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Abstract. An IR-spectroscopy-based bedside device, coupled to a
subcutaneously implanted microdialysis probe, is developed for qua-
sicontinuous glucose monitoring with intermittent readouts at 10-min
intervals, avoiding any sensor recalibration under long-term opera-
tion. The simultaneous estimation of the microdialysis recovery rate is
possible using an acetate containing perfusate and determining its
losses across the dialysis membrane. Measurements are carried out on
four subjects, with experiments lasting either 8 or 28 h, respectively.
Using the spectral interval data either from 1180 to 950 or 1560 to
1000 cm−1, standard errors of prediction �SEPs� between 0.13 and
0.28 mM are achieved using multivariate calibration with partial
least-squares �PLS� or classical least-squares �CLS� calibration models,
respectively. The transfer of a PLS calibration model using the spectral
and reference concentration data of the dialysates from the three 8-h-
long experiments to a 28-h monitoring episode with another healthy
subject is tested. Including microdialysis recovery for the determina-
tion of the interstitial glucose concentrations, an SEP of 0.24 mM is
obtained versus whole blood glucose values. The option to determine
other metabolites such as urea or lactate offers the possibility to de-
velop a calibration- and reagent-free point-of-care analyzer. © 2007 So-
ciety of Photo-Optical Instrumentation Engineers. �DOI: 10.1117/1.2714907�
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1 Introduction
IR spectroscopy is a powerful method for the in vitro analysis
of various biomedical samples in the laboratory and noninva-
sive diagnostics.1 The spectroscopic analysis of biofluids such
as whole blood, plasma, or serum takes advantage of the fact
that a multitude of analytes can be simultaneously quantified
without requiring reagents. The main focus is on glucose as
the most interesting analyte, since the monosaccharide plays
an important role in the body metabolism for energy supply.
Recent trends show that dry-film measurements by mid-IR
spectroscopy using nanoliter fluid volumes could revolution-
ize the analytical assays in the clinical chemistry laboratory.2

For clinical research, in vivo blood glucose monitoring is
an ongoing important topic to improve glycemic control in
patients with inadequate blood glucose regulation. In particu-
lar for diabetic patients with the requirement of frequent
blood glucose measurements, continuous monitoring is desir-
able to improve therapy. Recently, critically ill and hospital-
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ized patients also received much interest, since it was shown
that intensive insulin therapy to normalize the blood glucose
concentration can significantly improve clinical outcome mea-
sures such as mortality and morbidity and, in addition, will
substantially reduce health care costs.3–6 Therefore, continu-
ous glucose monitoring for critically ill patients is another
application, for which, despite the existence of commercially
available, mainly amperometric biosensors, improved por-
table sensor systems and bedside devices are under develop-
ment.

Minimally invasive techniques with discrete sampling us-
ing point-of-care devices, continuous sampling via a venous
port or a subcutaneously implanted microdialysis probe with
ex vivo detection or noninvasive transcutaneous sensors are
different options available for glucose measurements �see Fig.
1�. Among these different alternatives, discrete sampling with
subsequent sample preparation has been most frequently ap-
plied for glucose determination, although continuous monitor-
ing techniques received much attention in recent years.

For mid-IR spectroscopic analysis of body fluids, the at-
tenuated total reflection technique or transmission measure-
1083-3668/2007/12�2�/024004/12/$25.00 © 2007 SPIE
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ments have been used. Transmission measurements were car-
ried out when near-IR or even short-wave near-IR
spectroscopy were exploited for glucose assays. The first ap-
plications of mid-IR spectroscopy for substrate analysis in
whole blood and blood plasma were reported by us about 15
years ago,7,8 and advances in the measurement technologies
were recently reviewed.9 Since then, further investigations
were carried out for glucose determination in whole blood,
serum, and dialysates by means of transmission or attenuated
total reflection �ATR� techniques.10–15 The simultaneous deter-
mination of additional components in dialysates has also been
reported.15

With the intention of miniaturizing the measurement de-
vice to the point where personal use of a wearable instrument
can be considered, Martin et al. applied mid-IR quantum cas-
cade lasers for monitoring glucose in serum.16 They used ab-
sorption spectroscopy at 1036 cm−1 with correction for water
absorption in combination with measurements at 1194 cm−1

for background compensation. Average predictive standard er-
rors of the mean �SEMs� were 32.5 and 24.7 mg/dL �1.81
and 1.37 mM�, respectively, for each method, insufficient for
monitoring. The feasibility of the simultaneous quantification
of two different compounds measured at two different wave-
lengths using dual quantum cascade laser �QCL� absorption
spectroscopy was also reported very recently.17 A lately pub-
lished comparison of QCL and mid-IR lead salt lasers for
glucose measurements is also noteworthy.18 However, minia-
turized spectroscopic devices have yet not been advanced to a
portable size that can be worn close to the patient body, de-
spite the promises made for QCL technology or near-IR tun-
able lasers.19

A promising option for continuous monitoring using IR
spectrometry can exploit the opportunities existing with the
available microfluidic technology. A fluidic system can be
used to load the sample, e.g., from a body interface, into a

Fig. 1 Different options for blood glucose mo
flow-through cell, which can be arranged within the conven-

Journal of Biomedical Optics 024004-
tional spectrometer’s sample compartment. With implementa-
tion of such technology, a semiautomatic setup with transmis-
sion IR spectroscopy for serum and other biofluids was
recently described by Fabian et al.20 Furthermore, the appli-
cation of microdialysis technology for continuous reagent free
blood glucose monitoring was reported by us.21 The usage of
dialysates is advantageous, since the biofluid composition is
simplified compared to the original interstitial body fluid, be-
cause microdialysis excludes molecules above a certain size
threshold, such as proteins, depending on the membrane char-
acteristics. However, low perfusion rates around a few micro-
liters per minute are required to ensure high recovery rates for
small molecules from the interstitial compartment to be moni-
tored.

In this paper, we describe the quantitative determination of
glucose in microliter volumes of dialysates obtained from in
vivo experiments with healthy test persons using transmission
spectroscopy. Furthermore, the implementation of a microflu-
idic system for automated sample transfer to the measurement
microcell housed within the spectrometer sample compart-
ment is presented, by which repeat spectral background mea-
surements for reliable continuous long-term application are
made possible. The bedside monitoring system also has the
potential for determining analytes of interest for the clinician
besides glucose. An innovative aspect is the possibility to ac-
cess the microdialysis recovery rate simultaneously, if perfu-
sates of appropriate composition are applied.

2 Materials and Methods
The monitoring of the patient’s subcutaneous interstitial body
fluid is realized by an ex vivo arrangement. The schematics of
the experimental setup are shown in Fig. 2. The body inter-
face between subject and glucose-sensing device is an im-
plantable microdialysis catheter. We developed a fluidic sys-

g in clinical chemistry using IR-spectroscopy.
tem to transport the biofluid sample from the catheter outlet to
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the cuvette of the spectrometric sensor. It consists of a six-
port valve with a sample loop and a syringe pump for pump-
ing an aqueous solution for transporting the sample to a mi-
crocell, as well as cleansing the cell for the purpose of
background measurements. Once the microdialysis probe is
implanted into the subcutaneous tissue of the human subject,
the perfusate is transported to the subcutis at a constant flow
rate, realized by push-pull operation of a peristaltic pump.
Due to the osmotic exchange of biocompounds between the
interstitial fluid and the perfusate, low molecular mass com-
ponents of the interstitial compartment are harvested. By
means of our programmable fluidic approach, as explained in
detail in the following, the dialysate can be intermittently
sampled and analyzed.

2.1 Microfluidic Interface to Human Subjects
A CMA60 microdialysis probe from CMA Microdialysis AB
�Solna, Sweden� was used as microfluidic body interface. Dif-
ferent commercially available perfusates, either Ringer’s so-
lution �electrolyte composition in mmol/L: Na, 147.2; K, 4.0;
Ca, 2.25; Cl, 155.7� or ELO-MEL isoton �Fresenius Kabi,
Graz, Austria� were used at a flow rate of 1 �l /min. The
latter perfusate contains acetate at a concentration of 45 mM
�further electrolytes in mmol/L: Na, 140; K, 5; Ca, 2.5, Mg,
1.5; and Cl, 108�. The acetate was used for the simultaneous
determination of the dialysis recovery rate, utilizing the fact
that physiological concentrations of acetate found in human
body fluids are much lower. The loss of this marker substance
by diffusion into the interstitial tissue space can be used to
quantify the transport processes across the microdialysis
membrane.

Experiments were carried out at the Center for Medical
Research, Medical University Graz, Austria, on four healthy
individuals, with each experiment lasting either 8 h for the
first three subjects or 28 h for the fourth one. The first three
volunteers started under fasting conditions and later received
an oral glucose load containing 100 g glucose in 500 mL
water. The fourth test person also started under fasting condi-
tion, but later received his normal diet. Prior to the glucose

Fig. 2 Schematics of the computer-controlled bedside instrumentat
minispectrometer, a microdialysis probe, and programmable microflu
monitoring, the microdialysis probe was inserted subcutane-
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ously into the abdomen of each subject after each received
local anesthesia. All measurement procedures were approved
by the local Ethics Committee of the Medical University
Graz.

2.2 Programmable Fluidics
For stable long-term operation, a programmable microfluidic
system was coupled to the microdialysis probe used as body
interface and the spectrometer for quasicontinuous glucose
monitoring �see Fig. 2�. The fluidics include two pumps, i.e.,
one for the constant perfusate flow through the dialysis probe
�peristaltic pump Minipuls 3 from Gilson International, Bad
Camberg, Germany� operated in push-pull mode and a second
for the transport of the sample to the spectrometer �syringe
pump model 540100 from TSE Systems, Bad Homburg, Ger-
many�. For miniaturization and operation close to the test per-
son, a custom-made peristaltic minipump �Joanneum Re-
search Forschungsgesellschaft GmbH, Graz, Austria� was
fabricated to give a constant flow rate of 1 �l /min or larger
with negligible fluctuations. This was implemented into the
setup for the 28-h continuous measurement. A computer-
controlled six-port three-way injection valve from Knauer
�Berlin, Germany� equipped with an exchangeable microliter-
sample loop, was used for dialysate sampling. The syringe
pump and the injection valve were controlled using standard
RS232 interfaces, whereas the peristaltic pump ran indepen-
dently. The fluidic setup was controlled by a standard Win-
dows XP™-based laptop using in-house software coded in the
“C” language.

A special protocol for automation was established for the
measurements. The sample loop was filled with the sample
fluid using the peristaltic pump running at a flow rate of
1 �l /min over a time period of 8.40 min. After recording a
background spectrum using the cell filled with Ringer’s solu-
tion, the sample was injected. The syringe pump advanced the
content of the sample loop to the transmission cell using a
defined volume of Ringer’s solution via a polymer PEEK cap-
illary of suitable length. The transport volume was around
10 �l, depending on the tubing length between sample valve

r continuous glucose monitoring including a Fourier transform IR
ion fo
idics.
and spectrometer cell; the volume must be determined before
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system utilization �see also the following�. The measurement
is optimized when the middle part of the transported sample
reaches the transmission cell, providing a maximum concen-
tration reading. For such application, the flow rate was slowly
increased up to 40 �l /min within 30 s to avoid abrupt pres-
sure changes within the fluidics. Due to the slight back pres-
sure generated within the fluidic system, a minimal displace-
ment of the sample volume within the cuvette after sample
resting was taken into account.

After sample flow stop, the IR measurements were
started—a repeat measurement followed immediately, con-
firming the reproducibility of the cell filling at maximal con-
centration. The measured concentration reached values around
90% of the cell filling under a laminar flow condition. After
the second sample measurement, a volume of 20 �l was
pumped at a flow rate of 40 �l /min to remove any residues
of the injected sample from the cell. After this, a second back-
ground spectrum was recorded, to check also for sample resi-
dues and to acknowledge proper cell flushing. Following this
scheme, a quasicontinuous monitoring of in vivo changing
temporal glucose concentration profiles is possible. Initially, a
time interval of 15 min was chosen to follow in vivo changes
in glucose concentrations, which was reduced later to 10 min.

2.3 IR Spectroscopic Measurements
A custom-made flowthrough transmission microcell of 0.6 �l
internal volume and an optical path length of 32 �m was
used. The CaF2 windows had a thickness of 1 mm each.
Cone-shaped PDMS sealings were used for the insertion of
the in- and outlet PEEK capillary tubing �of 800 �m outer
and 125 �m inner diameter, respectively�. The IR spectra of
the dialysates were recorded at constant temperature main-
tained at 30°C and using Ringer’s solution for background
measurements. To reduce the occurrence of air micro-bubbles,
a Peltier cooled cuvette holder was later implemented, provid-
ing a stable cell temperature at 17°C during the 28-h experi-
ment.

The spectra were measured with a spectral resolution of
16 cm−1 using an IR200 minispectrometer �Thermo Electron
Corporation, Madison, Wisconsin� equipped with a room-
temperature deuterated triglycine sulfate �DTGS� detector. A
measurement time of 2 min for accumulating 240 interfero-
grams was chosen. For interferogram apodization, a Happ-
Genzel function was applied. For improving spectral repro-
ducibility, an optical low-pass filter was employed to monitor
experiments lasting for 24 h, limiting the accessible spectral
range up to about 2000 cm−1 �see also Fig. 3�A� and later
discussion�.

Regular background measurements were made possible by
the fluidic system before and after each sample injection, pro-
viding excellent drift-free measurements over extended opera-
tion periods. After filling the cell with the dialysate sample,
two spectra were recorded consecutively. For on-line mea-
surements, the spectra were directly forwarded to a Matlab™

�The Mathworks Inc., South Natick, Massachusetts, USA�
script, which used a precalculated calibration model for the
determination of the glucose concentration values �see later�.
For trouble-free continuous operation, an air bubble detection
scheme was also implemented, evaluating the opaque spectral

intervals of the transmission spectrum of the aqueous sample
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loaded cell �see also Fig. 3�A��. The programmable fluidics
enables air bubble removal to ensure automatic operation un-
der a minimal sensor down time. The measured dialysate
samples, which were diluted by a constant factor of 3.5 due to
the sample transport to the cell and rinsing, were collected for
reference measurements. The determination of reference con-
centrations was carried out using a hexokinase assay pro-
grammed on a Roche Cobas Mira analyzer. In parallel, venous
blood samples were also collected under arterialized condi-
tions with the arm resting in a hot box �50°C� and furnished
with a venous port. Glucose concentrations of these samples
were analyzed on-site using a Beckman glucose analyzer.

To evaluate the spectra that were recorded by the
minispectrometer, further high-quality IR spectra of the dialy-
sate components were recorded using a Vector 22 Fourier
transform IR �FTIR� spectrometer �Bruker Optics GmbH, Et-
tlingen, Germany� equipped with a liquid-nitrogen-cooled
MCT �mercury cadmium telluride� detector. Spectral resolu-
tion was 4 cm−1, and 426 interferogram scans �measurement
time of 2 min� were averaged. A Blackman-Harris three-term
apodization and a zero-filling factor of 2 were originally ap-
plied. The spectra were used after resolution matching by
means of truncated interferograms and appropriate apodisa-
tion �see Fig. 3�B��. In addition, a slight shift in the wave
number scale and spectral variable matching using spline in-
terpolation was required for successful calibration transfer,
when using least-squares fitting within the classical calibra-

Fig. 3 �A� Spectral intensities with the water-filled microcell �upper
trace� and including an optical low-pass filter �lower trace�; �B� spec-
tral dialysate components illustrating possible cross-sensitivities.
tion approach.
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2.4 Glucose Quantification Methods
In general, the spectral region from 1600 to 900 cm−1 was
investigated for quantitative analysis. The spectra were di-
rectly forwarded to an in-house programmed Matlab™ script
for evaluation using a partial least-squares �PLS� calibration
model or a classical least-squares �CLS� approach. For opti-
mal quantification of glucose using PLS, the spectral data
from 1180 to 950 cm−1 were used either without or with spec-
tral processing �offset correction at 1180 cm−1 for absorbance
spectra, and logarithmization of single-beam spectra�. A spec-
tral variable selection based on the pairwise selection of ex-
treme values of the optimum PLS regression vector was car-
ried out for robust calibration modeling.22 Such calibration
models �equivalent to a multiple linear regression �MLR� ap-
proach� often yield smaller standard error of prediction �SEP�
values than full interval based models. The calibration robust-
ness was tested by also enlarging the sample packets taken
into account for cross-validation.

The CLS approach was made possible by applying the
spectral data from the interval of 1560 to 1000 cm−1 in com-
bination with a limited number of component reference spec-
tra and applying a baseline correction for the dialysate spectra
using a mean spectrum of the 100% lines from background
measurements using the water-filled cell. It is known that the
IR spectra of several components of the body fluids are pH
dependent due to the dissociation equilibrium between the
different protonated species. Therefore, the CLS evaluation
also required the pH value of the dialysate with the accord-
ingly chosen pH-dependent spectra for accurate glucose quan-
tification �such spectra were available at pH value steps of 0.5
around the normal physiological level�. The spectra used for
CLS calibration included those of Ringer’s solution, aqueous
solutions of urea, bicarbonate, lactate, phosphate, glucose,
ELO-MEL, and carbonate, all measured versus distilled water
by means of a transmission cell constructed in the same way
as used for patient monitoring. In addition, a constant spectral
offset was taken into account.

3 Results and Discussion
The developed bedside glucose-monitoring device is a com-
plex online system, and a systematic study of several param-
eters involved in the sample measurement is necessary. Be-
sides glucose, the interstitial fluid also contains several other
components such as urea, bicarbonate, phosphate, and lactate,
which might also have influence on the spectrometric glucose
quantification. Therefore, a spectral characterization of the in-
terstitial fluid dialysate including the major sources of vari-
ability is important. Furthermore, with regard to the program-
mable fluidics and optimal dialysate measurement, it is
essential to know sample flow dynamics and volumes re-
quired for cell filling and sample transport.

The success of any glucose online sensor depends on its
system conduct. For clinical applicability, a satisfactory per-
formance concerning linearity, accuracy, precision, and drift
during long-term operation must be ensured. Another impor-
tant aspect to be addressed is the constancy in analyte recov-
ery rate after implantation of the microdialysis probe. A de-
termination of the recovery rate, simultaneously to the
analytes of interest, will help in achieving the accurate quan-

tification of the true interstitial component levels. We begin
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our interpretation by the spectral characterization of the body
fluid dialysate, supporting our chemometric strategies for
quantitative sample analysis. We then look more closely at the
transport of the dialysate from the subject to the spectrometer,
following a description of the sensor performance; the meth-
odology for simultaneous determination of microdialysis re-
covery rates is discussed, and finally the successful short-term
and long-term continuous application of the sensor system for
the ex vivo monitoring of the interstitial glucose is presented.

3.1 Spectral Characterization
In Fig. 3�A�, the spectral intensities of a single beam back-
ground spectrum obtained with a water-filled cell is shown,
which also elucidates the opaque spectral region of the fun-
damental vibrations of water above 3000 cm−1, as found for
the cell thickness chosen. Using such a cuvette, optimal infor-
mation on the fingerprint region can be provided. The spectra
of the major dialysate components are presented in Fig. 3�B�,
which provide a basis for a multicomponent analysis by CLS
fitting. The spectral resolution of 16 cm−1 was previously
found sufficient for quantitative analysis based on a popula-
tion of spectra from dialysates of EDTA blood plasma
samples.21 Mean spectra of the continuously measured dialy-
sate samples from different probands are also shown in Fig.
4�A�, including the enlarged random absorbance noise level
that was calculated by taking the ratio of two representative
pure background spectra, as collected for all the paired spectra
of each injected sample. To calculate the variance distribution
in such absorbance spectra, considered to be constant due to
the same repetitive cell filling with Ringer’s solution, a prin-
cipal component analysis �PCA� of the spectra obtained
within the 3-day-long measurement campaign with the first
three subjects was calculated. The first principal component
�PC�, explaining 93% of the full spectral variance, is similar
to a water absorbance spectrum, with its origin mainly from
noise-dependent fluctuations of the interferogram maximum.
The two further components, explaining 5.0 and 1.3% of the
total variance, reflect minor spectral traces, assignable, e.g., to
bicarbonate and formation of a film trace of PDMS on the
CaF2 windows. Another source for trace spectral variations
was from uncompensated atmospheric water vapor absorption
bands above 1500 cm−1 �see also Fig. 4�B��.

With the PCA results on the spectral variance components
available, we studied the origin of the significant baseline
fluctuations more carefully �see also Fig. 5�A��. Previous ex-
periences with effects from detector nonlinearity on the inter-
ferogram maxima led us to simulate such fluctuations in the
Fourier domain and their effect on the single-beam spectra.23

The results exactly matched the absorbance baseline depen-
dency, which was experienced when recording spectra of a
water filled cell and calculating so-called 100% lines, i.e. the
ratio of two single-beam spectra under same experimental
conditions, and taking the logarithm for the determination of
the absorbance baseline. The application of the optical filter
had the effect that the interferogram maximum was broader
and the analog-to-digital �A/D� dynamic range required was
significantly reduced for the interferogram side modulations
compared with the maximum. The effect on the resulting
baseline stability is illustrated in Fig. 5�B�. Our efforts, as

already described, show that high-quality absorbance mea-
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surements can be carried out and systematic errors can be
minimized while also achieving reliable long-term operation
of the system.

3.2 Fluidics Optimization and Testing
For optimal spectroscopic dialysate sample measurements, the
complete sample loop fill and the appropriate volume required
for sample transport from the injection valve into the mea-
surement cell must be ensured. In Fig. 6�A�, the effect of
different sample loop fillings and the continuous transport of
the sample plug through the microcuvette are shown. It was
observed that a minimum sample volume of 8 �L �see also
figure inset� was required for an optimal cell filling; concen-
tration estimates were calculated using a least-squares fit of a
spectrum of an aqueous glucose solution of known concentra-
tion, recorded with complete cell filling. The maximum glu-
cose concentration was obtained at 8.5 min after sample in-
jection with a continuous constant flow rate of 1 �L/min
�spectra were recorded at 1 min intervals, following the con-
centration profile while the sample passed through the micro-
cell�. Figure 6�B� illustrate the flow dynamics, monitored
again for the glucose concentration observed in the cuvette at

Fig. 4 �A� Mean dialysate spectra of two test persons including the
absorbance noise level; for clarity, the dialysate spectra are presented
with an offset; �B� PCA loading spectra obtained from a PCA of absor-
bance baseline spectra calculated from neighboring single-beam
spectra of the water-filled cell during the measurement campaign with
the first three subjects �lower traces�; difference spectrum between
single-beam spectra of the water-filled cell at the end and the begin-
ning of the campaign and absorbance spectrum of a dry CaF2 window
after the campaign and cell disassembly �upper traces�.
20-s intervals, for different transport volumes that were ap-
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plied at a high flow rate of 40 �L/min. After stopping the
syringe pump, there was a minor sample plug movement
through the transmission microcell, but stabilization was
achieved at least after half a minute of waiting time. Imple-
menting this strategy, a coefficient of variation of less than
1% for glucose solution measurements was achieved.

3.3 Reliability of the Sensor Device
To assess the sensor system performance, a protocol was es-
tablished for testing sensor linearity, accuracy, precision, and
characterizing drift effects over extended operation times of at
least 72 h. Such aspects are also important for the character-
ization of enzymatic sensors that are based on amperometry,
fluorometry, or other principles of operation. The protocol and
the results of the in vitro sensor device performance are dis-
cussed in detail elsewhere.24 The sensor linearity was tested
using aqueous solutions of different concentrations between
2.5 and 22 mM, prepared gravimetrically in Ringer’s solu-
tion. The correlation coefficient was R=0.9998. For an in
vitro experiment with serum ultrafiltrates of different glucose
concentrations between 5.2 and 15.8 mM, lasting for more
than 90 h, the relative bias to the reference values varied be-
tween 2.0 and 3.8%, while the coefficient of variation was
found between 2.1 and 6.0%. Sensor drift over such period of
time was less than 1%. These results suggest the reliability of
the device for its continuous application in the clinical envi-
ronment.

3.4 Dialysis Recovery Rate Estimation
Using the multicomponent assay capability and an appropri-
ately chosen perfusate composition, a simultaneous determi-

Fig. 5 Improvements in baseline stability by usage of an optical low-
pass filter with cut-off at 2000 cm−1: �A� absorbance base lines with a
Ringer’s solution filled cell with normal spectrometer operation �see
also text� and �B� variation of baselines with implementation of an
optical low-pass filter.
nation of the recovery rate is possible, by which the dialysis
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performance of the implanted microdialysis catheter in the in
vivo environment can be assessed. With the option of reliably
determining the recovery rates, an estimate of accurate inter-
stitial concentrations is possible.

A method was developed for estimating the recovery rate
during microdialysis using ELO-MEL isoton as a clinically
accepted perfusate. The relatively large concentration of ac-
etate in such solutions �45 mM� can be used as a marker for
the recovery rate �physiological acetate levels are found
around 0.9 mM in blood�.25 Experiments using ELO-MEL as
a perfusate for dialyzing glucose in Ringer’s solution showed
a well-defined functional dependency between the recovery
rate during the dialysis process and the acetate concentration
losses, which were both derived from the resulting spectra.
Figure 7�A� shows the dialysate spectra obtained under vary-
ing perfusion flow rates in combination with the original so-
lutions. The concentrations of the glucose and acetate compo-
nents were determined by a CLS fitting procedure using
spectra of compound solutions of known composition. The
results of the glucose recovery and the simultaneous loss of
acetate under different flow rate conditions at room tempera-
ture are illustrated in Fig. 7�B�. The results deviate from a

Fig. 6 �A� Experiments illustrating sample transport through the IR
cuvette with variation of the sample loop filling volumes using an
aqueous glucose sample �27.8 mM� and Ringer’s solution for trans-
port �IR measurement time 1 min each�, and �B� transport of the di-
alysate sample by different Ringer’s solution volumes and fluid dy-
namics in the IR cuvette after the pump stops �spectra were recorded
for every 20 s; sample transport pump rate of 40 �L/min and sample
loop fill by 8.3 �L of glucose solution�.
simple linear dependency, but this can be explained by an
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appropriate model taking into account the different diffusivi-
ties of the compounds in their aqueous solution. Schoonen
and Wientjes recently presented an equation for the recovery
rate26

R = 1 − exp�− p · �Seff/��� ,

where p is the permeability of the membrane, Seff is the ef-
fective membrane surface, and � is the perfusate flow rate. As
explicated by Zahn et al., the membrane permeability can be
assumed to be proportional to the compound diffusion
coefficient.27

From the theoretically expected recovery rates �or more
generally called exchange rates across the dialysis mem-
brane�, with consideration of the membrane characteristics,
compound diffusivities and flow rates, the following equation
can be derived:

Rglucose = 1 − �1 − Racetate�V,

with the recovery rate for glucose defined as

Rglucose =
Cdialysate�glucose�

Csample�glucose�
,

Fig. 7 �A� Dialysate and aqueous solution spectra obtained within in
vitro recovery rate experiments using CMA60 micro-dialysis catheters
and �B� relationship between glucose recovery and acetate loss rates
with results from collected dialysates using microdialysis of glucose
solutions and blood plasma samples; glucose concentrations were 10,
11.11, and 15.28 mM in aqueous, plasma, and spiked plasma,
respectively.
the exchange rate for acetate as
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Racetate =
1 − Cdialysate�acetate�/Cperfusate�acetate�

1 − Csample�acetate�/Cperfusate�acetate�
,

and the diffusivity ratio as

V =
Dglucose

Dacetate
.

The exchange rate for acetate can certainly be simplified, if
the acetate concentration in the sample is negligible due to
minor transport rates when compared to the amount in the
sample volume or due to continuous transport away from the
microdialysis catheter surrounding space, as experienced for
in vivo implantation of the probe.

Due to the limited volume of the in vitro dialyzed sample,
true in particular for the plasma samples, the concentration of
acetate from the diffusion process into the sample was also
taken into account for the preceding calculations. Note that
over a longer duration of time, the permeability of the catheter
membrane changed even with the catheter dipped in aqueous
solution. Recovery rates were not stable if the same or similar
flow rates were later applied again for dialysis. With an even
larger perfusion rate of 7.7 �l /min, compared to the begin-
ning of the dialysis experiment starting with a flow rate of
6.4 �l /min, a slightly higher recovery rate was achieved.
This may be the result of porosity changes in the membrane
over time. Therefore, the different perfusate flow rates for one
of the experiments based on aqueous glucose solutions are
also listed �see Figs. 7�A� and 7�B��. The diffusivity ratio for
aqueous glucose samples, obtained from a nonlinear least-
squares fit based on the preceding equation, was Vaqueous
=0.69. The data of diffusivities of glucose and acetate in
aqueous solution, taken from the literature28 and corrected for
the temperature of our experiment, yielded a value of
Vliterature=0.63.

Further experiments were carried out using plasma
samples for the dialysis process, again with the use of CMA
60 catheters. The diffusivity ratio for glucose and acetate in
plasma as calculated from the experimental data was Vplasma
=0.77. The data as shown in Fig. 7�B� when compared to the
experiments using aqueous solutions are rather close to each
other. Owing to the lower total protein and albumin concen-
trations found for dermal and subcutaneous interstitial
fluid29,30 �total proteins around 20.6 g/L and albumin around
7.4 g/L�, compared to the corresponding reference mean con-
centrations for plasma �total protein of 73.7 g/L and albumin
of 50 g/L�, the value for the subcutaneously implanted mi-
crodialysis probe can be estimated to be in between the ex-
perimental results we found for the aqueous and plasma glu-
cose samples. For our microdialysis recovery calculations
later during blood glucose monitoring experiments with
healthy subjects we used the formula based on aqueous glu-
cose solutions.

Using aqueous solutions as well as fluids derived from
blood—despite the minor differences found for the diffusivity
ratios—the model for the simultaneous determination of the
microdialysis recovery rates, based on acetate as recovery
marker, was experimentally proven and can be implemented

for continuous glucose monitoring.

Journal of Biomedical Optics 024004-
3.5 Short-Term Continuous Ex Vivo Monitoring
Our first measurements with ex vivo glucose detection were
carried out on three test persons, with all experiments together
lasting for approximately 24 h ��8 h on each subject� and
providing us with 70 glucose readings with one value per
15 min. Owing to the large peristaltic pump and the length of
the connecting Tygon tubing to the sampling valve �about
100 cm�, the physical lag time between venous glucose read-
ings and the IR measurements was approximately 45 min.
This lag time can be significantly reduced by using shorter
connection tubing to the valve including the sample loop. Due
to the low dialysis recovery rates experienced for the volun-
teers using Ringer’s solution as perfusate, the dialysate glu-
cose concentrations were found between 0.83 and 4.48 mM.

The PLS and CLS calibration results using different vali-
dation strategies are presented in Table 1. Prediction of glu-
cose concentration values by the PLS models, using the spec-
tral data from the interval of 1180 to 950 cm−1, resulted in an
SEP of 0.18 mM or better. From the cross-validation results
when leaving single-subject data out, it is obvious that the
absorbance spectra—with sample measurements close to the
recorded background spectra—provide better and more robust
calibration models than when relying on single-beam sample
spectra. The latter strategy has also been chosen repeatedly by
different groups for near-IR PLS calibration models.31,32

When discussing the use of absorbance spectra, the cali-
bration models on four spectral variables showed significantly
reduced SEP values compared to the full interval calibration
models. These results can provide the basis of a miniaturized
spectrometer setup using filters or quantum cascade lasers as
recently demonstrated.16–18 The investigations are important
for further advancement of the IR spectroscopic techniques to
be utilizable also for diabetic patients, requiring portable or
even wearable instrumentation.

The differences between the results based on either raw
spectral absorbance data or logarithmized single-beam spec-
tra, obtained with spectral variable selection, are found gen-
erally smaller than for full interval data calibrations. However,
to achieve satisfactory results, eight wave number variables
are required for optimal calibration modeling when based on
only single-beam data, which is in contrast to four variables
found when using absorbance spectra �see Table 1�. An inter-
esting feature is the achieved robustness of calibration mod-
els, based either on leave-10-samples-out cross-validation or
using the whole spectral data of one subject for validation,
while setting up calibration models with the residual other
data sets, assignable to the remaining two probands.

The CLS calibration using the spectral data from the inter-
val 1560 to 1000 cm−1 resulted in an SEP of 0.19 mM, as
calculated versus the dialysate reference concentration values.
To calculate these glucose concentration estimates, a dilution
factor of 0.86 for the 8-h experiments and of 0.90 for the
longer lasting experiment were required for tracing back the
original sample plug concentration before transport to the
transmission microcell, respectively.

The temporal glucose profiles of the dialysates, as mea-
sured by IR spectroscopy and based on a PLS calibration
method using samples collected behind the transmission mi-
crocell and analyzed by a clinical reference method, are pre-

sented in Fig. 8�A�. Since the venous blood glucose values
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were also available for all three probands, it is interesting to
present the blood glucose concentration values in combination
with the temporally adjusted dialysate values obtained by IR
spectroscopy and the reference assay. By applying a constant
recovery rate for the microdialysis process using the first
available dialysate concentration values �see different scales
for dialysate and blood concentrations; this procedure is
equivalent to a one-point calibration used for enzymatic elec-
trochemical biosensors during in vivo monitoring experi-
ments�, a nonsatisfactory agreement between both temporal
traces was obtained for the second subject �see Fig. 8�B��.
One reason is certainly a nonconstant recovery performance
of the microdialysis probe after implantation and/or, second,
physiological changes within the tissue after tissue perfora-
tion, which can explain deviations between venous and inter-
stitial temporal glucose profiles �see also previous studies by
Wisniewski et al.33�. This explains the requirement for moni-
toring the performance of the implanted microdialysis cath-
eter, a procedure that has been implemented for long-term
continuous monitoring.

The other discrepancies observed for the profile maximum
are due to an insufficient sampling frequency and an air
bubble removed from the cuvette after 15 h in our time scale
�see Fig. 8�B��, missing out the extra excursions in the blood
concentration values. To avoid incomplete cell filling, an au-
tomatic air bubble detection �based on the opaque wave num-
ber regions due to sample water absorption� and removal was
successfully implemented into the programmable fluidics.
Furthermore, the sampling frequency was raised to one mea-
surement per 10-min time interval.

3.6 Long-Term Continuous Ex Vivo Monitoring
A long-term continuous glucose monitoring experiment was

Table 1 Results of PLS calibrations for glucose in dialysates from sub
interval 1180 to 950 cm−1 and based on different validation strategies �
factors used for calibration modeling; N� is the number of spectral v
spectral range of 1560 to 1000 cm−1 was used.

Validation
�PLS with Interval Data�

Raw Absorbance
Spectra

SEP NPLS

Leave-1-out 0.16 3

Leave-10-out 0.17 3

Leave-subject-out 0.18 3

Variable Selection SEP N�
a

Leave-1-out 0.14 4

Leave-10-out 0.13 4

Leave-subject-out 0.14 4

CLS calibration 0.19 7-co

aThree and eight PLS factors were used to produce the regression vector for var
bThe four spectral variables for the variable reduced PLS models, using the raw
cutaneously implanted microdialysis catheters, using spectral data from the
SEP, standard error of prediction given in mM; NPLS – optimal number of PLS
ariables used after optimal wavenumber selection�; for CLS calibration the

Offset-Corrected
Spectra

Logarithmized Single-Beam
Spectra

SEP NPLS SEP NPLS

0.14 3 0.21 4

0.15 2 0.22 4

0.16 2 0.48 7

SEP N�
a SEP N�

b

0.14 4 0.16 8

0.14 4 0.17 8

0.15 4 0.17 8

mponent spectra

iable selection, respectively.
−1
carried out with a fourth subject lasting for 28 h and provid-

Journal of Biomedical Optics 024004-
Fig. 8 �A� Oral glucose tolerance tests with three healthy volunteers
showing the time course of concentrations in sampled dialysates from
microdialysis probes inserted into the subcutaneous adipose tissue
and predicted IR sensor values based on PLS calibrations and �B�
comparison of blood and dialysate glucose concentrations taking into
account a constant microdialysis recovery rate �one-point calibration
using the first available dialysate concentration values in comparison

to glucose in blood plasma�.
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ing us with 69 glucose readings with one per 10 min using
ELO-MEL as a perfusate. For system miniaturization, the
large peristaltic pump �Minipuls 3� was replaced by the cus-
tom made miniperistaltic pump. A few problems owing to
interferometer instability of the spectrometer were observed,
due to which the system failed to collect readings until the
interferometer stability was recovered. Also, fluidic problems
including high cell backpressure hindered the measurements
during the night from snack time to breakfast of the proband.
These problems were solved later �see Ref. 24�. The glucose
concentrations measured were between 1.51 and 5.22 mM.
The CLS calibration model including the scaling due to mi-
crodialysis recovery rate compensation yielded an SEP value
of 0.28 mM, as calculated against the blood glucose values
that were spline interpolated to match the timing of the spec-
tral recordings. A comparison of blood and IR predicted di-
alysate glucose concentrations using CLS calibration and tak-
ing into account the microdialysis recovery rates are shown in
Figs. 9�A�. As we can see in Fig. 9�B�, there are changes in
the recovery rates that underline the necessity of an indepen-
dent method for monitoring the dialysis efficacy. The advan-
tage of CLS is certainly the reduced calibration effort with the
selection of a small number of component spectra versus
PLS-calibrations and the interpretation of the spectral residues
after spectral fitting.

There are a few gaps in the concentration read out from the
IR-sensor system, due to occurring air bubbles. The origin of

Fig. 9 �A� Time course of glucose concentrations in venous blood and
dialysates from a microdialysis catheter, inserted into the subcutane-
ous adipose tissue of a healthy subject, calculated from a CLS calibra-
tion model including recovery correction �ELO-MEL perfusate flow
rate was 1 �l /min� �an a posteriori adjustment of the time shift be-
tween venous blood sampling used for glucose concentration point-
of-care measurements and the IR-sensor readings is used for presen-
tation�; and �B� glucose recovery rates estimated in parallel to glucose
dialysate concentrations during the monitoring of interstitial concen-
trations by microdialysis.
such perturbations could later be assigned to a mismatch in
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the inner diameter of the Tygon tubing implemented for the
push-pull operation of the peristaltic pump used for the per-
fusion of the microdialysis catheter; for later experiments,
pieces of tubing directly neighbored to each other were em-
ployed to avoid existing variations in the tubing diameters.

Furthermore, using the PLS calibration model from the
short-term continuous monitoring data, the data obtained from
the long-term continuous measurements on the fourth subject
were reevaluated, for which an SEP value of 0.24 mM was
obtained. As pretreatment of the spectral data, a scaled sub-
traction of an aqueous solution acetate spectrum was applied
to render the spectra compatible in composition to the 8-h
experiments, for which Ringer’s solution was used as mi-
crodialysis perfusate. The least-squares fit also provided us
with the information required for microdialysis recovery.
These results confirm that the experience obtained previously
from the multivariate analysis of biofluids can be transferred
without any problem to the quantitative analysis of dialysates.

To assess the clinical applicability of the concentration
readings of the bedside instrument, the results were compared
with the clinical blood glucose reference values using the so-
called Clarke error grid �CEG� analysis. The error grid analy-
sis is a scheme for determining the accuracy of blood glucose
meters.34 Using the Beckman analyzer results as the reference
values, the grid is subdivided into five zones: A, B, C, D, and
E. Values in zones A and B represent consistent or acceptable
glucose concentration results. Values in zone C may prompt
unnecessary corrections that could lead to a poor outcome in
therapy. Values in zone D represent a dangerous failure for
detection and treatment. Values in zone E represent an “erro-
neous treatment.” In short, the more values that appear in
zones A and B, the more acceptable is the device performance
in terms of its clinical utilization.

As illustrated in Fig. 10, the CEG analysis of the IR spec-
troscopically predicted glucose concentrations showed all but
two values in the clinically accurate zone A and two readings
in the acceptable zone B. Our fine correlation of the intersti-
tial glucose concentrations with the blood values, as found for
the healthy subjects, is therefore very encouraging for a pro-
vision and future implementation of portable bedside instru-
mentation into the critical care environment, especially stress-

Fig. 10 CEG analysis of the IR CLS-predicted and recovery-corrected
glucose concentration values versus venous blood glucose measure-
ments with the lag time of IR sensor readings adjusted.
ing the fact of ensuring reliable long-term applications for
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patient monitoring with a minimum of operator intervention.
In the latter context, the implementation of a simultaneous

determination of the microdialysis recovery rate determina-
tion using ELO-MEL perfusate is rather unique and will en-
able us to have a more accurate understanding of the tissue
dynamics compared to the intravascular compartment. A dif-
ferent option for determining the recovery rates is using an
ion-free isotonic perfusate, which contains 5% mannitol, in
combination with either an offline determination of the so-
dium concentrations by flame photometry or by an online
conductivity measurement.35,36 However, in both cases, the
assays rely on a rather constant electrolyte concentration in
the interstitial compartment, a hypothesis that may be ques-
tioned for critically ill patients with several homeostasis dis-
orders, who—apart from distortions in glycemia—also expe-
rience perturbations in the physiological ionic equilibrium. In
addition, medications used in the intensive care unit �ICU�
can influence the sodium ion concentration.37–39

To prove the general applicability, another option is the
determination of pCO2 �partial pressure of carbon dioxide�,
which can also be achieved by infrared spectroscopy, e.g., see
our early paper on glucose quantification in whole blood,7

which showed spectral features that are easily assigned to the
asymmetric stretching vibration of dissolved CO2 at
2340 cm−1. In such a case, the optical bandpass filter must be
removed to access the “natural” broad spectral range of the
mid-IR spectrometer. Fluctuations in the spectrometer’s atmo-
sphere must be avoided for such meassurements, which can
be achieved by purging the spectrometer and subsequent seal-
ing. In combination with accurate bicarbonate measurements,
pH values can also be calculated for dialysate fluids and in-
terstitial compartment using the Henderson-Hasselbalch equa-
tion for the corresponding equilibrium.

4 Conclusions
A bedside device for quasicontinuous monitoring of glucose
in interstitial fluid within the subcutaneous tissue with inter-
mittent sensor readouts at 10-min intervals, using a conven-
tional mini-FTIR spectrometer in combination with a microdi-
alysis probe and a programmable fluidic system for sample
transportation was developed. Using calibrations with multi-
wavelength information, reliable long-term continuous inter-
stitial glucose monitoring is made possible. Our results from
transmission spectrometry indicate that the developed tech-
nology with automated operation is very promising, including
easy sample handing, cell flushing, and cleansing to avoid
requirements for recalibration, which is significantly different
from electrochemical enzymatic implantable or ex vivo ap-
plied biosensors. The option for determining other metabolites
such as urea,40 lactate, and others is also possible, rendering
the potential for a multicomponent assay implemented within
an all-purpose reagent-free clinical analyzer. The same tech-
nology can also be used in the future to monitor a cell-culture
medium or a fermentation bioreactor.
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