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Abstract

Background and Objective Exhaustive pharmacokinetic (PK) studies in paediatric patients are unavailable for most antibiotics
and feasibility of PK studies is limited by challenges, such as low blood volume and venipuncture-related pain. Microdialysis
(MD) represents a promising method to overcome these obstacles. The aim of this proof-of-concept study was to develop and
validate modified MD catheters that can be used to obtain concentration—time profiles of antibiotics in paediatric patients.
Methods Following extensive in vitro MD experiments, a prospective open-labelled study in ten healthy adult volunteers
(HVs) was conducted. Subjects received a single intravenous dose of 1000 mg vancomycin, then plasma and intravascular
microdialysate were sampled over 24 h. In vivo MD probe calibration was conducted using the retrodialysis technique. Plasma
protein binding was measured using ultrafiltration. Confirmation of the measurements was performed using a Bland-Altman
plot, relevant PK parameters were calculated, and a pharmacometric model was established.

Results No safety issues were encountered. The concentration—time curves of microdialysate and plasma measurements
showed good alignment. The Bland-Altman plot yielded a mean bias of 0.19 mg/L and 95% limits of agreement of — 9.34
t0 9.71 mg/L. A two-compartment model best described plasma PK, model-based estimates for recovery of the MD probes
being in high agreement with the observed values. Quantified estimates of fraction unbound were comparable between
plasma and microdialysate (p = 0.56).

Conclusions An innovative MD catheter that can be inserted into small intravenous lines was successfully developed and
applied in HV. This proof-of-concept study is encouraging and opens the way to further experiments leading towards future
use of MD in paediatric patients.

1 Introduction

Performing pharmacokinetic studies in paediatric patients
is difficult due to several challenges, such as low blood
volume and venipuncture-related pain. We successfully
developed an innovative intravascular microdialysis cath-
eter that can be inserted into small intravenous lines for
paediatric patients, which overcomes these challenges.

This proof-of-concept study is encouraging and opens
the way to further experiments leading towards future
use of microdialysis in paediatric patients.
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Compared to adults, the pharmacokinetics (PK) of drugs
in paediatric patients, especially below the age of 2 years,
differ considerably due to maturation-dependent differ-
ences in organ function, body weight, body water and
protein composition [1]. Furthermore, these parameters
continuously change with growth in paediatric patients. In
the absence of PK data in the target population, in clinical
practice pediatricians usually adapt the administered drug
dose by down-scaling the adult dose according to total
body weight. However, particularly for paediatric patients
below the age of 2 years, this does not adequately account
for the unique ontogenetic changes in drug disposition.
Simply applying the PK characteristics of adults to paedi-
atric patients involves the risk of potential overexposure
and consequent toxicity or underexposure resulting in lack
of efficacy [2].
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To develop effective and safe treatment regimens for
pediatrics, thorough pharmacokinetic/pharmacodynamic
(PK/PD) models that integrate the dynamic changes during
child development as well as confirmatory clinical data are
necessary. However, PK sampling in the pediatric popula-
tion is severely hampered by physiological, practical and
ethical restrictions. On one hand the blood volume is limited
in paediatric patients, in particular in preterm and full-term
neonates and in infants, preventing the collection of suffi-
cient sample numbers and volumes to estimate continuous
blood concentration versus time profiles. On the other hand,
repeated venipuncture is an unacceptable burden for paedi-
atric patients, and measures to minimize pain are needed to
reduce discomfort to the child and the concerns of parents.
Conventional indwelling catheters are available but do not
reduce the amount of removed blood, and repeated manipu-
lation might cause contamination or malfunction of the
device. Dried blood spot analysis only requires very small
amounts of blood but can only be used to measure a few sub-
stances and is often more semi-quantitative than quantitative
[3]. Quantitative analyses have, however, been performed
using dried blood spots [4].

Moreover, all available techniques cannot distinguish
between the bound (inactive) and unbound (active) fraction
of a drug without relying on an additional method. However,
differences in maturation of organs and inter-individual vari-
ability make PK/PD modelling without appropriate PK data
impossible. Pharmacokinetic analysis of sparse sample data
can be achieved using pharmacometric models. For vanco-
mycin several such models have been developed using data
from paediatric patients [5—7]. However, the development of
pharmacometric models is time-consuming, computation-
ally intensive, and usually relies to some degree on assump-
tions. Another approach involves scaling adult PK to get
an estimate of paediatric PK and, thereby, determine the
appropriate dose [8].

The difficulties in conducting exhaustive PK studies in
paediatric patients have led to the current situation, where
30-50% of drugs that are used by pediatricians have insuf-
ficient dosing data and are unlicensed in paediatric patients
or are used off-label [9, 10].

Microdialysis (MD) is a well-established method to meas-
ure unbound drug concentrations in adults and displays a
unique opportunity to overcome the aforementioned obsta-
cles of PK measurements in paediatric patients. It is a vol-
ume neutral method allowing continuous measurement of
unbound (active) concentrations of pharmacological sub-
stances in blood. Furthermore, MD probes can be inserted
in peripheral intravenous lines, which enables continuous
dense PK sampling with no or minimal additional pain for
the child [11-13]. However, MD is rarely used in paediatric
patients, and the currently available MD probes do not fit the
small intravenous lines used on pediatric wards. Therefore,
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the development and validation of MD probes that could be
used in paediatric patients would enable the accumulation
of invaluable information on the PK of drugs in paediatric
patients.

The aim of our study was to develop and validate a practi-
cal method for PK measurements in paediatric patients. We
investigated vancomycin as a representative drug because it
is frequently used in the paediatric population.

2 Materials and Methods
2.1 Ethics

The clinical part of this study was conducted at the Depart-
ment of Clinical Pharmacology at the Medical University
of Vienna (Austria) in accordance with the Declaration of
Helsinki and the Good Clinical Practice Guidelines of the
International Conference on Harmonization. Approval of
the Ethics Committee of the Medical University of Vienna
and the Austrian Agency for Health and Food Safety was
obtained, and the study was registered under the EudraCT
number 2018-000010-38. Oral and written informed consent
to participate was obtained from all study subjects before
enrollment in the study.

2.2 Modified Microdialysis Catheters

The custom-made MD catheters were modified from the
existing 67 Intravenous MD catheter (M Dialysis AB) to fit
smaller intravenous lines (pink, 20 gauge) by shortening the
length of the shaft to 10 mm and extending the length of the
membrane to 60 mm (plus 4 mm glued tip). The part of the
membrane within the blood stream is 19 mm long, with a
glued tip of 4 mm and an active membrane of 15 mm. As a
consequence of the increased membrane length, 45 mm of
the membrane lies within the plastic tube of the intravenous
line. The custom-made MD catheters fit intravenous lines
with a gauge size of 20G, which is regularly used in children
from 4 years of age and above.

The accessories used with the modified MD catheters
were the same as recommended by the manufacturer for the
unmodified 67 IV MD Catheter, and no modification of the
accessories was performed.

A comparison between the modified MD catheter and the
unmodified, commercially available catheter (67 Intravenous
MD catheter by M Dialysis AB) is shown in Table 1.

2.3 InVitro Experiments
In vitro MD experiments were performed prior to initiation

of the clinical part of the study. The in vitro experiments
served to assess if the recovery is similar in both directions
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Table 1 Comparison between the modified microdialysis catheter and
the commercially available 67 IV microdialysis catheter (M Dialysis
AB) which formed the basis of the modifications

67 IV Microdialysis Modified 67 IV

Catheter Microdialysis Cath-
Ref. no.: 8050092 eter
CE-certification Yes No
Membrane
Material Polyarylethersulphone Polyarylethersulphone
Total length 30 mm 60 mm
Length within 30 mm 15 mm
bloodstream
Diameter 0.6 mm 0.6 mm
Shaft
Material Polyurethane Polyurethane
Length 46 mm 10 mm
Diameter 0.9 mm 0.9 mm
Inlet tube
Material Polyurethane Polyurethane
Length 200 mm 200 mm
Diameter 1.0 mm 1.0 mm
Outlet tube
Material Polyurethane Polyurethane
Length 45 mm 95 mm
Diameter 1.0 mm 1.0 mm

(forward and retrodialysis) and constant over time. Fur-
thermore, the in vitro MD experiments were conducted to
choose an appropriate setting for the in vivo calibration pro-
cedure (retrodialysis technique). Two experiments (A and B)
were performed in triplicate each (three MD probes). For
experiment A physiological saline was used as the perfusion
solution. Due to the dissatisfying results of experiment A
(refer to the Sect. 3, Results), human albumin 1% was added
to the perfusion solution and the procedures were repeated
(experiment B).

The experiments were performed in a shaking water bath
at approximately 37 °C. Three MD probes were placed sepa-
rately in intravenous lines, which were placed in glass tubes
containing Aqua a.i. The MD probes were inserted into the
same intravenous lines that were used for the in vivo study.
This was especially interesting since part of the MD mem-
brane was lying within the plastic tube of the intravenous
line. The probes were then perfused with either physiologi-
cal saline or human albumin 1% solution at a flow rate of
1 uL/min for at least 12 h before the start of the forward
experiment to coat the catheters and minimize adhesion of
the drug to the catheter.

On day 1 of the experiments forward dialysis was per-
formed. The coated MD probes were placed in separate
glass vials containing a solution of 10 pg/mL vancomycin
in human serum (pooled, sterile filtered) and then constantly

perfused with either physiological saline or human albumin
1% solution at a flow rate of 1 uL/min using CMA 107 (M
Dialysis AB) precision pumps.

After an equilibration period of at least 60 min, three con-
secutive microdialysate samples over 60-min intervals (0—60
min, 60-120 min, 120-180 min) were collected from each
of the three probes. After completion of the last sampling
period, all probes were placed in Aqua a.i. and perfused
overnight with either physiological saline or human albumin
1% solution at a flow rate of 0.5 uL/min.

On the next day the retrodialysis experiments were per-
formed. A solution of 10 pg/mL vancomycin in either physi-
ological saline or human albumin 1% solution was used as
perfusion solution. Pooled, sterile filtered serum was applied
as immersion solution for all probes in separate glass vials.
Probes were constantly perfused at a flow rate of 1 uL/min
using CMA 107 precision pumps. After an equilibration
period of at least 60 min, microdialysate sampling was per-
formed identically to the sampling schedule described for
forward dialysis.

Aliquots of immersion solutions in the forward dialysis
experiments and aliquots of perfusion solutions in the retro-
dialysis experiments were collected before and at the end of
each sampling period and stored together with the collected
microdialysate samples at — 80 °C until analysis.

Vancomycin recovery during forward dialysis was calcu-
lated as the concentration in the MD vial of one time-inter-
val divided by the concentration in the immersion solution:

concentration in MD vial

recovery = ——— . —. ()
concentration in immersion solution
Loss during retrodialysis was calculated as 1 minus the
quotient of the concentration in the MD vial of one time-
interval and the concentration in the perfusion solution:
concentration in MD vial

loss=1-— — - —.
concentration in perfusion solution @)

2.4 Trial Design and Study Population

The study was a prospective, open-label, single-centre PK
study with ten healthy adult male volunteers.

Prior to inclusion, subjects were informed about the
objectives, the procedures as well as the risks associated
with the study. Inclusion and exclusion criteria and demo-
graphic data including underlying disease were assessed.
Each enrolled subject underwent a general medical assess-
ment including medical history, body mass index, blood
sampling for laboratory screening tests and virology, vital
signs and electrocardiogram.
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Subjects were enrolled in the study provided the inclu-
sion/exclusion criteria were fulfilled and upon receipt of
signed informed consent.

On the morning of the study day, healthy volunteers
(HVs) were admitted to the clinical research ward. Sub-
jects received a total of four intravenous lines (Venflon®).
One line was inserted into an antecubital vein of the arm
for intravenous infusion of the study drug and three addi-
tional venous catheters were inserted on the contralateral
arm. One of those was placed into the antecubital vein for
repetitive blood sampling. Two 20-gauge venous catheters
(BD Venflon, 20GA) were applied to forearm veins for the
insertion of two modified MD probes, serving as duplicates
of the same procedure. The MD systems were connected
and perfused with human albumin 1% solution by means of
microinfusion precision pumps (CMA 107, M Dialysis AB)
at a flow rate of 2.0 pL/min. After MD probe insertion, an
equilibration period of 30 min was allowed. Baseline sam-
ples of microdialysate and plasma were obtained prior to
study drug administration.

A single dose of vancomycin 1000 mg (Vancomycin®
‘Hikma’ 1000 mg vials, Hikma Pharmaceutics, Portugal)
was administered intravenously over 60 min. Plasma and
microdialysate sampling time-points are given in the next
section.

After the last microdialysate sample was obtained, in vivo
recovery was estimated using the retrodialysis technique (30
min run-in, 2 X 30 min sampling). For retrodialysis a flow
rate of 2.0 uL/min and a calibration solution with 10 pg/
mL vancomycin in human albumin 1% solution were chosen
based on the results of the in vitro experiments. Influence of
the recovery/loss rate on final concentrations was limited by
exclusion of all MD probes from the analysis that showed
recoveries < 10%.

A final visit was performed in the study participants up
to 7 days after the study day.

Since MD provides the concentration of the unbound
drug fraction, the unbound fraction from the values obtained
through blood sampling was calculated for comparison.
Ultrafiltration was employed to determine the protein bind-
ing and calculate the unbound fraction of vancomycin for
each HV separately.

2.5 InVivo Sampling Time-Points and Handling
of Samples

Blood was collected into lithium-heparin tubes (Vacuette®
lithium-heparin) at baseline and the following time-points
after drug administration: 30 min, 1, 2, 3,4, 5, 6, 8, 12 and
24 h. These sampling time-points were chosen to cover
the most important time-points of the concentration—time
profile. One sample in the ascending part of the concentra-
tion—time curve, one point at C, and then more dense

max?
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sampling at the beginning of the descending part because
more dynamic changes are expected here. The venous cathe-
ters were rinsed with physiological saline solution after each
sampling. Blood samples were placed on ice immediately
after collection and subsequently centrifuged (2000g, 10
min, 4 °C). Resulting plasma was divided into two aliquots
and snap frozen at — 20 °C within 60 min from collection.

Sampling of dialysates was performed at baseline and at
defined time-intervals to match the plasma sampling time-
points: 15-45 min, 45-75 min, 1.5-2.5 h, 2.5-3.5 h, 3.54.5
h,4.5-5.5h,5.5-6.5h, 7.5-8.5h, 11.5-12.5 h, 23.5-24.5 h.
Dialysate samples were frozen at —20 °C.

At the end of the study day, plasma and microdialysate
samples were transferred from — 20 to —80 °C and stored at
— 80 °C until further analysis.

2.6 Sample Analysis

The concentration of vancomycin in plasma and MD was
determined by high-performance liquid chromatography
(HPLC) using a Dionex ‘UltiMate 3000’ system (Thermo
Fisher Scientific, Inc., Waltham, MA, USA) with ultravio-
let (UV) detection at 220 nm. Frozen plasma samples were
thawed at room temperature. After the addition of 200 pL of
acetonitrile to 100 uL plasma, the samples were centrifuged
(14000g for 5 min) and 100 pL of the clear supernatant was
injected onto the HPLC column. Microdialysate samples (10
puL) were injected onto the column without any previous
precipitation procedure. Chromatographic separation was
carried out at 40 °C on a Hypersil BDS C18 column (5 um,
250 X 4.6 mm internal diameter;

Thermo Fisher Scientific, Inc.) preceded by a Hypersil
BDS-C18 precolumn (5 um, 10 X 4.6 mm internal diameter)
at a flow rate of 1 mL/min. The mobile phase consisted of
a continuous gradient mixed from ion pair buffer, pH 3.0
(50 mM potassium phosphate with phosphoric acid and 5
mM heptane sulfonic acid) (mobile phase A) and acetonitrile
(mobile phase B). The gradient started at 5% acetonitrile (0
min), was kept constant at 5% till 8 min, linearly increased
to 25% at 17.5 min, and further increased within 2.5 min to
80%, at which point it was kept constant until 23 min. The
percentage of acetonitrile was then decreased within 0.5 min
to 5% to equilibrate the column for 6 min before injection
of the next sample. Quantification of vancomycin was based
on external calibration by spiking drug-free human plasma
and microdialysate with standard solutions of vancomycin to
give a concentration range of 0.01 mg to 100 mg/L (average
correlation coefficients: > 0.999). The limit of quantifica-
tion (LOQ) for vancomycin in plasma was 0.05 mg/L, and
in microdialysate 0.02 mg/L. Coefficients of accuracy and
precision for this compound were < 9.2%.

Plasma protein binding (PPB) of vancomycin was deter-
mined ex vivo by means of ultrafiltration. A baseline,
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drug-free blood sample from each HV was spiked with 2.5
mg/L and 50 mg/L of vancomycin. PPB was then determined
for both concentrations using ultrafiltration. Briefly, a 200
uL plasma aliquot was transferred to a Centrisart filtration
unit with a CTA membrane (MWCO: 5000 Da; Sartorius
Stedim Biotech GmbH, Goettingen, Germany) and centri-
fuged at 1000g for 10 min at room temperature. Ultrafiltra-
tion efficiency of the filters used was strongly dependent
on individual plasma samples (for some it was 220 uL, for
some up to 380 pL). In order to use the exact protocol for all
samples, 200 uL aliquots were used. The recovered ultrafil-
trate was subsequently analysed by HPLC without extrac-
tion, to determine the concentration of free (unbound) drug
in the plasma. Samples that did not undergo ultrafiltration
were assayed to determine total (bound and unbound) drug
concentration. Protein binding of vancomycin was then cal-
culated according the following equation:

%protein binding
_ total concentration — unbound concentration
B total

% 100.
3

2.7 Statistics, Pharmacokinetic Analysis and Study
Endpoints

Correlation of the observed concentrations measured with
the two methods (MD and plasma sampling) was tested with
Pearson correlation and agreement of the measurements was
tested using a Bland-Altman plot [17].

Normal distribution of the differences in PK parameters
between the two methods was assessed using the Kolmog-
orov—Smirnov test [18]. Statistical comparison of the PK
parameters obtained with the two methods was performed
using a paired, parametric ¢ test (normally distributed
parameters) or a Wilcoxon matched-pairs signed rank test
(not normally distributed parameters) with a 0.05 two-sided
significance level.

A pharmacometric data analysis was performed for
plasma, ultrafiltration as well as MD measurements using
non-linear mixed effects modelling in NONMEM® (ICON,
Gaithersburg, MD, USA, version 7.4.3) together with PsN
[14]. First, plasma data were analysed separately and one-
and two-compartment models were evaluated. Second, ultra-
filtration data were added to the model assuming a constant
fraction unbound. Third, the raw MD measurements were
added to the model. Here, the raw measurements were used
and the recovery was estimated within the model using the
integral sampling approach developed by Tunblad et al. [15].

Inter-individual variability of the PK parameters was
assumed to be log-normally distributed. For the resid-
ual error, additive, proportional and combined additive/

proportional error models were evaluated. Competing mod-
els were compared using the likelihood ratio test (dOFV:
3.84, apha = 0.05, df = 1) for nested models. In addition,
goodness-of-fit plots as well as visual predictive checks were
performed. Parameter uncertainty was assessed using the
log-likelihood profiling-based sampling importance resam-
pling (LLP-SIR) method, specifically suitable for evaluation
of parameter uncertainty in small-n datasets [16].

The following PK parameters were calculated with non-
compartmental analysis using a commercially available
software program (Phoenix® WinNonlin® Build 8.0, Certara
USA, Inc., Princeton, NJ, USA): Area under the concentra-
tion time curve (AUC) from O to 24 h (AUC,,), area under
the concentration time curve (AUC) from O to infinity (AUC
«)» maximum drug concentration (C,,,), terminal half-life
(t12), and clearance (Cl). Further outcome variables were
safety and tolerability of MD measurement.

3 Results
3.1 InVitro Experiments

Table 2 shows the mean recovery/loss rates of the three MD
probes for each time-interval. Experiment A (physiologi-
cal saline) yielded mean values (+ standard deviation) of
28.6% (£ 1.0%) and 13.4% (« 2.7%) for recovery (forward
dialysis) and loss (retrodialysis), respectively. Because of
the marked difference between forward and retrodialysis and
the low rates of recovery/loss, the experiments were modi-
fied by adding human albumin 1% to the perfusion solution
(experiment B). In these experiments the mean recovery (+
standard deviation) during forward dialysis was 52.7% (+
3.8%) and the mean loss during retrodialysis was 45.8% (+
4.0%). In experiment B values for recovery/loss were simi-
lar between the sampling-intervals and in both directions
(between retrodialysis and forward dialysis). Therefore, this
experimental setting of experiment B was chosen for the
calibration in the subsequent in vivo part of the study.

3.2 Demographics and Safety Analysis

Subjects’ demographics including estimated glomerular fil-
tration rate (eGFR), calculated using the Chronic Kidney
Disease Epidemiology Collaboration Equation, albumin and
total protein are given in Table 3. Mean age was 27.3 + 5.1
years and mean weight 75.5 + 6.4 kg. All subjects had an
eGFR and albumin within the normal range.

No safety issues were observed with the modified MD
catheter. One subject had a mild allergic reaction to van-
comycin (rash, chills). Apart from this, no adverse events
occurred.
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Table 2 Mean recovery/loss rates of the in vitro microdialysis experi-
ment with a concentration of 10 mg/L vancomycin with physiological
saline (experiment A) or human albumin (experiment B) as perfusion
solution

Recovery/loss

Physiological saline Human albumin

Forward dialysis

0-60 min 27.8% 48.4%
60-120 min 28.3% 54.2%
120-180 min 29.7% 55.6%
Mean + SD: 28.6% + 1.0% 52.7% £ 3.8%
Retrodialysis
0-60 min 16.4% 50.1%
60-120 min 12.4% 45.0%
120-180 min 11.3% 42.3%
Mean + SD: 13.4% +2.7% 45.8% +4.0%

Table 3 Demographics of study subjects (n = 10) including estimated
glomerular filtration rate (¢GFR) calculated using the Chronic Kidney
Disease Epidemiology Collaboration equation, albumin and total pro-
tein and plasma protein binding. Values given as median with inter-
quartile range

Characteristic

Number of subjects 10

Age (years) 27 (25-28)
Weight (kg) 77.6 (72-80)
Height (cm) 178 (176-182)
eGFR (mL/min) 120.5 (107-122)
Albumin (g/L) 45.5 (45-47)
Total protein (g/L) 71.7 (69-72)
Plasma protein binding (%) 49.7 (45-52)

3.3 Pharmacokinetics Measured with Blood
Sampling Versus Modified Microdialysis
Catheters

3.3.1 Unbound Concentrations with Blood Sampling

For the plasma samples spiked with 2.5 and 50 mg/L van-
comycin, mean PPB was 46.1 + 0.02% and 52.0 + 0.02%,

respectively. Mean PPB overall was 49% with a standard
deviation (SD) of 1.7% (Table 3). The mean PPB values for
individual subjects were calculated based on the PPB values
determined for the two concentrations and used to calcu-
late the individual unbound fraction of the drug measured
through blood sampling.

3.3.2 Unbound Concentrations with Microdialysis

Mean in vivo loss rates obtained during calibration with the
retrodialysis technique for the two probes per HV are shown
in Table 4. The mean loss rate over all subjects was 18.6%
with a SD of 3.7%. In two subjects, one of the two MD probes
showed loss rates < 10%. Therefore, we excluded the con-
centrations measured with these two probes from the analy-
sis. Loss rates of each probe were used to back-calculate the
unbound concentration present at the MD insertion site.

3.3.3 Comparison of Concentrations Measured with Blood
Sampling Versus Microdialysis

Figure 1 shows the concentration time-profiles of the
mean unbound (n = 10) plasma concentrations and the
mean microdialysate concentrations (n = 18, two probes
per HV) of vancomycin. The concentration—time curves
show a good alignment, but concentrations measured
with MD showed greater variability as demonstrated
by the higher standard deviations compared to plasma
sampling.

The correlation coefficient (Pearson) of the two methods
was r = 0.783 with a p < 0.0001, indicating a significant
positive correlation between the concentration measure-
ments (Fig. 2).

The Bland-Altman plot in Fig. 3a compares the dif-
ferences in concentrations (Cpicrodiatysate — Cunbound plasma)
with the average concentrations. The mean bias was
0.188 mg/L and the 95% limits of agreement were — 9.34
to 9.71 mg/L. In Fig. 3b the differences are plotted as
percentage of the average concentration ((Cyicrodialysate
~ Cunbound plasma)’ Caverage %)- Mean bias was — 19.6 and 95%
limits of agreement were — 102.8 to 63.61%. The 95% con-
fidence interval (CI) of the mean bias is indicated in the
graphs as a shaded area.

Table 4 Loss rates of

Loss rates (%) Subject ID

microdialysis probes during
in vivo calibration using the 1 2

3 4 5 6 7 8 9 10

retrodialysis technique
MBD probe 1 17.0 15.9

MD probe 2 16.9 NA*

16.0 22.5 244 19.8 13.3 13.1 20.7 26.8
17.0 21.4 NA? 19.7 20.4 18.6 15.5 16.4

*Values excluded due to loss rates < 10%
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—— mean MD concentration

—=—  mean unbound plasma concentration

vancomycin concentration (mg/L)

Fig. 1 Concentration versus time profiles of the mean unbound
plasma concentrations and mean microdialysate concentrations of
vancomycin. Error bars indicate the standard deviation for each time-
point. If no error bars are visible, they are smaller than the time-point
symbols

8

R2=0.7831 ,
/

microdialysate (mg/L)

unbound plasma (mg/L)

Fig.2 Correlation graph of microdialysate and unbound plasma con-
centrations. Dashed line represents linear regression line and straight
line represents line of equality

3.3.4 Comparison of Pharmacokinetic Parameters
Calculated from Concentrations of the Two Methods

PK parameters calculated from the unbound vancomycin
concentrations measured with plasma sampling and MD
are given in Table 5. A statistically significant difference
between the two methods was only observed for #,,, (p value
0.022).

3.3.5 Pharmacometric Data Analysis

Plasma PK was best described by a two-compartment model
and the unbound fraction by a constant fraction for both
ultrafiltrate and MD. The model-based typical estimate for
recovery of the MD probes (17.6%) were in high agreement
with the observed values. The quantified estimates of frac-
tion unbound were very similar: 0.48 (95% CI 0.40-0.59) for
MD and 0.51 (95% CI 0.50-0.53) for ultrafiltration; the dif-
ference between the two was statistically insignificant in the
model (p = 0.56). A visual predictive check of the pharma-
cometric model is presented in Fig. 4 indicating an overall
adequate fit of the model with some slight underprediction at
8 and 12 h in the MD. Goodness-of-fit and residual plots are
presented the Online Supplementary Material, Fig. 1, where
the same pattern appears. The final parameter estimates of
the model are given in Table 6.

4 Discussion

The present proof-of-concept study is unique in that it inves-
tigated a novel potential method for dense PK sampling in
paediatric patients. In vitro experiments were conducted to
evaluate the MD catheters that were modified for use in pae-
diatric patients. The subsequent clinical study in HVs served
to validate the measurements of the modified MD catheters
and opened the way to further experiments leading towards a
future use in paediatric patients. Thereby, we aimed at meeting
the urgent need for a method that allows dense PK sampling
in paediatric patients and ultimately improves their treatment.

A very promising MD setting could be established in the
in vitro experiments. The addition of human albumin to the
perfusion solution led to recovery/loss rates that were stable
over time, similar in both directions (forward- and retrodi-
alysis) and sufficiently high. The observed in vitro recovery/
loss of about 50% leads to a correction factor of two, which
in turn limits the influence of recovery/loss rate on the cor-
rected concentration.

Because of these encouraging results, the clinical study
was initiated and carried out successfully. No adverse events
were reported that could be related to the modified MD cath-
eters. The mean PPB of 49% measured in the present study
lies well within the range of previously reported values
for vancomycin PPB [19]. PK parameters calculated from
plasma samples are similar to those previously reported [20].
Boeckh et al. performed a single dose study with adminis-
tration of vancomycin 1 g to ten HVs. Only total concentra-
tions were measured in this study, but a C,,, of 74.6 mg/L
and ¢, of 4.95 h were close to the values determined in the
present study. Clearance showed greater discrepancies with
5.79 versus 9.7 L/h in the present study [21].
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Fig.3 Bland-Altman plot for microdialysate and unbound
plasma concentrations. In plot a the differences in concentrations
(Cricrodiatysate — Cunbound plasma) V8- the average concentrations are plot-
ted. In plot b the differences as percentage of the average concentra-

Table 5 Pharmacokinetic parameters of unbound concentrations
measured with microdialysis and plasma sampling

Vancomycin PK parameters MD Plasma p value
t;n (h) 10.6 £ 6.7 63+08 0.022'
Cax (mg/L) 28.5+7.8 282+49 0832V
AUC,, (h'mg/L) 87.82 +£19.1 98.2+9.1 0.130V
AUC,, (h'mg/L) 97.56 £22.0 103.9+9.9 0.369%
Cl (L/h) 109 +2.7 9.7+ 0.95 0.089'

p values were calculated with paired ¢ test for parameters for which
normality could be demonstrated (indicated with ') and with Wil-
coxon matched-pairs signed rank test for parameters that did not pass
the normality test (indicated with W)

t]O half-life> Cmax maximum concentration? AUClast area under the concentra-
tion—time curve from O to 24 h, AUC,, AUC from 0 to infinity, C/
clearance

Concentrations measured with MD show higher inter-
subject variability leading to higher standard deviations of
PK parameters compared to blood sampling (Fig. 1). One
possible factor contributing to the higher variability of the
MD measurements is the high correction factor due to the
low loss rates of vancomycin (mean 18.6 + 3.7%) during
retrodialysis. A high correction factor potentially amplifies
analytical imprecision and corresponding variability. The
low loss rate was an unexpected finding, since a mean loss
rate of 45.8% was observed in the in vitro experiments. To
increase the recovery (and loss rate) in future experiments a
lower flow rate might prove valuable. This would potentially
decrease variability. Schroepf et al. have recently published
a MD study with vancomycin in which they included experi-
ments with different flow rates in the in vitro setting. They
demonstrated an increase in recovery from 27.1 to 51.1% by
decreasing the flow rate from 2 to 0.5 pL/min [22]. However,
the minimum volume required for sample analysis has to
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tion (Cmicrodialysale - Cunbound plasma)/caverage%) vs. the average concen-

trations are plotted. Dotted lines represent 95% limits of agreement
and lines of equality. Shaded areas represent 95% confidence intervals
for mean bias

be taken into account when reducing the flow rate to such
low values. Busse et al. have investigated MD-related vari-
ability with linear mixed-effects modelling of samples from
120 adult patients. The authors came to the conclusion that
patient-associated variability accounted for 46.7%, catheter-
associated variability for 16.8%, and residual unexplained
variability for 36.4% of overall variability [23]. In our case
the impact of patient associated variability is expected to be
smaller, since the patient cohort was very homogenous, and
such variability was not observed with conventional blood
sampling.

A Bland—Altman plot was employed to directly assess
agreement between the two methods. In relation to the
observed concentrations (ranging from 0 to 47.3 mg/L), the
mean bias of 0.19 mg/L seems small, but the 95% limits
of agreement of — 9.34 to 9.71 mg/L are rather wide. This
becomes even more evident when looking at the differences
as percentage of the average concentration with a mean bias
of — 19.6 and 95% limits of agreement of — 102.8 to 63.61%
(Fig. 3b). The agreement between the two methods does not
appear to be strong enough to replace individual concen-
trations measured by blood sampling with concentrations
measured by the new MD catheters.

For the present study, two existing medical devices were
combined (modified MD catheter and 20-gauge intravenous
line). It is expected that specially designed MD probes could
provide concentrations that could more reliably substitute
for individual concentrations measured by blood sampling.
Unfortunately, in the academic setting of this study, it was
not feasible to develop MD probes specifically for use in
smaller intravenous lines.

Apart from this, an inherent factor of MD that contributes
to the difference between plasma and MD is that with MD
each concentration represents a mean over a period of time
(in the present study 30 or 60 min; see the methods, Sect. 2).
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Table 6 Parameters of the pharmacometric model

Parameter Estimate 95% CI A%

CL [L/h] 4.74 4.47-5.02 9.0 %2CV
V1[L] 10.8 9.27-12.5 21.0 %CV
Q [L/h] 4.95 42-5.8

V2 [L] 19.0 17.8-20.2

Recovery [-] 0.175 0.156-0.193 15.7 %CV
FUyp [-1 0.48 0.40-0.59 27.7 %CV
FUyg [-] 0.51 0.50-0.53

Oplasma Prop, [%CV] 13.9 11.3-17.9

OUF Prop, [%CV] 7.1 5.6-8.6

D prop. [%CV] 34.7 30.2-39.2

Okecovery prop. [%CV] 55 4.1-72

CL clearance, VI central volume of distribution, V2 peripheral vol-
ume of distribution, Q intercompartmental clearance, Recovery recov-
ery estimate of the microdialysis probe, FU fraction unbound, MD
microdialysis, UF ultrafiltration, ¢ residual error, 95% CI 95% confi-
dence interval (LLP-SIR), /IV interindividual variability (%CV)

*TIV was calculated as square root of the estimated variance in NON-
MEM

To keep this factor as small as possible, shorter sampling
intervals (30 min) were chosen for the beginning of the con-
centration—time profiles, where the greatest dynamic in the
concentration—time profile is expected. In addition, blood
sampling time-points were scheduled to lie in the middle of
the MD sampling intervals.

Interestingly, with increasing concentrations, a trend
reversal can be observed in the Bland-Altman plots.
With low concentrations MD seems to underestimate the

T
25 0 5

Time [h]

with median (solid line) and 10th to 90th percentiles (dashed lines).
Shaded areas represent 95% confidence intervals of corresponding
model predictions

concentrations compared with plasma, whereas with higher
concentrations, MD seems to slightly overestimate. Concen-
tration-dependent protein binding could be an explanation
for this finding. Wulkersdorfer et al. have demonstrated that
the PPB of clindamycin decreases with increasing clindamy-
cin concentrations [13]. In the present study ultrafiltration
was performed with two different concentrations (2.5 and
50 mg/L) and the mean PPB was used to back calculate the
unbound drug fraction for each HV (refer to the methods,
Sect. 2). In contrast, MD directly samples the unbound drug
concentration and therefore incorporates dynamic changes
in PPB. Decreasing PPB with increasing vancomycin con-
centrations, as demonstrated for clindamycin, would explain
the trend reversal observed in the concentration differences.
However, when comparing PPB determined from the ultra-
filtrate spiked with the two different concentrations, PPB
of the low concentrations was smaller (46.1 vs. 52.0%).
Furthermore, in the pharmacometric model, the unbound
fraction in plasma and MD was best described by a constant
fraction. This contradicts the aforementioned assumption
that PPB might be concentration-dependent and a higher
sample size might be needed to estimate a non-linear PPB of
small magnitude. Ultimately, the influence of protein bind-
ing on concentration differences cannot be conclusively
assessed by the present study. Regardless of whether PPB is
concentration-dependent or not, the impact of PPB is most
relevant in critically ill patients. In this patient population,
on the one hand, it is crucial to achieve sufficiently high
concentrations, and on the other hand, there are pronounced
and dynamic changes in plasma protein concentration and
thus in the free drug fraction. Therefore, especially for these
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patients, it is highly valuable to have a method with which
the free drug fraction can be measured.

For the investigation of appropriate dosing schemes of
drugs, PK parameters rather than individual concentrations
are of primary importance. The differences in PK parameters
between the two methods are much lower compared to the
observed differences in concentrations (Table 5).

The antimicrobial effect of vancomycin is mainly driven
by the area under the concentration—time curve divided by
the minimal inhibitory concentration (AUC/MIC) [20]. In
the present study, the mean AUC,,_,, measured with MD
and plasma was similar (87.8 + 19.1 vs. 98.2 + 9.1). There-
fore, the assessment of the dosing scheme of vancomycin
would yield similar if not identical conclusions regardless
of the method used. For antimicrobial agents, the differences
in PK parameters are further to be put into perspective in
view of the inaccuracy of the MIC, which is the factor that
is related to the PK parameters for PK/PD calculations (as
one of the three PK/PD indices: AUC/MIC, C,,,./MIC or
%T . \ic)- The difference between two MICs of the same bac-
terial strain—antimicrobial drug combination determined at
two different laboratories is commonly one twofold dilution,
corresponding to a multiplication factor of 2 or 0.5 [24].
Compared to this, the observed differences in PK parameters
are marginal.

Two MD probes yielded recoveries < 10% and the con-
centrations measured with these catheters were not included
in the analysis. This is a limitation of our study, but we could
not identify any specific reason for this and have to assume
these two MD catheters were malfunctioning.

5 Conclusions

An innovative MD catheter that can be inserted into small
intravenous lines was successfully developed and applied in
initial experiments in healthy adult volunteers. This proof-
of-concept study is encouraging and opens the way to further
experiments leading towards future use of MD in paediatric
patients.
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tary material available at https://doi.org/10.1007/s40262-022-01190-7.
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