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27 Abstract. Exhaled breath offers monitoring bio markers, as well as diagnosing diseases and
;g therapeutic interventions. In addition, vital functions may be non-invasively monitored on-
30 line. Animal models are® frequently. used in research for determining novel therapeutic
g ; approaches and/or for investigating biological pathways. The exhaled carbon dioxide
33 15 concentration, exhaled,and inhaled oXygen concentration, and the subsequent respiratory
34 quotient (RQ) offer imsight into metabolic activity. One may adapt breath sampling systems
35

36 and equipment designed for human applications to large animal studies, however, such
37 adaptations are usuall}impossible for small animals due to their minuscule breath volume.
38 . . .
39 Here, we present a4 system for on-line monitoring of exhaled breath in a “mouse intensive
40 20 care unit” (MICU) based on a modified Fourier-Transform infrared (FTIR) spectrometer
j; equippednwith ha (substrate integrated hollow waveguide (IHWG) gas cell, and a
43 luminescence-based oxygen flow-through sensor integrated into the respiratory equipment of
jg thesMICU. Thereby, per-minute resolution of O2 consumption and CO:2 production was
46 obtained, and the 95% confidence range of the determined respiratory quotient was +0,04 or
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48 25 approximately £5% of the nominal value. Changes in the RQ value caused by intervention in
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1. Introduction

Apart from the determination of biomarker patterns serving as indication, for certain
conditions and diseases, the development of on-line analytical systems capable of
quantifying or at least monitoring analytes in exhaled breath and relevant.constituents in real
time is among the major aims of breath analysis. On-line analysis promises to simplify
sample collection as well as to avoid compromising samples [1]. As a non=invasive method
and for on-line measurements, breath analysis is among thesfavored strategies vs, e.g.,
invasive blood sampling, which only provides a snapshot of the patient’s condition. Carbon
dioxide and oxygen are not only among the most abundant.components in breath, but their
concentration in exhaled breath also offers an important diagnostic into the metabolic status
of a patient. Carbon dioxide is produced and released by the oxidation of carbohydrates,
fats, and proteins. These oxidative processes also ‘consume ox.ygen. Each of these processes
consumes a specific amount of oxygen, and preduces aspecific amount of CO,, which also
generates a specific amount of heat. These contributions can be derived from literature,
which are either based on stoichiometry or'directly measured such as heat production after
combustion. From these established physical.principles, linear additive relations of oxygen
consumption (VO, in mg/min) and €O, release (VCO,in mg/min), and associated oxidative
loss of carbohydrates, loss of fat, and loss of protein (all losses in mg/min) as independent
variables can be established. These equations can be rearranged to provide the so-called

‘respiratory quotient’ (RQ)yd.e., the ratio of VCO, over VO, as a function of substrate

utilization:
_ V€O, _ az bz €2
RQ - VO, y as fcarb + bs ffat + cs fprot (1)

= fearp +0.7f5¢ + 0-81fprot

where f.,pp gives the relative contribution of the carbohydrate oxidation to VO,. Other terms
such as frgand .o are defined accordingly. Observed values for the RQ are rather
insensitive'to changes in the protein oxidation. Hence, if protein oxidation is replaced by a
feasible mean constant value, the resulting error may be neglected [2]. Thus, feasible
estimates for carbohydrate and fat oxidation may be obtained from RQ values alone. These

metabolic parameters may then be used to exemplarily assess a shift from glucose oxidation
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to fat oxidation, which provides a first and important information about the overall
metabolic conditions [3,4].

There is a growing demand for breath diagnostics in animals either forveterinary
diagnostics[5] or for surveillance and research in pre-clinical animal models. In intensive
care research, it is often necessary to consider the entire organismi and its metabolic
connections. This emphasizes the utility of mouse models simulating.¢linical intensive care
conditions, which can be performed at a reasonably large number of. repﬁcates, and allow
postmortem exploration of involved and affected organs [6—10].

For studies involving larger animals, one may adapt breath sampling systems and equipment
designed for human medicine. The key factors for analyzing, the réspiratory gas exchange
rates (i.e., VO, and VCO,) are calculated from the product of actual flow rates and
concentration values for exactly the same points' of time, which in turn requires precise
alignment of the time profile of the concentration values and the gas flow. In humans, flow
sensors and concentration sensors can be placed in parallel arrangement within the main gas
stream [11], which still causes only minimal flow resistance due to the rather large diameter
of the gas tubes of the respiratory system despite splitting the gas stream. However, a
significant flow resistance will“arise, if this main stream arrangement is scaled down for a
gas line with a diameter of 1-3*mm, which requires positioning of the sensors one after
another, and extensive correctiorg for the time offset during the measurements is required.
During mechanical ventilationy mice require respiratory rates of approx. 150 cycles per
minute, and a minute ventilation©f 20 ml/min. Retracing a single breath cycle with 20
sampling points would. therefore require a time resolution of 1 measurement every 20 msec.
During that short time period, the mean gas release is approx. 7 pl. Such minuscule breath
volumes do not'meet the«rather large sample volumes demanded by conventional analyzer
systems designed for| clinical applications. While capnography monitors adapted for use
with rodents could handle the small volumes, they fail to provide O. measurements.
Balances for Oz uptake and CO; release for mice are typically assessed via so-called
metabolic chambers [12]. However, due to the dead volume, the data obtained by these
methods only provides coarse time averages of the net uptake and release [13]. Moreover,
for,obvious reasons the use of a metabolic chamber is not possible during mechanical

ventilation.
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At the current state-of-the-art, the authors are not aware of any approach that allows on-line
breath gas monitoring with the small breath volumes available during mouse studies; which
moreover are taking advantage of reasonably priced and ready-to-implement optical sensing
strategies. As a compromise between breath-cycle resolved monitoring,fand coarse’ time
averages the present study focuses on a time scale resolution of one minute, which,provides
insight into the metabolic or physiologic response to a variety of deliberate experimental
challenges. Consequently, we present a novel optical sensing system for routine online
monitoring of exhaled breath in the mouse intensive care unit (MICU): This analyzer is
based on a FTIR spectrometer equipped with a substratéyintegrated hollow waveguide
(IHWG) pioneered by the Mizaikoff team [14,15]simultaneous serving as a miniaturized gas
cell and IR photon conduit, and a luminescence < based flow-through oxygen sensor
integrated into the respiratory equipment of the! MICU. This sensing system offers an
overall data sampling rate of one data point per minute. Previously optimized and now
automated calibration algorithms and multivariate corrections/data evaluation routines
including statistical sampling of measurement error offer rapid, reliable, and comfortable
access to real-time data in routine operation with accurate and realistic error bounds at the
demanded levels. The quality of measurementsrobtained with the developed system, and its
potential to capture dynamic changes.in the gas exchange is explored using exemplary

mouse data.
N

2. Material and Methods

2.1. Experimental setup

The developedsbreath analyzer system comprises a custom-modified IR spectrometer for
determining COy(via Substrate-integrated hollow waveguides (iIHWGs), and flow-cell-based
luminescénce sensors for oxygen measurements.

The IR component is based on a Bruker ALPHA FTIR Spectrometer (Bruker Optik GmbH,
Ettlingen, Germany) equipped with a custom-made iHWG gas cell developed by the
Mizaikoff team [16,17]. A 75 mm straight-channel iIHWG with a channel cross-section of 2
mim’ was simultaneously used as miniaturized gas cell, and as IR photon waveguide [14].
Using iHWGs is beneficial due to the minute required gas volume, their high volumetric

optical efficiency, the rapid sampling rate, the possibility of temperature control, and their
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mechanical stability [14,17-26]. Radiation from the IR spectrometer is focused/into the
iHWG, and propagated onto the internal DTGS detector of the ALPHA viatwo gold-coated
off-axis parabolic mirrors (OAPM; diam: 1) with an effective focal length of 2" (Janos
Technology Inc, Keene/NH, USA). A flow-through oxygen sensor (FiteStingO2; Pyro
Science GmbH, Aachen, Germany) is integrated into the gas outlet of the iIHWG: Between
measurements and during background collection, the iHWG is purged with synthetic air. A
FlexiVent Module 1 respiratory system (Scireq, Montreal, Canada) is @ised for mechanical
ventilation. A gas reservoir of approximately 100 mL is inserted between the expiratory
branch of the respiratory system and the optical sensors, which serves as a damping element
to smooth fluctuations in the gas concentration duringa respiratory cycle. The developed
breath analysis system was integrated into the existing tespiratory system of the MICU unit,

as shown in Fig.1. S

2.2. Calibration design

The experimental design for calibrating the IR sensor consisted of a randomized set of 25
gas mixtures across the biologically expected concentration range of 1 - 5% CO2, and 20 -
80% oxygen, as can occur in ventilated patients. The combination and executed order of the
samples was established using a“full factorial design-of-experiment (DOE) (PLS Toolbox
7.9.3, Experiment Designer, Eigglvector Research, Inc., Manson/WA, USA). One mixture
(1% CO2 / 20% oxygen) was repeated S times interspersed in the set to monitor changes of
the system and of the miixing pump. This set was measured over 14 days, thereby resulting
in 2700 data sets. The TRuspectra were collected from 4000 — 400 cm™! (averaging 20
background scans (nitrogen) and 20 sample scans; apodization function: Blackmann-Harris
3-Term, 5 or LOTepeats,per mixture). The oxygen sensors were calibrated using 11 mixtures
of oxygen and nitrogen spanning 0 — 100% oxygen, repeated over 19 days, resulting in 385
calibration data sets. The calibration is performed in dry gas (0% r.H./relative humidity),
and at a flow of 200 mL/min. While flow effects are negligible, the oxygen sensor signal
depends onsthe sample humidity. Expired air has a temperature of approx. 34°C and r.H. of
95%. With the transfer through the tubing, the air cools down to ambient temperature, and

the humidity reaches saturation at 100% with some even condensing at the inner tube wall.
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Fig. 3 shows the change in ¢ signal of the oxygen sensor resulting from the'relative
humidity at concentration levels of 16% O,. The humidity effect - when, expressed as a
change in the ¢ signal - increases from zero to about 0.59 at saturation. The data for this
correction was gained by an experiment where a mixture of 16 % Ox{was enriched in
humidity by a humidity generator (Owlstone Humidity Generator OHG-4, Owlstone Inc.,
Cambride, UK) from close to 0 to 100 % r.H. and the signal measured by the same oxygen
sensor as the one integrated into the setup. The humidity was measured u\sing a capacitive
humidity sensor (SF52, Mitchell Instruments, Ely, UK), where the dielectric strength of
hygroscopic polymer is altered by the water vapor content.

The calibration of the sensor was performed using dry gas mixtures, since the accuracy of
reference gases with a set humidity is questionable using gas bottles. It was assumed that the
expired air should be saturated, and ideally the difference myhumidity between breath gas
and calibration sample should be 100%. With the transfer through the tubing, some
humidity may be picked up by the calibration samples, and in turn some humidity may be
lost for the respiration samples. Both processes reduce the difference between calibration
and breath gas. While routine measurements of the relative humidity for each sampling
point are not available, a differénce of 95% between calibration gas and breath samples was
assumed accounting for minor changes: According to Figure 3, this translates to a change in
d¢ of 0.59 + 0.039. For data e\eluation, each measurement of 6¢ was corrected for this
offset, and an uncertainty’ of # 0.039 was added next to the measurement error to each
measurement, if theerror propagation from raw measurements to O2 production and RQ
values was estimated.as outlined in Fig. 2.

Data evaluation, was performed using MATLAB 8.6 (R2015b, The Mathworks Inc,
Naticks/MA, USA), PLS Toolbox 7.9.3(Eigenvector Research, Inc., Manson/WA, USA)
and MatlabStan 2.7.0.0 [27]/ Stan 2.11.0 [28].

All gas calibration samples were prepared from pure technical grade nitrogen, pure technical
grade_carbon dioxide and pure medical grade oxygen (all MTI Industriegase, Neu-Ulm,
Germany) dsing a gas mixing pump (DIGAMIX 2M 301, H. Wosthoff Messtechnik GmbH,
Bochum, Germany). For routine calibrations, three certified test gases were used: 5% CO>
and-20% oxygen in nitrogen (Cal 1), 0.99% CO; and 29.9% oxygen in nitrogen(Cal2) and
2.49% COz in nitrogen (Cal 3) (all MTI Industriegase, Neu-Ulm, Germany).

Page 6 of 24
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During mouse experiments, one CO; IR spectrum every minute, and one O data point every
second was obtained. The 60 oxygen data points were averaged for noise, reduction, thus
resulting in one final time-synchronized data point for oxygen and carbon dioxide every
minute during online mouse breath monitoring. Prior to starting routine measurements, an
IR background was sampled using ambient air. After around half-time 0f an average mouse
experiment (i.e., after approximately 3 h), the sensor measurements were.stopped for a short
period enabling to record a new IR background. For daily calibration, five IR spectra and at
least 100 oxygen data points of the two/three calibration gases were recotded at the end of
the procedure and averaged. The system reaches a dynamic range for calibration (i.e.,
ignoring humidity) of 1 to 5 % for carbon dioxide, and 10t0:90 % for oxygen. The system
was humidity calibrated for 16 % oxygen, which is‘the usual oxygen content in exhaled

breath of mice using air as the inspiratory gas mixture. N

2.3. Data analysis procedure

The data analysis routine was based ofra.calibration transfer algorithm previously developed
and optimized by the authors for the present optical sensing system [29,30]. This data
analysis strategy is based on hierarchical Bayesian models and Lagrange Multiplier
optimization. Monte-Carlo Markov “Chain sampling provides realistic estimates for
coefficients and prediction together with accurate error bounds by simulating known
measurement errors and system fluctuations. Using only three calibration gases, both the
FTIR system and the 0xygen sensors are simultaneously calibrated for daily routine use.
Fully automated Matlab. scripts'and wrappers offer comfortable and rapid data evaluation
for routine studies without the requirement of expert users.

Fig. 2 provides an outline of the data evaluation model including its error propagation
scheme. The'day-to-day variance (i.e., represented by the calibration sets used to build the
hierarchical model), the knowledge gained on the fit equation, and the fit coefficients gained
by theshierarchical model, and actual calibration samples analyzed to represent the current
sensor status were used to build the actual calibration model by using a calibration transfer
algorithm based on Lagrange Multiplier optimization. Combined with the sensor signal,
concentrations of the breath markers are calculated. The corresponding uncertainty
estimation derives from the uncertainty in calibration coefficients as well as from modeling

of the current random measurement error from the actual calibration samples and sensor
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response. Readers interested in the full error propagation procedure are referred to the
supplementary material.

The calibration of the oxygen sensor is based on an empirical rational function following

_¢1[02]%+¢2[05]+c3
5('0 B [02]+cy @)

with 6¢ representing the raw data recorded by the oxygen sensor. This value,is'corrected for
an offset in 8¢ expected for a difference of 95% r.H between the calibration samples and the
breath samples. [O2] refers to the oxygen concentration in vol%j.and c; to the current
calibration coefficients. The uncertainty in the humidity walues is considered as a
propagation of errors from the measurements and other sources, as depicted in Figure 2.
Here, random d¢ offset values in the range of 0.59.4:0.039 were generated, whereby the +
0.039 variability covers both an uncertainty in humidity differénce and in calibration slope.

The IR data evaluation uses the main IR absorption peak©otf CO>, and is first applying a data
reduction routine via principal component analysis (PCA) to one score, and then correcting
for other interferents (i.e., oxygen) via thercorresponding response surface. The calibration

equation therefore writes as follows:
S = ¢1 + ¢2[CO2J## e3[€0:2]? + ¢4[02][CO2] 3)

with S score of principal coemponent 1, [CO:] the carbon dioxide concentration in vol%,
[O2] the oxygen concentration in vol%, and c; the current calibration coefficients. More
detailed information can be found in our associated previous studies [29,30]. Next to the
exhaled oxygen and carbon dioxide concentration directly obtained from the two sensor
systems, the difference between inhaled and exhaled oxygen, i.e., AO2 describes the amount
of consumed/oxygen, and is another relevant metabolic parameter. Since in the current
MICU setup, vthe mouse is ventilated using compressed air, the inhaled oxygen
concentration isddetermined by analyzing the oxygen content in compressed air. The entire
calibration procedure is visually summarized in Fig. 4. By using the large number of
sampling iterations gained from Stan software, it is possible to calculate the average,
standard deviation and 95 % confidence interval values, thereby offering robust and realistic

error boundaries for all calculated values.
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3. Animal experiments

The study was approved by the federal authorities for animal researeh of the
Regierungsprisidium Tiibingen (approved animal experimentationdinumber: 1190,
24.09.2014), Baden-Wiirttemberg, Germany, and the Animal Care Committee of the
University of Ulm, Baden-Wiirttemberg, Germany, and performed-iniadherence with the
National Institutes of Health Guidelines on the Use of Laboratory}nimals and the
European Union ‘‘Directive 2010/63 EU on the protection of animalsised for scientific
purposes.

The study was conducted during the year 2016, and #vas recently published [31], where
anesthesia, surgical instrumentation and the experimental design have been discussed in
detail. Animals were mechanically ventilated with a small animal ventilator (FlexiVent,
Scireq, MO, Canada) using a pressure-controlled mode. Initial ventilator settings were
FiO> 0.21, respiratory rate 150-min’!, tidal velume 4 to 6mL g, inspiratory/expiratory
time ratio 1:2, and positive end-expiratory pressure (PEEP) 3cmH>O. The respiratory
rate was modified to maintain an arterial partial pressure of CO> (paCO;) between 30
and 40 mmHg, and the?PEEP was waried according to the arterial paO; (if
pa02/Fi02>300mmHg: PEEP=3emH>O; pa0O,/Fi0,<300mmHg: PEEP=5c¢mH,0;
pa02/Fi0,<200 mmHg: PE]Q’=8cmHzO). Recruitment maneuvers (RM, 5s hold at
18cmH>0) were repeated every 30 min to avoid atelectasis formation due to the
anesthesia and supine positioning—Each hour, the RM was followed by a compliance
measurement, where thelung was inflated to a volume of 1 ml and the thoracial pressure
was measured. Thereafter, a second RM was performed. General anesthesia was
sustained by ‘continuous intravenous administration of ketamine, midazolam, and
fentanyl to reach deep sedation. The experiment started with a thorax trauma, followed
by surgical instrumentation. Hemorrhagic shock was performed about one hour later by
removing 30ul-g-1 of blood-and by titrating mean arterial pressure (MAP) to 35mmHg
via further removal or retransfusion of blood. Fluid administration was temporarily
stopped: At the start of the resuscitation phase, shed blood was re-transfused, together
with the administration of hydroxyethyl starch 6% and noradrenaline (NA) titrated to
maintain MAP>50mmHg. At the end of the experiment, animals were exsanguinated via

blood withdraw from the arterial catheter under deep anesthesia.
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4. Results and discussion

The data presented are that of one animal (wild type C57BL/6]J strain) of thesstudy group,

undergoing a combined blunt chest trauma and hemorrhagic shock.

4.1. Physiology and metabolism

The data analysis provides inhaled and exhaled oxygen concentrations their difference
(AOy), and the exhaled carbon dioxide concentration which together allow estimating the
respiratory quotient in exhaled mouse breath. The experiment started around 8:00 and ended
approximately seven hours later delivering one data peint per minute on the current
metabolic status of the mouse. Fig. 5 shows the determined respiratory concentration data.
After thorax trauma, arterial and central venous catheters were implemented for monitoring
and drug administration. Then the mouse was conngcted to.the ventilation system, while
breath gas recording was initiated a bit before, in ordeérnot to hinder medical procedures.
This connection is reflected in a first jump of the measured O> consumption, as shown in
Figure 5c. Continuous recording was maintained until the mouse died, which coincided with
a sharp drop of O> consumption. The first connection was followed by a ragged time course
for both O, consumption and CO; production. The ragged time course was due to
‘recruitment maneuvers’ [32,33] (denoted in the following as RM) which started 100
minutes after beginning and‘were'repeated in an interval of 30 min. RMs were used in mice
during mechanical ventilation/with low tidal volumes, in order to re-expand at electatic lung
regions, which had <«collapsed due supine positioning, anesthesia effects and reduced
diaphragmatic muscle tone, and thereby restore and/or maintain static thoraco-pulmonary
compliance [34]. RMs are characterized by a transient increase of the airway pressure
during a couple /of seconds, which will re-open non or poorly aerated alveoli. As a
consequence; respiratory system mechanics and gas exchange are improved. Beside the
intermittent peaks, the time course of the RQ data shows a significant drop to values close to
0.7 towards the end of the protocol. The down-drift of the RQ values lasts for 3-4 hours. For
such,a long period, the CO> output by respiration has to match the CO; production by
oxidation. Any increase in tissue/blood CO content may subsequently induce hemodynamic
variations, because CO> is well established as potent systemic vasodilator as well as a
pulmonary vasoconstrictor. The down drift indicates an increasing preference for fat

oxidation with increasing duration of the experiment, and thus rules out respiratory effects
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of hypoventilation, which act on a shorter time scale. However, acute variations in the gas
exchange are evident in response to the intermittent RMs. Fig. 6 takes a closer look at.the O
uptake data during a RM. It demonstrates a sharp drop in the O2 uptake in response to a RM
that lasts about 5 minutes, followed by a steady increase towards the level that was observed
just before the maneuver. The reduced uptake in the first phase of the maneuver may result
from two phenomena, First, an enforced breath holding’ that last foer a few seconds. The
observed response may last longer as it is stretched out with the dampingreservoir that is
inserted in the expiratory branch of the measurement system. The,second process is linked
to high intrathoracic pressures that were induced with RMs;ywhich may have a detrimental
effect on cardiac output [35], and may thereby reduce pulmonary perfusion and impair the
gas exchange. The rebound in pulmonary perfusion‘may explain the recovery of the O:
uptake that is seen about 10 minutes after a RM. Figure 6b indicates that this pattern is
reproducible for repetitive RMs. The expiratory CO- release follows the same pattern except
that transient increase evident in the first response to a RM. It can be explained by a CO>
accumulation during the ‘breath holding’ phase,.and a transiently increased washout of CO>
directly after a RM most likely due to,the RM-induced transitory increase in alveolar
ventilation.

After the first RM, approx. 2 houts after beginning a hemorrhagic shock was induced which
lasted for one hour. The reducid blood volume during shock causes a reduced organ
perfusion and thereby reduced/oxygen supply. An oxygen supply/demand mismatch may
develop, which is considered to bé key determinant of hemorrhagic damage [36,37], and
should be reflected in.a transient drop of the O> uptake. Fig. 6 shows a smoothed uptake
curve that was tentatively corrected for the perturbations caused by RMs. The first response
to the hemorrhagic sheck is superimposed by effects of a RM performed five minutes
earlier, which complicates 'such a correction. Nevertheless, the corrected uptake curve
shows a drop to minimal O> uptake values during hemorrhagia and a subsequent
compensatory increase. The data shown so far give a hint about the information that can be

obtained with continuous monitoring of respiratory O> and CO> data.

4.2. Precision and accuracy in RQ determinations

Figure 5 demonstrates how RQ values are derived from O and CO: concentration

measurements, and the effect of humidity on these estimates. According to figure 3, an
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increase in humidity from zero to 100% increases the d¢ signal by 0.6, which translates te
an approximate decrease of 16 % to 15.3% in the O> concentration. In consequence, the
breath gas measurements are underestimated, and correcting this shift increases the average
O in mouse breath concentration measurement by approximately 0.7%. This is reflected in
Fig. 5, which shows the results with and without correction side-by-side. As expeected, there
is no significant influence on the CO: quantification, however, the exhaled oxygen values
are raised by the oxygen correction. Subsequently, AO; is lowered, and RC? 1s raised. This is
actually a desired result, since in other mice data the RQ was sometimes below the
biological limit of 0.6, which indicates that it was underestimated. Actual r.H. values cannot
be determined during routine experiments. Therefore, it‘was assumed that the difference in
r.H. for breath gas measurements and calibration gas‘measurements fluctuates in the range
of 95 + 3%. These fluctuations should translate into variations of + 0.039 in the 3¢ signal,
and £ 0.059 in the O, concentrations; correspondingly, the RQ estimates fluctuate likewise.
The uncertainty in the breath sample humidity,is captured in a sequence of (Bayesian
MCMC) sampling runs, which were,generated.to assess the error propagation. For each
sample run, simulated random fluctuations of humidity were used for correction and
combined with simulated measurement errors’and the resulting ’noisy’ data were used to
assess the RQ values.

There are two sources of fluct%ltions that affect the estimated RQ values. One source
relates to per-second or per-minute fluctuations in the sensor signals for Oz and COz,
and are called ‘short‘term fluctuations’. The other source are uncertainties in the
coefficients for the.calibration curves of O; and COz. These values fluctuate from day-
to-day, yet were,constant during any given measurement day. These uncertainties are
referred to as ‘long-term fluctuations’.

Based on the sampling strategy, r.H. is assigned to the long-term fluctuations. If one is
primarily interested in changes of the RQ values with time or in response to an
experimental intervention such as the hemorrhagic shock, then long-term fluctuations
may safely be ignored, and the fixed values for the mean calibration coefficients and
humidity corrections can be used. To isolate the effect of long-term vs. short-term
fluctuations, simulations were performed where different fluctuations were turned off.
Figure 7 shows the resulting confidence ranges for a time section of the protocol. If

only short-term fluctuations are considered, then the uncertainty in RQ determinations
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4

5 is reduced by 50%. Ignoring the effect of the relative humidity reduces the uncertainty
6

7 to approx. 2/3 of the initial starting values. If short-term fluctuations were ignored but
g all long-term variations considered, barely any improvement is evident. This can be
10 370 explained by the fact that the variances of the fluctuation add up, however, not their
1

12 standard deviation. In other words, the overlay of one source with/a fluctuation (i.e., a
13

14 standard deviation; SD) of 0.2 with a variable that has a SD of 1.0results in an overlaid

~

:2 standard deviation of 1.02. These data indicate that the precision (i.e., approx. twice
:; the SD) in absolute values for RQ estimates is approx. + 0.04 or less than 5% of the

19 375 nominal value. Schadewaldt et al. [37] explored the ‘precision in RQ estimates of

21 commercial instruments including the former ’'Deltatrac’ gold-standard. They found
;g precision values, which were about twice the values determined in the present study
;2' with the system developed herein. Our data indicate that imprecision in long-term
26 factors evidently play a major role. If ene is primarily interested in changes in
27

28 380 respiratory values observed in response to a challenge, fluctuations may be ignored,

which almost doubled the precisionuQur study furthermore demonstrates that these

30

g; responses cover metabolic changes caused by a hemorrhagic shock, and serve as
33 indicators of an inflicted damage[35,36]. The extent of a drop in Oz-uptake following a
gg recruitment maneuver reflects the vulnerability of the circulatory system and cardiac
g? 385 function [34]. Hence, the appreach developed in the course of this study is a viable
gg strategy to assess the Qz/CO: gas exchange, and its dynamic alterations. Thus, a
40 valuable tool for characterizing the underlying metabolic and physiologic conditions
2; has been establishéd and will be further evolved for widespread routine usage.

43

jg S. Conclusions and outlook

46

47390 In this study, ‘an,_innovative optical sensor system is presented combining infrared and

49 lumineseent sensing principles for on-line monitoring relevant metabolic parameters (i.e.,
g? exhaled oxygen and carbon dioxide, difference between inhaled and exhaled oxygen and the
gg respiratory quotient) in the exhaled breath of ventilated mice at a temporal resolution of one
gg data point per minute. Thereby, the immediate metabolic status of the mouse during medical
56 395 trials may be continuously monitored. It was shown that continuous monitoring may reliably
;73 capture actual values of the respiratory quotient with a 95% confidence interval of + 0.04.
59

Moreover, an unexpected sensitivity of RQ values against recruitment maneuvers was
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revealed for the first time via the developed sensing strategy, which may be indicative for
pulmonary or circulatory problems and will be investigated in more detail during, future
studies.

The developed optical sensing system comprises a modified FTIR spectrometer combined
with a substrate-integrated hollow waveguide (iIHWG) and a lumineseence - based flow-
through oxygen sensor integrated into the respiratory system of a mouse intensive care unit
(MICU). Optimized and automated calibration routines along with statiétical sampling offer
a rapid, reliable and comfortable data evaluation strategy providing acctirate and realistic
error boundaries resulting from average, standard deviatiofinand 95 % confidence interval
values at each data point.

The developed system is nowadays in daily use at the MICU located at Institute of
Anesthesiologic Pathophysiology and Method Development at Ulm University Medical
Center continuously proving the reliability. of the developed system in routine exhaled

breath analysis scenarios.
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Figure 1. Experimental setup: Scheme and photograph of optical sensing system (medical
instrumentation not completely shown). A compact FTIR spectrometer (1) was customized
with an iHWG gas cell (4). IR radiation was in/outcoupled via.adjustable gold-coated off-axis
parabolic mirrors (OAPMs, 3). A fluorescence-based flow=through. oxygen sensor (9) was
connected to the output of iIHWG. The optical sensing system was fully integrated into the
ventilation module of the anesthetized and sedated, unconscious mouse (catheter and syringe
pumps not shown) within the mouse intensive care unit (MICU).

Legend of system components: 1) FTIR Spectrometer,2) Interferometer, 3) OAPM, 4)
iHWG, 5) IR detector (deuterated triglycinessulfate, DTGS), 6) Air supply and
spectrometer/iHWG purging, 7) 100 ml vial as dampening element of respiratory system, 8)
respiratory system of the MICU, 9) oxygen sensor (eatheters, needles syringe pumps for
venipuncture, urine draw and sedation/anesthesia, and medication not shown).
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Figure 2. Schematic flow-chart of the calibration and data analysis routine. The routine was
developed for providing a complete error propagation (both for oxygen and carbon dioxide
calibration) caused by the uncertainty in the coefficients of a calibration function,
which-were derived from previous studies and the actual measurement error for the

3 calibration samples used herein. The error propagation was estimated based on a
statistical Bayesian model using the Stan software package.
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Figure 4: Visual flow chart of the calibration and data analysis procedure. Black arrows
represent data passing ontoa nexh)rocessing step. The values in the light green boxes (O in,
02 ex, CO: ex, AO», RQ) are the parameters gained by the data analysis procedure during a
measurement cycle. FTIR: Fourier-transform Infrared spectrometer, d¢: raw value of oxygen
sensor, PCA: Principal Component Analysis, Cal Set: calibration sets used for building the
model, HM: hierarchicalimodel, CT: calibration transfer, LM: Lagrange multiplier
optimization approach, Cal Samples: actual calibration samples analyzed (i.e., daily
calibration), O>_in: inhaled oxygen concentration, Oz ex: exhaled oxygen concentration, CO:
ex: exhaled carbon dioxide concentration, AO- :difference between inhaled and exhaled
oxygen, RQ: respiratory quotient
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