Santa Cruz Biotechnology, USA)
and Meropenem-D6 (Cayman Chemical, USA) in solvent
water:methanol (85:15). Separate samples for calibration
were prepared using reference compounds (Meropenem
trihydrate Vetranal analytical standard and Vancomycin
Hydrochloride EDQM Reference Standard CRS batch
3, both supplied from Sigma-Aldrich, Germany). A 3 pl
sample volume was injected into an ultra-high perfor-
mance liquid chromatography system (Waters Acquity
UPLC, USA) with a C18 column (Waters UPLC HSS-C18)
and analyzed with a mass spectrometer (Waters Xevo
TQS) with conditions described previously.” Compounds
were detected with positive electrospray ionization in the
multiple reaction monitoring mode with the following
m/z transitions: vancomycin (725.2-144.1); norvan-
comycin (718.5-144.1); meropenem (384.1-68); and
meropenem-D6 (m/z: 390.2-147.1). Calibration curves
were constructed by linear regression of the peak area
ratio (analyte/internal standard) versus the nominal
analyte concentrations and based on seven points
(including the blank). Norvancomycin was used as
internal standard for vancomycin and meropenem-D6 for
meropenem quantification. The method showed accept-
able levels of precision (CV < 15%) in the quantification
ranges of 0.1 to 20 pg/ml.

Pharmacokinetic analysis and statistics. The standard
pharmacokinetic parameters: area under the concentra-
tion—time curve from zero to the last measured value

(AUC peak drug concentration (C__),andtimetoC__

O-Iast)' X

percentage of dosing interval of 450 minutes with concentration

(T,,) were determined separately for each compartment
for each animal for both meropenem and vancomycin by
noncompartmental analysis. The AUC was calculated us-
ing the linear-up/log-down method. C__ was calculated
as the maximum of all the recorded concentrations and
T . as the time to reach C__. The tissue AUC to plasma
AUC ratio (AUCtissue/AUCplasma) was calculated as a meas-
ure of the tissue penetration. Microsoft Excel (v. 16.47.1,
Microsoft, USA) was used to estimate the T > MIC for MIC
0.125, 0.25, and 2 pyg/ml for meropenem and for MIC 1,
2, and 4 pg/ml for vancomycin using linear interpolation
for each compartment and each animal. A general com-
parison of the pharmacokinetic parameters and T > MIC
was conducted using repeated measurements analysis of
variance (F test), followed by pairwise comparisons made
by linear regression (paired t-test). A correction for de-
grees of freedom by the Kenward—Roger approximation
method was used due to small sample size. The model
assumptions were tested by visual diagnosis of residuals,
fitted values, and estimates of random effects. A p-value
less than 0.05 was considered statistically significant. The
pharmacokinetic parameters and statistical analyses were
performed using Stata (v. 16.1, StataCorp, USA)

Results

All eight pigs completed the study. Data were obtained
from all pigs except for two catheters: one in cancellous
bone and one in cortical bone. For four cortical bone
catheters and two subcutaneous adipose tissue cath-
eters, RR could not be reliably determined. However,
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Table I1. Key pharmacokinetic parameters for vancomycin and meropenem in cortical bone, cancellous bone, and subcutaneous adipose tissue.

Pharmacokinetic parameter  Cortical bone

Cancellous bone

Subcutaneous adipose tissue Plasma

Vancomycin
Mean AUC .,
Mean C__, pug/ml (95% Cl)

7 (-2 to 16) 14 (5 to 23)

Mean T __, mins (95% CI) 330 (276 to 384) 218 (164 to 271)
Meropenem
Mean AUC_ ., min ug/ml (95% ClI) 320 (-3 to 644)} 1,157 (833 to 1,480)F

min pg/ml (95% Cl) 1,359 (-282 to 2,999)* 3,593 (1,953 to 5,233)

5,210 (3,570 to 6,851)
22 (13 to 31)
173 (119 to 226)

7,288 (5,648 to 8,928)
35 (26 to 44)
92 (38 to 146)

1,872 (1,548 to 2,196) 3,111 (2,787 to 3,434)

Mean C,__, ug/ml (95% CI) 3(-6to 11)* 14 (5 to 22) 22 (13 to 30) 67 (58 to 75)
Mean T __ ., mins (95% CI) 94 (76 to 112) 41 (23 to 59) 26 (8 to 44) 15 (-3 to 33)
AUC,, ., area under the concentration-time curve from 0 to the last measured value; C__, peak drug concentration; T__, timeto C__

0-last”

p < 0.001 using repeated measurements analysis of variance (F test) for overall comparison for both vancomycin and meropenem

pharmacokinetic parameters.

*p < 0.05 using analysis of variance (paired t-test) for comparison with all other compartments.
Fp < 0.001 using analysis of variance (paired t-test) for comparison with all other compartments.

AUC, area under the curve; Cl, confidence interval.

dialysate concentrations from these catheters resembled
the dialysate concentrations of the remaining catheters
from the same locations, wherefore the mean RR values
of the remaining catheters from the same locations were
applied. For vancomycin, the mean RR was 27% to 32%
across compartments, while for meropenem mean RR
was 30% to 55%.

Vancomycin. T > MIC (1 to 4 ug/ml) in minutes and per-
centages (%T > MIC) of the eight-hour dosing interval
are reported in Table I. For all the investigated MICs, T
> MIC was shorter in cortical bone compared with can-
cellous bone, subcutaneous adipose tissue, and plasma.
For the low MIC-target of 1 pg/ml, the mean T > MIC was
208 minutes (46%) for cortical bone, 403 minutes (89%)
for cancellous bone, 441 minutes (98%) for subcutane-
ous adipose tissue, and 449 minutes (100%) for plasma.
For the high MIC target of 4 ug/ml, the mean T > MIC was
30 minutes (7%) for cortical bone, 296 minutes (66%) for
cancellous bone, 416 minutes (93%) for subcutaneous
adipose tissue, and 446 minutes (99%) for plasma.

Key pharmacokinetic parameters are listed in Table II.

Lower AUC,,  was found in cortical bone in comparison
with all other investigated compartments, while plasma
demonstrated the highest values.
Meropenem. T > MIC (0.125 to 2 pyg/ml) in minutes and
percentages (%T > MIC) of the eight-hour dosing interval
are reported in Table I. For all MICs, T > MIC was shorter
in cortical bone compared with cancellous bone, subcu-
taneous adipose tissue, and plasma. For the low MIC tar-
get of 0.125 pg/ml, the mean T > MIC was 189 minutes
(42%) for cortical bone, 278 minutes (62%) for cancel-
lous bone, 331 minutes (74%) for subcutaneous adipose
tissue, and 406 minutes (90%) for plasma. For the high
MIC target of 2 yg/ml, mean T > MIC was 45 minutes
(10%) for cortical bone, 144 minutes (32%) for cancel-
lous bone, 180 minutes (40%) for subcutaneous adipose
tissue, and 181 minutes (40%) for plasma. Key pharma-
cokinetic parameters are listed in Table Il. Lower AUC
e and C_ were found in cortical bone in comparison
with all other investigated compartments, while plasma
demonstrated the highest values.

Discussion
We investigated tibial bone and adjacent soft-tissue
concentrations of co-administered standard doses of
vancomycin and meropenem during an eight-hour
sampling interval. Across the targeted ECOFF values,
vancomycin displayed longer T > MIC in all the inves-
tigated compartments in comparison to meropenem.
For both drugs, cortical bone exhibited the shortest T
> MIC (Figures 1 and 2). For the low MIC targets and
across compartments, T > MIC ranged between 208 and
449 minutes (46% to 100%) for vancomycin and between
189 and 406 minutes (42% to 90%) for meropenem. For
the high MIC targets, T > MIC ranged between 30 and
446 minutes (7% to 99%) for vancomycin and between
45 and 181 minutes (10% to 40%) for meropenem.
Treatment of open tibial fractures includes appropriate
and prompt antibiotic treatment (within three hours),?>%
surgical debridement, irrigation, bone stabilization, and
fast and sufficient soft-tissue coverage.** When consid-
ering the high infection rates, the diversity of the encoun-
tered bacteria and the devastating consequences, e.g. risk
of amputation, for patients suffering from open fracture-
related infections, sufficient broad-spectrum antibiotic
prophylaxis is important. Vancomycin and meropenem
have been proposed as such a prophylaxis for open tibial
fractures, as they provide excellent coverage against the
majority of the encountered bacteria causing infection.™?
To keep the administration period as short as possible,
an initial target of 100%T > MIC may be considered to
ensure that the most resistant bacterial subpopulation
is targeted.*? Prudently, achievement of this target is
determined by the MIC evaluated. In the present setup,
mean 100%T > MIC was only reached for vancomycin in
plasma. To achieve longer target tissue T > MIC for both
drugs, alternative dosing regimens seem necessary,?
e.g. weight-based dosing, additional local application,
repeated dosing, or continuous infusion. For meropenem
in particular, it has been shown that continuous infusion
is superior to intermittent administration in terms of T >
MIC in critically ill patients.?”? Although appropriate and
prompt antibiotic treatment is considered imperative, no
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Mean concentration time profiles of vancomycin in plasma, subcutaneous adipose tissue, cancellous bone, and cortical bone. Minimal inhibitory
concentrations (MICs) of 1 and 4 pg/ml are indicated by the horizontal dotted lines. Y-axis is log-scaled. The error bars represent upper 95% confidence
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Mean concentration time profiles for meropenem in plasma, subcutaneous adipose tissue, cancellous bone, and cortical bone. Minimal inhibitory
concentrations (MICs) of 0.125 and 2 pg/ml are indicated by the horizontal dotted lines. Y-axis is log-scaled. The error bars represent upper 95% confidence

intervals.

sound correlation between antibiotic target tissue expo-
sure and prevention of infection development following
open tibial fractures exists. This makes the interpretation
and comparison of our results to fixed pharmacokinetic/
pharmacodynamic targets theoretical rather than clinical.
In this context, a recent study found no differences in

infection rates in open fractures between one and three
days of systemic antibiotic prophylactic treatment.?
Further, local susceptibility patterns will likely also affect
choice of antibiotic prophylaxis; for example, studies
conducted on open tibial fractures sustained by mili-
tary personnel in the battlefield found that Acinetobacter
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species were among the most common contaminating
bacteria in that specific setting, requiring an ECOFF-target
for meropenem of 4.0 pg/ml.%

It is well recognized that sufficient and early soft-tissue
coverage plays a significant role in open tibial fracture
management,’? and antibiotic treatment should be main-
tained until attainment of sufficient soft-tissue coverage.
The significance of soft-tissue coverage is, presumably,
due to the physical barrier preventing further contami-
nation, as well as providing nutrients, antibiotic supply,
and facilitating local immune response to the fracture
site.3® We found adjacent subcutaneous adipose tissue
to provide vancomycin T > MIC ranging from 416 to
441 minutes (93% to 98%) across the investigated MICs,
while the corresponding meropenem T > MIC values
were 180 to 331 minutes (40% to 74%). However, the
pigs in the present study were only exposed to incision-
related tissue damage with neither tibial fracture nor
contamination. It remains unknown to what extent soft-
tissue damage and bone fracture shift the distribution of
antibiotics, but it seems judicious that sufficient antibiotic
concentrations should be reached in the entire soft-tissue
envelope. A fracture induces activation of an acute phase
response via increase in local bone concentrations of
proinflammatory cytokines, such as interleukin-6, which
increases perfusion in the fracture site and the permea-
bility of the blood vessels.’' Thus, in the current exper-
imental setting, the measured concentrations may be
underestimated compared to an open fracture setting.
Similar alterations in soft-tissue following a fracture
have not been investigated. Bacterial contamination
has not been found to affect blood flow in musculocu-
taneous tissue.’? Accordingly, the impact of soft-tissue
and bone damage on the antibiotic distribution in open
tibial fracture is extremely heterogenous and is difficult
to predict upon initial assessment, which may advo-
cate for an aggressive antibiotic prophylactic approach.
Interestingly, a recent systematic review concludes that
additional application of local antibiotics reduces the risk
of subsequent fracture-related infection and may there-
fore be considered as an important supplement to the
systemic treatment.*

Demonstrated by the AUC , . values, vancomycin
displayed an incomplete penetration into both bone
tissue compartments (Figure 1). Also, meropenem AUC |
L €xhibited noteworthy intercompartmental differ-
ences (Figure 2), with significant differences between all
measured compartments. Differences in molecular size
(meropenem, 383 Da, and vancomycin, 1450 Da) and
antibiotic classes between the two drugs may explain
the differences in tissue concentrations and penetration
ratios. For both drugs, cortical bone presented with the
lowest concentrations. In recent years, colonization of
S. aureus within canaliculi of the cortical bone has been
shown both in experimental and clinical studies.’**
Canaliculi diameters range from 80 to 710 nm,*¢ making
host immune cells too large to enter the canaliculi. This
makes antibiotic penetration to cortical bone of utmost

importance since failure of bacterial eradication could lead
to chronic osteomyelitis. Although our results are largely
in accordance with previously attained results, mean
meropenem AUC and C__ in subcutaneous adipose
tissue were significantly lower than previously reported,
while cancellous bone demonstrated a tendency of
lower concentrations.'?' These previous studies eval-
uated vancomycin and meropenem administered as
monotherapy, hence these differences may suggest an
interaction between the drugs influencing tissue penetra-
tion for meropenem when co-administered. This is new
knowledge, since previously only lack of interaction or
synergistic interactions between the two drugs had been
described.®” To our knowledge, no studies have thor-
oughly evaluated the interaction of the two drugs and
its effect on the tissue concentrations, particularly not in
the case of a fracture. Future studies assessing this matter
more thoroughly are warranted.

Our study has several limitations. Neither fracture
nor contamination were introduced, and sampling was
conducted on healthy young (aged five months) porcine
tissue. Although pigs generally are considered a good
experimental model for bone and soft-tissue research,3®
the lack of interventions may limit the translational
potential and should be included in future studies. To
introduce a fracture in an experimental study it is essen-
tial to have an established fracture model, which ensures
a uniform fracture and local response each time. Further-
more, drilling in bone is obligatory when applying MD
in bone tissue, which may induce thermal bone necrosis
affecting the bone concentrations. However, as drilling
is an integrated part of open fracture management, this
likely reflects the clinical setting. Lastly, it is important to
recognize that sampling was performed in an eight-hour
sampling interval. While intermittent meropenem admin-
istration is normally given every eight hours, vancomycin
is generally administered every 12 hours. Our vanco-
mycin results can therefore not be attributed to a full
dosing interval.

In conclusion, we found longer T > MIC for vanco-
mycin than meropenem across all investigated compart-
ments and ECOFFs. Cortical bone in particular exhibited
short T > MIC for both vancomycin and meropenem.
The differences in the T > MIC between the low and high
targets illustrate how the interpretation of these results,
and potentially the effect of the prophylaxis, is highly
susceptible to the defined MIC target. Accordingly, treat-
ment should be guided by local susceptibility patterns,
but future studies are needed to evaluate the prophylactic
efficacy in open tibial fractures with different antibiotic
targets. To encompass any trauma, contamination, or
individual tissue differences, a more aggressive dosing
approach than just choosing a broad-spectrum combina-
tion to achieve longer T > MIC in all the exposed tissues,
including application of local antibiotics, may be consid-
ered to lower the risk of acquiring an infection after open
tibial fractures.
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Supplementary material

An ARRIVE checklist is included to show that the
ARRIVE guidelines were adhered to in this study.
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