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Abstract The amount of ammonia in exhaled breath has
been linked to a variety of adverse medical conditions,
including chronic kidney disease (CKD). The development
of accurate, reliable breath sensors has the potential to
improve medical care. Wavelength modulation spectros-
copy with second harmonic normalized by the first har-
monic (WMS 2f/1f) is a sensitive technique used in the
development of calibration-free sensors. An ammonia gas
sensor is designed and developed that uses a quantum
cascade laser operating near 1,103.44 cm™' and a multi-
pass cell with an effective path length of 76.45 m. The
sensor has a 7 ppbv detection limit and 5 % total uncer-
tainty for breath measurements. The sensor was success-
fully used to detect ammonia in exhaled breath and
compare healthy patients to patients diagnosed with CKD.

1 Introduction

The medical significance of the presence of ammonia in
breath has been studied previously, demonstrating the
usefulness of an ammonia sensor to diagnose and monitor a
variety of medical conditions, including chronic kidney
disease (CKD) [1], Helicobacter pylori infection [2], and
encephalopathy [3]. Ammonia is a naturally occurring
species in exhaled breath. Healthy individuals typically
have a few hundred parts per billion by volume (ppbv)
ammonia in their breath, while patients diagnosed with
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CKD, for example, could have over one part per million by
volume (ppmv) ammonia in their breath [4]. Based on the
established link between ammonia breath concentration
and adverse medical conditions, the development of
accurate sensors can improve medical treatment, providing
beneficial diagnostic and monitoring tools. Laser-based
sensors show great potential as they can achieve high
sensitivity, provide real-time analysis, and their size makes
them portable.

Table 1 summarizes recent developments in laser-based
ammonia breath sensors as well as the sensor developed in
this work. All of these sensors were developed using strong
absorption features in ammonia’s v, vibrational band, seen
in Fig. 1. Carbon dioxide and water vapor, typically found in
exhaled breath to be about 5 % and 6 % of the total gas
mixture, respectively, also absorb in this wavelength region.
The sensors described in Table 1 utilize strong ammonia
transitions that have minimal interference from carbon
dioxide and water vapor. The absorption feature near
1,103.44 cm™! was chosen for this work because it has the
least interference; <1 % of the absorbance at the ammonia
peak is due to absorption from other species. Figure 2 shows
a comparison between three ammonia absorption features
and the interference from carbon dioxide and water vapor.

This is the first ammonia breath sensor developed using
this low interference feature; however, an ammonia sensor
for atmospheric measurements using the same feature has
been developed previously [9]. Our sensor is also unique in
that it is calibration free and therefore does not require a
reference cell or a correlation based on previous calibration
experiments. The WMS 2f/1f method enables calibration-
free detection as long as the spectroscopic parameters of
the absorption feature are known. These parameters are
typically taken from the HITRAN database [8]; however,
breath composition is different from air so the broadening

@ Springer



372

K. Owen, A. Farooq

Table 1 Summary of recent laser-based ammonia breath sensors and the sensor developed in this work

Frequency Laser Method Calibration Interference (%)* Reported Sensitivity® References
Discrete lines 9-10 pm  CO, PAS Reference cell 10 % for breath measurements as low as  [1]
100 ppbv
967.35 cm ™! QCL  Pulsed CRDS Calibration 4.55 50 ppbv detection limit [4]
curve
1,046.4 cm™! QCL  QEPAS Reference cell 7.27 20 ppbv standard deviation [5]
967.35 cm ™! QCL  Inter- and intra-pulse  Calibration 4.55 3 ppbv detection limit 5 % for breath [6]
curve measurements as low as 140 ppbv
967.35 cm ™! QCL  QEPAS WMS 2f Reference cell 4.55 6 ppbv standard deviation for NH; in N, [7]
from 160 ppbv to 5 ppmv
1,103.44 cm™! QCL  Multi-pass cell Calibration 0.98 7 ppbv detection limit 5 % total This work
WMS 2f/1f free uncertainty for breath measurements

QCL quantum cascade laser, PAS photo-acoustic spectroscopy, CRDS cavity ring down spectroscopy, QEPAS quartz enhanced photo-acoustic spec-

troscopy, WMS wavelength modulation spectroscopy

 Interference is defined as the contribution to the total absorbance at the ammonia peak from other species for a breath mixture at 100 Torr with 50 ppbv
NHj;, assuming 6 % H,O and 5 % CO,. Note that the sensor developed in [1] did not list the specific ammonia feature so the interference could not be

determined

® Detection limits were defined uniquely for each sensor, please refer to the references for more details
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Fig. 1 Ammonia absorption from 2 to 12 um showing the strongest
absorbance in the v, vibrational band

cannot be predicted with the HITRAN broadening coeffi-
cients. Additionally, the six transitions that make up the
ammonia manifold sR(6,K) near 1,103.44 cm™"' are listed
in HITRAN with uncertainties between 10 and 20 %.
Therefore, the development of this calibration-free sensor
required the measurement of the linestrength and broad-
ening coefficients of ammonia in nitrogen, oxygen, carbon
dioxide, and water vapor for each of these six transitions,
which was performed in our previous work [10].

2 WMS 2f/1f sensor implementation
Although direct absorption spectroscopy (DAS) is the

simplest and most common technique to measure the mole
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fraction of a species in a gas mixture with a laser-based
sensor, the accurate detection of trace gases using DAS is
challenging since low absorbance levels are difficult to
distinguish from noise and the nonabsorbing baseline is
uncertain. In order to measure the ppbv levels of ammonia
found in breath, this sensor uses wavelength modulation
spectroscopy (WMS), a well-known spectroscopic tech-
nique to make sensitive measurements and reject noise. In
order to develop a calibration-free sensor, wavelength
modulation spectroscopy with second harmonic normalized
by first harmonic detection (WMS 2f/1f), as described
previously by Rieker et al. [11] and Farooq et al. [12, 13],
is used. The first harmonic normalization accounts for the
opto-electrical gain of the system and losses due to scat-
tering, beam stearing, and window fowling and eliminates
the need for calibration.

In WMS, the laser frequency is modulated with angular
frequency w,,, by modulating the input current to the QCL,
described by

v(t) = v+ acos(wnt)

(1)

where v (cm™!) is the laser center frequency and a is the
modulation depth. The intensity of the laser is modulated
simultaneously according to

L,(t) = I, + i, cos(wmt + 1) + iz cos(2wmt + ;) (2)

where I, is the average laser intensity, i, is the linear
intensity modulation amplitude, V/, is the linear phase shift,
i, is the nonlinear intensity modulation amplitude, and ,
is the nonlinear phase shift. Due to the higher order
intensity modulation, there is a nonzero background signal
in the absence of absorption.

The background-subtracted WMS 2f/1f signal is a
function of both laser parameters (a, i,, i», {1, and y,) and
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gas parameters (P, T, L, S, ¢, and X;). The laser parame-
ters can be determined before the measurements, according
to the method described by Li et al. [14], and therefore, the
sensor can be used to measure one of the gas parameters if
others are known. This strategy is called “calibration free”

Fig. 2 Simulations of the interference from carbon dioxide (5 %) and

water vapor (6 %) on low levels of ammonia (50 ppb), comparing the
ammonia features used for previous sensors to the feature selected for
this sensor. The interference, defined as (Total — NH;3)/Total
absorbance at the ammonia peak, is lowest for the ammonia feature
selected for this sensor. The spectrum for each individual species was
calculated from parameters in HITRAN 2008 [8]. a Previous sensors
[4, 6, 7] utilized the ammonia feature centered at 967.35 cm L b A
previous sensor [5] utilized the ammonia feature centered at
1,046.4 cm™ . ¢ This sensor utilizes the ammonia feature centered
at 1,103.44 cm™!

because it allows for the measurement of concentration
without the need to calibrate the signal to a known mixture
as is necessary with traditional WMS [11].

The laser parameters were measured for different laser
settings (injection current, temperature, and wavelength)
and over time. It was found that there was some variation
in the exact values of the laser parameters from day to
day, but the changes were negligible when using the
sensor in a single day. Therefore, the laser parameters
were measured each day before using the sensor to reduce
the uncertainty in the measurement; typical values are
given in Table 2.

With measurements of the pressure, temperature, and
path length, the spectroscopic parameters determined
previously [10], and the laser parameters, an in-house
simulation code was used to calculate the WMS 2f/1f
signal. The simulated background signal was found by
running the simulation with ammonia mole fraction set to
zero. A guessed ammonia mole fraction was then used to
determine the simulated background-subtracted WMS 2f/
1f signal and the peak value of this signal. The simulated
peak value was used to calculate the actual mole fraction
of ammonia by comparison with the measured peak
value.

The measurements were performed using a continuous-
wave quantum cascade laser (cw-QCL), model sbcw2006,
from Alpes Lasers (Neuchatel, Switzerland; http://www.
alpeslasers.ch/), which was chosen since it is tunable over
1,100.4-1,108.2 cm ™' by adjusting the laser temperature
and injection current. The laser temperature was varied
using a TCU200 temperature controller supplied by Alpes
Lasers, while the current was controlled using an ILX
Lightwave LDX 3232 high compliance laser diode driver.
The QCL was mounted in a laboratory laser housing, which
included a thermoelectric cooler. Stronger absorbance
levels were achieved by using an AMAC-76 astigmatic

Table 2 Typical laser parameters at a modulation frequency of
10 kHz

Wy (rad) > (rad)

a(em™h lp b

~

0.067 0.007 3.36 5.40
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multi-pass cell from Aerodyne Research [15, 16]. This
optical cell has 238 laser passes, resulting in a total path
length of 76.45 m. A ZnSe asphere was used to collimate
the laser, and optics were used to focus the laser at the
center of the cell with a focal ratio >f/80 to achieve optimal
alignment. The laser was then directed to the Vigo PVI
3TE-10.6 thermoelectrically cooled, optically immersed
photovoltaic detector where the intensity was recorded
with a National Instruments data acquisition system (DAQ)
NI PXIe-6115 sampling at 10 MHz with 12 bit resolution.
The pressure was measured using MKS 627D capacitance
manometers with 100 and 20 Torr full-scale pressure ran-
ges and accuracies of 0.12 %. The breath samples were
collected in SKC 239 Series Exhaled Breath Sample Bags,
which have a volume of 1 I and are made of 4-ply low-
background Flex Foil® PLUS material. The patient exhales
into the breath bag through a valve, which is closed when
breath acquisition is completed. The breath sample is
extracted through the sample removal fitting and pumped
through the optical cell for measurements at a pressure of
100 Torr and flow rate of 0.55 I per minute (Ipm) with a
Varian DS302 vacuum pump. The experimental setup is
shown in Fig. 3.

To implement the WMS strategy, the laser frequency
was set to the peak of the absorption, and the injection
current was then modulated with a high frequency, 10 kHz,
sine wave. An additional sinusoidal modulation with low
frequency, 80 Hz, was added to the high frequency mod-
ulation so that the 2f/1f signal for a range of wavelengths
could be determined. The purpose of this additional slow
scan was to make sure the peak 2f/1f signal was captured.
The resulting laser intensity, after having passed through
the ammonia mixture in the multi-pass cell, was measured
by the detector. The background signal was measured with
pure nitrogen flowing through the cell. The measured

Fig. 3 WMS 2f/1f sensor
experimental setup used to

measure ammonia mole fraction DAQ
in breath as samples flow
through a multi-pass cell
/\/\/ Low Frequency
Scan
+

High Frequency
Modulation

ILX Lightwave
Current Source

Temperature

Controller
Alpes QCL

Sbew 2006

ZnSe
Asphere
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HeNe Visible Laser

background-subtracted 2f/1f is calculated from the indi-
vidual components, which are processed using a digital
lock-in filter and low-pass Butterworth filter to remove the
high frequency noise and isolate the desired harmonics, as
illustrated in [11].

The measured peak value, Cpy meas, Was then compared
to the simulated peak value, Cpy sim, to calculate the mea-
sured ammonia mole fraction.

Cpk‘meas

(3)

Ximeas = guess

Cpk,sim
At low mole fractions, the simulated peak value is directly
proportional to the guessed mole fraction so the first iter-
ation is an accurate calculation of the measured mole
fraction. For verification, though, the measured mole
fraction was then used as the guessed mole fraction until
the solution converged.

Figure 4 shows the output from the simulation for the
first and second harmonic signals, the background-sub-
tracted 2f/1f signal, and the region of the peak that was
scanned during the measurement.

3 Sensor verification and analysis
3.1 Adsorption

Ammonia gas is known to adsorb strongly to surfaces it
comes in contact with, and thus, the measured ammonia
concentration in an optical cell decreases with time [17].
Large surface area and nonglass components, such as the
mirrors, of the multi-pass cell provide more adsorption
sites than the quartz cell, which was used for the spectro-
scopic measurements in our previous work [10]. Due to the
adsorption in this optical cell, it was very difficult to study

Aerodyne Astigmatic Multi-pass
Absorption Cell with 238 passes
totaling 76.45 m path length

Needle valves to
control pressure
and flow rate

Aluminum Focusing Mirror
50 mm FL

Breath sample in
SKC Exhaled Breath
Sample Bag

r::/l:%)

To Pressure
Transducer and
Vacuum Pump

Vigo Detector
PVI3TE-10.6

ZnSe e

Beam Splitter el Gold
............................... “2z:.// Focusing Mirror

IR Laser Beam 500 mm FL
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Fig. 4 Simulated WMS signals including the first and second
harmonic signals as well as the background-subtracted 2f/1f signal
showing the region of the slow scan

a static gas sample. Instead, a gas flow setup was used to
minimize adsorption so the sensor measures the actual
amount of ammonia in the gas sample. Since adsorption
changes the amount of ammonia in the gas phase, it is
important to quantify what effect it may have on the sensor
performance.

Adsorption is an equilibrium process where the equi-
librium gas phase concentration depends on three factors,
the pressure, the temperature, and the tendency of the
molecule to adsorb to the surface. For a given molecule and
surface, the fraction of surface sites occupied by the
adsorbed molecule increases with pressure and decreases
with temperature [18, 19].

A detailed investigation of the effects of ammonia
adsorption was performed previously for the design of an
ammonia sensor based on photoacoustic spectroscopy
(PAS) [17]. Since the adsorption process depends on the
previous ammonia exposure in the cell, a closed cell will
equilibrate to ammonia levels that are not reproducible and
therefore cannot be corrected to calculate the actual value
in the initial gas sample. In the case of a flow experiment,
the adsorbed molecules can be replaced by new molecules
entering the cell and molecules that desorb are carried out
by the flow. Therefore, after a brief passivation delay [20],
equilibrium conditions are reached and the effective
adsorption rate decreases rapidly so the measured mole
fraction of ammonia is in fact the mole fraction in the
sample.

A series of validation tests were carried out to establish
the optimal parameters required to reach equilibrium for
the experimental setup used here. Ammonia mole fraction
was measured as a function of time by flowing an ammo-
nia—nitrogen mixture continuously through the cell. Fig-
ure 5 shows the results for four different tests. The first test

was performed after the cell was evacuated for 12 hours.
Since the cell was initially far from equilibrium, the mea-
sured mole fraction continued to increase gradually and did
not reach equilibrium during the test time. The second and
third tests were performed afterward with only 10 min of
evacuating the cell. For these tests, the mole fraction
reached equilibrium faster since the cell started closer to
equilibrium. The final test was performed with the cell
heated to 35 °C, which resulted in a faster approach to
equilibrium.

Additional validation tests were performed with
pseudobreath mixtures from the sample breath bags. The
bag was filled with ammonia, nitrogen, oxygen, carbon
dioxide, and water vapor in amounts typical in breath. The
primary difference between the ammonia—nitrogen mixture
and the pseudobreath is that the latter also contains water
vapor. Water vapor is another molecule, which tends to
adsorb strongly. Also, ammonia tends to adsorb to water
droplets which, if formed, could provide more adsorption
sites. Therefore, the temperature and pressure in the cell
were chosen such that the partial pressure of water vapor
was below the vapor pressure so there would be no con-
densation of water in the cell.

Two sets of three experiments were performed with
mixtures containing ammonia close to the higher and lower
values expected in breath, respectively. It can be seen in
Fig. 6 that in both cases, equilibrium was reached in the
time provided by the limited volume of the bag. Addi-
tionally, the equilibrium value was repeatable within the
measurement uncertainty. Ideal flow rates and pressures
were achieved at room temperature using needle valves
between the bag and the cell and between the cell and the
vacuum pump. The pressure increased to 100 Torr in 40 s
and then remained steady until the bag was empty, 70 s

10 ———
= |
g sf
c
K}
L
% 4t —— After cell vacuumed 12 hrs.
Em —— After cell vacuumed 10 mins.
% ot —— After cell vacuumed 10 mins.

—— Heated cell
0 ; ; ; ;
0 100 200 300 400 500
Time (s)

Fig. 5 Measurements of the time to reach equilibrium as a mixture of
ammonia and nitrogen flowed through the cell for various cell
conditions
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Fig. 6 Ammonia measurements in flow experiments; a ammonia
near high values in typical breath, b ammonia near low values in
typical breath

later. The flow rate was 0.55 Ipm. The verification tests
showed that this flow rate and sample volume are adequate
to reach the equilibrium flow conditions.

The pseudobreath mixtures showed a different trend at
early times compared to the ammonia—nitrogen mixtures.
In ammonia—nitrogen mixtures (Fig. 5), the ammonia
concentration increased steadily to an equilibrium value,
whereas in pseudobreath mixtures (Fig. 6), ammonia con-
centration increased initially and then gradually decreased
to the final equilibrium value. This is because the water
vapor adsorption reaction competes with the ammonia
adsorption reaction. The water molecules can replace
ammonia on the adsorption sites and thus cause an initial
net desorption of ammonia. Over time, with continuous
flow, the equilibrium is re-established, and the ammonia
level approaches the amount in the incoming sample.

@ Springer

3.2 WMS validation by DAS

Experiments were performed to compare results from
direct absorption (DAS) and wavelength modulation
(WMS) to validate the WMS strategy. The amount of
ammonia was first measured in the cell for a flow experi-
ment using WMS; next, the laser settings and modulation
were changed to measure the amount of ammonia using
DAS. Results for a mixture containing about 9.5 ppmv of
ammonia are shown in Fig. 7, and the measured ammonia
mole fraction by WMS clearly falls within the experi-
mental uncertainty of the mole fraction measured by DAS.
This experiment was repeated for more dilute mixtures to
verify the sensor over a range of mole fractions, and the
results are shown in Table 3. There were more scatter and
uncertainty in the measurements with DAS, especially at
ammonia levels below 1 ppmv, which is why WMS was
used for this sensor.

3.3 WMS simulation sensitivity analysis

Since the measured peak signal is compared with the
simulated peak to infer the ammonia mole fraction, it is
important to quantify the sensitivity of the simulated peak
value to the spectroscopic parameters, the gas properties,
and the laser parameters.

In previous work [10], the linestrength and collisional
broadening coefficients for ammonia in nitrogen, oxygen,
carbon dioxide, and water vapor were measured. The
uncertainty on measured linestrength values ranged from 6
to 10 %, while the uncertainty on measured collisional
broadening coefficients ranged from 3 to 13 %. Simula-
tions were performed in which one of the parameters was
adjusted by its uncertainty, while the others were

10
— WMS

T o —DAs =
\%, T =296 K
c L=76m
L 8f
(6]
©
L
QL 77
[e]
=
IC’)
Z 67

5 . . .

0 200 400 600 800

Time (s)

Fig. 7 Comparison between WMS and DAS for an ammonia mixture
in nitrogen
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Table 3 Comparison between ammonia mole fraction measured with
WMS and DAS used to validate the WMS method

WMS DAS

9.28 9.36 ppmv
6.85 6.90 ppmv
5.95 6.05 ppmv
2.21 2.20 ppmv
124 122 ppbv
50 43 ppbv

maintained at their measured value. The resulting WMS
peak value was compared with the peak value for the
simulation with all of the parameters at their measured
value. Figure 8 shows the effect of the uncertainty of the
linestrength for each of the six ammonia transitions that
make up the sR(6,K) manifold near 1,103.44 cm™'. Tran-
sition sR(6,3) is the strongest and the closest to the fre-
quency of the peak WMS signal, so the simulated peak
signal has largest sensitivity (2.31 % change) to this tran-
sition. The peak signal has less sensitivity to the line-
strength of other ammonia transitions as they are further
away from the peak and have relatively small linestrength.
The same analysis was used to study the effect of the
uncertainty of the collisional broadening coefficients for
each of the bath gases. The WMS peak was most sensitive
to nitrogen broadening, since it is the most abundant
(~74 %) bath gas in breath, which led to an uncertainty of
1.68 % in the simulated peak value.

The concentrations of the other gases in breath were not
simultaneously measured, since the interference absorption
leads to a relatively small uncertainty. Exhaled breath
typically has 6 % water vapor and between 3 and 6 %
carbon dioxide [21]. At the measurement wavelength, the
water vapor interference was negligible and the carbon
dioxide interference was only apparent for ammonia mole
fractions <1 ppmv. The WMS simulation was designed to
subtract the interference absorption by assuming a con-
centration of carbon dioxide. At a pressure of 100 Torr and
ammonia mole fraction of 200 ppb, the ammonia WMS
peak changed 1 % for carbon dioxide concentrations
between 3 and 6 %. The uncertainty in the relative amounts
of bath gases also affected the ammonia signal because the
bath gas concentrations are included in the calculation of
collisional linewidth. At a pressure of 100 Torr, a change
in the amount of water vapor by 1 % resulted in a change in
the peak value by 0.84 %, while a change in the amount of
carbon dioxide by 3 % resulted in a change in the peak
value by 0.62 %, and a change in the amount of oxygen by
3 % resulted in a change in the peak value by 0.43 %.
Since the nitrogen makes up the remainder of the mixture
in the simulations, the effect of changing the amount of
nitrogen is accounted for in the above calculations.

The temperature of the gas in the cell was assumed to be
room temperature, which was measured to be between 294
and 296 K. This 2 K difference led to 0.38 % change in the
simulated WMS peak value. The pressure in the cell during
experiments was measured with an MKS manometer that
has a reported uncertainty of 0.12 %. Additionally, a slight
variation in pressure was observed as the flow reached
equilibrium conditions. The total uncertainty in the mea-
sured pressure was 0.5 %, which led to a change in the
simulated peak of 0.31 %. The manufacturer reported a cell
path length of 76.45 £ 0.05 m which was confirmed,
within experimental error, by measuring an ethylene
absorption line. This uncertainty in the path length led to a
change in the simulated peak of 0.07 %. As described in
Sect. 2, implementation of calibration-free WMS requires
laser-specific modulation parameters (ig, i, ¥/, {¥»). These
were measured each day to account for small variations
from day to day. The uncertainty in the experimentally
determined laser parameters led to a change in the simu-
lated WMS peak of 0.8 %.

The overall sensitivity analysis, shown in Fig. 9, reveals
that the most significant input parameters to the simulation
program are the linestrength of transition sR(6,3) and the
collisional broadening coefficients for ammonia in nitrogen.
Based on this analysis, the total uncertainty in the simulated
WMS peak value, oc, ., was found by combining the
uncertainties of all input parameters, i, using the Euclidean
norm

O Cptsim — A /Z 012 (4)

where o; denotes the percent change in the simulated WMS
peak due to the uncertainty in parameter i. For ammonia
mole fractions <1 ppmv, when the effect of carbon dioxide
interference was included, the uncertainty in the simulated
peak was found to be 4.05 %. For ammonia levels above 1
ppmv, the uncertainty was found to be 3.92 %. Since the
measured mole fraction is proportional to the simulated
WMS peak value, this uncertainty is the contribution from
the simulation to the measured mole fraction. This simu-
lation uncertainty is then combined with the experimental
uncertainty to determine the overall uncertainty of the
measured mole fraction.

3.4 Detection limit

To quantify the sensor’s detection limit and sensitivity, an
experiment was performed where ammonia concentration
was varied continuously. Figure 10a shows the results for
this experiment. Initially, pure nitrogen was measured, then
a 9 ppmv ammonia in nitrogen mixture was added at a
slowly increasing fractional flow rate, and then, the
ammonia mixture was turned off so that pure nitrogen

@ Springer
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flowed through the cell again. It can be seen that the
measured amount of ammonia slowly increased as more
ammonia was added to the flow and then quickly decreases
to a small amount of residual ammonia as the cell was
flushed with nitrogen. Figure 10b zooms in to the initial
rise of ammonia mole fraction.

The sensor measured an ammonia mole fraction of about
7 ppbv when pure nitrogen flowed through the cell; this
erroneous measurement was not due to ammonia absorption,
but due to fluctuations in the background signal. The back-
ground signal used for this experiment was the average of 10
measurements with pure nitrogen flowing through the cell.
Figure 11a shows how the measurement of pure nitrogen
gives a nonzero peak value after background subtraction.
The detection limit is then 7 4 2 ppbv, approximately.
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After the addition of the ammonia mixture, peaks began
to become distinct from the background signal, as seen in
Fig. 11b. The peak value used to determine the ammonia
mole fraction was the average of fifteen peaks, and six are
shown in the figure. The measurement uncertainty was
defined as the standard deviation in these fifteen peak
values. The uncertainty in the peak value at a measured
ammonia mole fraction of 18.3 ppbv was 18.2 %. Com-
bining this uncertainty with the uncertainty in the simulated
WMS peak, using the Euclidean norm, led to a total
uncertainty of 18.6 % or 3.4 ppbv.

Since this sensor was designed to measure the amount of
ammonia in exhaled breath, it was important to quantify
the sensitivity near expected values in breath. Healthy
patients are expected to have anywhere from 100 to 500
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Fig. 10 Characterization of the sensor using WMS to measure low
levels of ammonia. a Entire measurement. b Initial ammonia addition

ppbv ammonia, while patients with CKD are expected to
have >1 ppmv ammonia. Figure 11c shows the signal for a
measurement of 154.6 ppbv. In this case, the peaks are
clearly distinguishable from the background signal. The
measurement uncertainty was found to be 2.1 % leading to
a total uncertainty of 4.58 % or 7.1 ppbv.

4 Results from breath measurements

4.1 Real-time measurement of breath samples
from healthy patients

The sensor was implemented to study the ammonia con-
centration in the exhaled breath of healthy individuals.
Measurements were taken in real time with the breath

—— Measured

0.06 |
—— Background
0.05 | —— Backgrounded Subtracted
O Peak
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Fig. 11 WMS 2f/1f results for a pure Ny, b after the initial addition
of ammonia, and ¢ once the ammonia amount reached typical levels

in breath. a Measurement of 7.3 &£ 2.1 ppbv. b Measurement of
18.3 + 3.4 ppbv. ¢ Measurement of 154.6 + 7.1 ppbv
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sample bag as a buffer volume. Figure 12 shows three
examples of the measurements of breath samples from dif-
ferent healthy patients. The first 60 s shows the measurement
when pure nitrogen was flowing through the cell, after which
the patient exhaled into the bag and the sensor measured the
ammonia in the breath. Experiments were done previously to
verify that the flow rate was sufficiently high to replace the
nitrogen in the cell by the incoming sample. Therefore, the
initial rise in mole fraction is over the time it takes for the
breath sample to completely fill the cell and for the nitrogen
to be removed. Thereafter, the breath flow continues as
equilibrium is established until the bag is empty.
Ammonia concentration was measured in the exhaled
breath of eight different healthy patients. The reported
ammonia level is the average value measured over the last
10 s before the sample was consumed. The reported
uncertainty accounts for the uncertainty in the simulated
WMS peak, as described previously, and the standard
deviation over the measurement time. Figure 13 shows the
results for these eight patients, all of which were between
100 and 350 ppbv, within the expected range for healthy
patients. The amount of ammonia in the exhaled breath of
one healthy patient over the course of the afternoon was
also measured. Figure 14 shows that the amount of
ammonia decreased after a meal, then increased steadily
between meals, and again decreased after another meal.
This is in agreement with results from previous work [4].
The amount of ammonia was within the expected range
except long after one meal when it was above 500 ppbv.

4.2 Measurement of breath samples from patients
diagnosed with Chronic Kidney Disease (CKD)

Breath samples were collected in the breath sample bags
from patients diagnosed with CKD. The bags were then

500 | —— HP2: X = 339.8+14.8 ppb (4.4%) 1
—— HP3: X = 280.5+15.5 ppb (5.5%)
~a00l T HP6: X = 250.1+14.7 ppb (5.9%) |
Q
£
]
‘S 300} |
o
S
€
< 200} ;
£
©
o
D 400} ]
0 L L
0 50 100 150
Time (s)

Fig. 12 Measurement of breath samples from three healthy patients
after 1 min of nitrogen flow from the sample bag
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Fig. 13 Results from eight healthy patients including male and
female, smokers and nonsmokers, between the ages of 18 and 50

transported to the research facility for the analysis of
patient breath. These bags are specifically designed for
collecting and storing human breath samples. A study was
done previously to investigate the suitability of the bag
material for storing atmospheric samples containing
ammonia. The results showed that 100 % of the ammonia
was recovered after 2 h and over 90 % of the ammonia was
recovered after 6 h [22]. The study also recommended a
procedure for cleaning the bags to make them suitable for
reuse. The cleaning procedure involved emptying the bag,
flushing it with room air, filling it with zero air for 24 h,
emptying it, then refilling it with zero air again to measure
the residual gas concentrations. Following this procedure,
the bags were found to have <25 ppbv residual ammonia.
Another study investigating the bags for breath research
recommended heating the bags to 45 °C as part of the
cleaning procedure [23].

To verify that the bags were suitable for storing the
breath samples, an experiment was designed to measure the
amount of ammonia in the bag overtime. Since the full
volume of the bag was required for each measurement,
three bags were filled with the same pseudobreath mixture
simultaneously. The amount of ammonia in consecutive
bags was measured immediately after filling, 2 1/2 h after
filling, and 31/2 h after filling. These experiments were
performed for two different initial ammonia mole fractions.
The results, listed in Table 4, show that a substantial por-
tion of ammonia was lost overtime.

These losses are likely due to the ammonia molecules
adsorbing to surfaces of the sample bag. The different
behavior between these conditions and the ones in the
previous research investigating the bags [22] is likely due
to the water content, which is much larger in a breath
sample compared to an atmospheric air sample. The
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Fig. 14 Results for one healthy patient throughout the day, where the

lunch meal was at 1:30 p.m. and the dinner meal was at 7:00 p.m.

Table 4 Percent remaining at 2% and 32 h for each of the initial
mixtures

Xinitial (PPDV) 585 (%) 1,073 (%)
X(23h) 46 44
Xinitial
X(33h) 37 36
Xinitial
1200

X =798 exp(-t/106)+275
X = 448 exp(-t/122)+139

o
o
o
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o
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Fig. 15 Results listed in Table 4 are fit with an exponential decay
correlation

presence of saturated water can contribute to the losses of
gas phase ammonia molecules.

The results from the verification experiments were used
to develop a correlation to calculate the initial amount of
ammonia in the breath sample based on the measured
amount and the time between the sample acquisition and
the measurement. To develop this correlation, the results
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Fig. 16 Breath ammonia results from four patients diagnosed with
CKD

listed in Table 4 were fit with an exponential decay func-
tion, as can be seen in Fig. 15, of the form:

X = (Xo - Xeqb) exp(—t/t) + Xegp (5)

According to the Langmuir [18], at low concentrations of

ammonia, the equilibrium amount of ammonia, X, in the
gas phase is linearly proportional to the initial amount of
ammonia, X,, in the gas phase. These two experiments
were used to determine this linear relationship. Using the
average decay time constant, 7, the developed correlation
was used to determine the initial ammonia mole fraction
from a single measurement of the ammonia mole fraction
carried out at a later time after collection of the breath
sample in the breath bag.

For ammonia measurements in the breath samples of
CKD patients, the cell was evacuated before the breath
sample flowed through the cell and equilibrium was
reached before the sample was depleted. Two samples
from four different patients were collected and ana-
lyzed. Figure 16 shows that each patient had signifi-
cantly different amounts of ammonia in his/her breath.
Patients CKD1, 2, and 4 had levels in the expected
range for patients diagnosed with CKD, while patient
CKD3 had levels in same range as expected for healthy
patients.

Patients are diagnosed with CKD when their kidneys do
not properly filter their blood, resulting in the accumulation
of toxins in their blood, one of which is urea. Ammonia is
part of the urea cycle and will therefore likewise accu-
mulate in the blood. Ammonia can diffuse out of the blood
into the lungs when the ammonia levels become higher
than the ammonia levels in the inhaled air [24]. The rela-
tionship between breath ammonia and blood urea makes an
ammonia breath sensor a potential diagnostic and
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Fig. 17 Measurement of the breath ammonia for patient CKD2 from
samples taken before and after the dialysis treatment
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Fig. 18 Comparison between the urea reduction ratio (URR) and
breath ammonia reduction ratio (BARR), used to test the adequacy of
the dialysis treatment, for three patients diagnosed with CKD

monitoring tool for CKD. Patients with CKD are treated by
dialysis on a regular basis to filter their blood. As a result of
the filtering, the urea in the blood decreases during dialysis.
The adequacy of dialysis is measured with the urea
reduction ratio (URR), which is the percent decrease in
blood urea nitrogen (BUN).

BUNBefore Dialysis — BUNAfter Dialysis)
BUNBefore Dialysis

URR = < (6)

To compare the relationship between breath ammonia
and blood urea, a breath ammonia reduction ratio (BARR)
can be calculated to determine the percent decrease in
breath ammonia [1].

@ Springer

BARR = (XBefore Dialysis — XAfterDialysis) (7)

XBefore Dialysis

Figure 17 shows the measurements of the breath samples
from patient CKD2 taken before and after the dialysis
treatment. Blood tests were performed for patients CKD2,
3, and 4, so a comparison between the URR and BARR was
made, as shown in Fig. 18. For each patient, a decrease in
the BUN was accompanied by a decrease in the breath
ammonia level. Dialysis is considered successful when the
URR is >65 % [1]. While the BARR and URR are some-
what different, they do give the same qualitative measure of
adequacy. It is expected that the breath ammonia sensing
can, in future, replace the need to do regular blood tests.

5 Conclusions

A calibration-free sensor was designed to measure ppbv
levels of ammonia in exhaled breath using a quantum
cascade laser and a multi-pass cell. The ammonia absorp-
tion feature near 1,103.44 cm™! was selected due to its
strong absorption and minimal interference from carbon
dioxide and water vapor. WMS 2f/1f was implemented to
improve the signal-to-noise ratio and the accuracy of
measurements. The adsorption of ammonia in the cell was
overcome by gas flow at 0.55 lpm and at a pressure of
100 Torr. The minimum detectable ammonia mole fraction
was found to be 7 ppbv. The uncertainty from the WMS 2f/
If simulation based on the uncertainties in the input
parameters was 4.05 % leading to a total uncertainty of
5 % for breath measurements.

This work demonstrated successful implementation in
measuring ammonia levels immediately after the patient
exhaled into the sample breath bag. For healthy patients, it
was found that ammonia levels vary between individuals
within the expected range and that ammonia levels vary for
the same person depending on the meal time. Qualitatively,
most patients with CKD had elevated levels of ammonia
compared to healthy patients, and all of the patients
showed a decrease in breath ammonia during dialysis.
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