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Abstract: Necrotizing enterocolitis (NEC) is the most common gastrointestinal emergency of
the preterm infant. Low abdominal tissue oxygen saturation (StO,) measured by near-infrared
spectroscopy (NIRS) oximetry may be an early sign of NEC relevant for treating or even
preventing NEC. However, current commercial NIRS oximeters provide inaccurate StO,
readings because they neglect stool as an abdominal absorber. To tackle this problem, we
determined the optical properties of faeces of preterm infants to enable a correct abdominal
StO, measurement. In 25 preterm born infants (median age 31 0/7 + 2 1/7 weeks, weight 1478
+ 511 g), we measured their first five stool probes with a VIS/NIR spectrometer and
calculated the optical properties using the Inverse Adding Doubling (IAD) method. We
obtained two absorption spectra representing meconium and transitional stool. Probabilistic
cluster analysis correctly classified 96 out of 107 stool probes. The faeces spectra need to be
considered to enable correct abdominal StO, measurements with NIRS oximetry.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Near-infrared spectroscopy (NIRS) is able to measure regional tissue haemoglobin oxygen
saturation (StO,) non-invasively. Light in the near infrared (NIR) diagnostic window
penetrates a few centimeters into tissue. In this range (probing volume), there is reportedly
~25% arterial and ~75% venous blood present [1], even though the arterial to venous ratio
may be different than anticipated by most commercial oximeters [2,3]. Consequently,
regional StO, represents a local oxygen balance (ratio between delivered and consumed
oxygen). NIRS has been successfully applied for monitoring cerebral StO, in preterm infants
(e.g [4,5]). Additionally, there is an increasing interest to monitor abdominal StO, to detect
splanchnic ischemia, in particular in preterm infants who are at risk of developing necrotizing
enterocolitis (NEC) [6-15]. However, abdominal NIRS readings have a clinically
unacceptable low precision and a too high variability to reliably detect and monitor NEC
[16,17].

Recent studies have applied commercially available NIRS oximeters (INVOS [8-
10,15,18], InSpectra [14]) to the abdomen, although neither these sensors nor the algorithms
were designed for abdominal measurements. Abdominal StO, shows much higher variability
than cerebral and renal StO,, and this variability decreases during the first weeks of life [18].
One probable reason for this high variability is that conventional NIRS oximetry does not
account for the absorption of stool, which is present in the abdomen. For example, meconium
staining reduces the measured intensity in red light, thus alters an optical signal [19].
Additionally, lavaging the lumen to perform reflectance spectrophotometry in the
gastrointestinal tract was advised as stool presents interference [20]. Consequently, meconium
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and early stool show an interference not to be neglected and are likely to cause the high
variability in abdominal StO, readings [20-23].

The aim of this study is to determine the optical properties of stool and their change
during the first days of life of preterm infants in order to incorporate them into future
abdominal StO, measurements.

2. Methods
2.1 Study design

Twenty-five preterm infants were enrolled, excluding children with congenital
malformations. With approval from the ethical committee (KEK-ZH-Nr. 2013-0558) and the
written consent from the parents, the first five stool probes excreted by a preterm infant
(gestational age < 35 weeks) were collected. Clinical information such as weight and
gestational age were recorded together with an assessment of stool color, consistency and
texture. Every stool probe was measured using a spectrophotometer within 24 hours
whenever possible. Due to fast accumulation of diaper fillings, measurements were in some
cases delayed with the latest measurement starting 42 hours after excretion.

2.2 Measurement procedure

Each stool probe was removed from the diaper with a spatula and placed into four
demountable, cylindrical quartz glass cuvettes (Hellma Analytics, Miillheim, Germany) with
different thicknesses (0.1, 0.2, 0.5 and 1.0 mm). If not enough stool was available, the
medium thicknesses 0.2 mm and/or 0.5 mm were filled first. Stool characteristics such as
texture, color and homogeneity were recorded. Homogeneous green stool probes with no or
very few curd beads were classified as meconium, whereas stool probes with numerous curd
beads and colors in the range from green to brown and yellow were classified as transitional
stool. The number of curd beads was registered as mottle level in the categories no beads, few
beads, many beads and no more beads.

The stool probes were analyzed with a spectrophotometer (UV 1601, Shimadzu
Corporation, Kyoto, Japan). Three different measurement series were conducted: unscattered
transmittance (U) with the standard sample holder and total transmittance (7) as well as total
reflectance (R) with an integrating sphere. The probed wavelength range was 600 nm to
1000nm. Every measurement was repeated three times per sample (delivering
My, M., M, with  j=1,2,3). For further analysis, the median data set
M, . Xe {U ,R,T } ,j€ {1, 2, 3} with the largest number of measurement points in between
the two other curves was employed, greatly reducing computation time [24].

2.3 Data analysis

Established methods to assess optical properties from spectrometric measurements are the
Kubelka Munk theory and Monte Carlo simulations as well as the (inverse) adding doubling
method [25,26]. Kubelka Munk assumes isotropic scattering and perfectly diffuse
illumination as well as matched boundary conditions, whereas Monte Carlo methods are
computationally expensive. Inverse adding doubling (IAD) was the method (version 3-9-11,
https://omlc.org/software/iad/) of our choice to analyze the stool spectra since this method is
valid for all ratios of u;’ to u, coefficients, accommodates to arbitrary scattering phase
functions, and accounts for internal reflections at the samples boundaries [27]. IAD iteratively
estimates a set of optical properties and runs a Monte Carlo employing the adding doubling
method [28,29] until the calculated total reflectance (R), total and unscattered transmittance
(T, U) match the measured values [30,31]. These Monte Carlo simulations solve the radiative
transfer equation and hold true for homogeneous, smooth samples with an infinite plane-
parallel slab tissue geometry, assuming time independent light distribution and ignoring
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polarization effects. With a fixed refractive index n, IAD extracts from the measurements
M , , the absorption u,, reduced scattering u” and anisotropy g spectra. To correct abdominal
NIRé readings for stool interference, only the u, spectra are of interest. However, as the full
data set, including " and g spectra, may be of interest to other fields, the complete data set is
represented in this work. We assume a refractive index of 5 =133 as the main constituents of
meconium, water [32,33] and intestinal mucosa [34], exhibit this value. If the stool was
optically very dense without light transmittance ( M (A4)=0,4 € {600nm,1000nm}) , the
respective sample was rejected. Furthermore, the noisiest 5% of all complete spectra were
excluded from further analysis. If multiple stool probes per diaper were available, the spectra
from the thickest sample was analyzed further, because it has the highest signal to noise ratio.

2.3.1 Water content correction

When chyme passes the large intestine, water is being withdrawn and reabsorbed. The longer
chyme stays within the large intestine before excretion, the more compacted it becomes. This
delivers a broad range of stool densities, resulting in u, and u,  spectra with a large
intermeasurement variability. In this work, we are not interested in the water content of the
stool probe, but the u, spectra of stool from preterm infants. We minimized the influence of
varying water content by applying the multiplicative signal correction (MSC) [35-37]. All
absorption spectra were modelledas 4 =4 +b xu, L te, with m being the sample and
k being the wavelength number. The average ,ua at the A wavelength s y  =N- z YA

. The o ,p coefficients were estimated individually for each sample Whereas the var1a‘t])le
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Fig. 1. The optical spectra estimated by IAD are shown in blue for all 107 complete stool
spectra through their mean and standard error of the mean (SEM). As the stool probes differed
in water content, which masked the u, and u’ features we are interested in, a multiplicative
signal correction (MSC) was applied.

2.3.2 Principal component analysis and probabilistic clustering

To identify structures within the u, spectra of the stool probes, a principal component analysis
(PCA) was performed on the MSC u, curves. The scores and loadings from the mean
centered u, matrix M were computed by applying the singular value decomposition
M= (UD)VT in the R statistics software (R version 3.5.1 [38]). The new set of base vectors
is equal to Vv, they are called loadings and are referred to as principal components (PC) in
this work. The new coordinates are called scores and given by UD. To investigate the u,
spectra in the PC space on structures, a probabilistic clustering method was employed. The
Bayesian Information Criterion [39] (BIC) was applied to estimate the optimal number of
clusters describing the data structure assuming Gaussian mixture models. Subsequently, the
probabilistic clustering method from the mclust package [40,41] identified the number of
clusters proposed by BIC.
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Fig. 2. PCA of all 107 stool spectra, with and without MSC. The scores are shown for the first
two PCs for u,, us" and g. (a) The sample thickness and (b) mottle level of the stool are
presented with colors. (a) The color coding varies from red to blue with increasing thickness.
Humid stool probes were more transparent and hence data from thicker cuvettes more likely to
be included. MSC removes the influence on sample thickness in PCA as shown in the lower
subplots, effectively removing the influence of varying water content. (b) Meconium entails the
probes with zero up to few beads, colored in dark and light red. Transitional stool probes
contain many beads or have no more beads left, they are shown in light and dark blue. MSC
uncovers the influence of the mottle level on PCA in g, as seen in the bottom left subplot.
3. Results

The first 5 stool probes from 25 infants were aimed for. Thirteen stool probes showed
incomplete spectra and were excluded. Five diapers were accidentally discarded. Two diapers
contained more slime than stool and were excluded as well. Lastly, for two children there



Research Article Vol. 10, No. 6 | 1 Jun 2019 | BIOMEDICAL OPTICS EXPRESS 2788 I

Biomedical Optics EXPRESS -~

were 6 diapers analyzed as the final two diapers were filled within the short time frame of 30
minutes. Finally, from a total of 125 diapers, 107 diapers were analyzed and are presented in
this paper.

The MSC scaled the stool y, and u;’ spectra towards the mean stool u, and u;’ spectra but
preserved the shape. The result can be seen in Fig. 1. To test whether the MSC removes
meaningful information from the data, principal component analysis (PCA) was performed on
the u, and u’ spectra with and without MSC. The resulting scores for both PCAs are shown
with respect to sample thickness and mottle level (Fig. 2). MSC removes the influence of
sample thickness on the scores distribution and uncovers the influence of mottle level (i.e.
stool development) for the u, and y,’ spectra.

Ha s g
° ® (o] 7.5 (s
10- o,
. ..‘ = 5- '. %. s ®
2 ' L 2 e'g).'-o d 3 ¢ <50
< 0 & . a» NI %’. O ey
- ..o:‘o N 80450. AU N o
~ . S ® . o °
S .f Lol 3 5 Q)cb .‘0 U‘.. O P (o]
g -10- . ® o, P ) a 0 %% e a go- .g.. .
. ° .fa . °
-10- e 25 O | |
-5 0 5 15 ' 0 10 20
PC1(52%) PC1(96 %)
R
oy () Mismatch Correctly
- @ Overlap classified
o~ - @ Meconium course
O ’ Transitional Misclassified
o .slool course

25

-35 0
PC1(78%)

Fig. 3. PCA of all 107 MSC stool u,, us’ and g spectra (a,b and c). A probabilistic cluster
analysis was carried out on the scores of the first two principal components (PC), delivering
two clusters for each property. In case of the u, spectra, these clusters coincide for 90% of all
stool probes with the classification of stool into meconium (blue) and transitional stool (red).
Following the development of u, from meconium to transitional stool, the clustering predicts a
correct course for 17 out of 25 children (d).

Continuing further analysis with MSC spectra only, PC/ and PC2 describe 92% of all
variance in the y, data. Accordingly, the first two PCs are most likely to contain clustering
information. The BIC proposes a model with two clusters on PC/ and PC2 scores. These
clusters were identified with the mclust [40,41] package and shown in Fig. 3. The two clusters
coincide for 96 from a total of 107 stool probes with the eye-sight classification into
meconium and transitional stool. Table 1 shows the classification and probabilistic cluster
analysis along with the gestational age and the preterm infants’ weight. This demonstrates
that the differences in stool color and texture as seen in the visible wavelength range are
apparent in the near-infrared spectrum as well. The median u,, 1" and g spectra of both stool
types, meconium and transitional stool, are plotted with their standard error in Fig. 4. The u,
curves of haemoglobin are added for comparison [42]. Probabilistic clustering on PC/ and
PC2 of the uncorrected u, spectra showed no agreement with neither sample humidity, the
child’s age, GA nor with the stool’s age at time of measurement. Clustering information on
PC1 and PC2 of the uncorrected data coincides with the stool types (meconium, transitional
stool) for 53% of all samples in contrast to 90% for MSC corrected data.
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Table 1. Data of all study subjects concerning gestational age, weight and stool probes
measured. The number of stool probes measured in each category and their identification
(ID) by the probabilistic clustering method is given in comparison to classification (class)

by eye-sight.

child GA weight meconium transitional stool
[weeks] [g] [ID / class samples]  [ID / class samples]

1 32177 1960 3/3 0/0

2 331/7 1450 4/4 0/1

3 330/7 1680 2/2 1/1

4 330/7 2000 2/2 1/1

5 28 4/7 1200 2/2 3/3

6 306/7 1370 4/4 2/2

7 325/7 1710 2/2 3/3

8 325/7 1480 2/2 3/3

9 34 3/7 2760 4/4 1/1
10 325/7 1750 4/4 0/1
11 325/7 1340 2/2 3/3
12 29 6/7 1300 0/1 3/3
13 29 6/7 1200 0/1 3/3
14 31177 1560 1/1 0/0
15 295/7 1165 3/3 172
16 263/7 580 1/1 1/1
17 29 6/7 1280 172 2/2
18 34 4/7 2280 3/3 0/2
19 26 6/7 1000 2/2 12
20 26 6/7 840 3/3 2/2
21 32477 2310 1/1 2/2
22 29 6/7 1350 3/3 2/2
23 29 6/7 1390 4/4 1/1
24 301/7 600 5/5 0/0
25 301/7 1400 3/3 0/2
Mean+Std  310/7+21/7 1478 +511 61/64 35/43

4. Discussion

We determined the u, spectra of early stool probes from preterm infants in the NIR light. We
discovered two different spectra coinciding with the stool types meconium and transitional
stool. IAD was the method of our choice due to its broad applicability. Nevertheless, IAD
poses certain requests on the spectroscopic measurements regarding sample size,
homogeneity, thickness, sample holders and beam profile of the spectroscopic device. Most
requirements were met, but our beam profile differed from the requested one and sample
homogeneity was partly not fulfilled. Early meconium and late transitional stool probes are
homogeneous, but the intermediate stool probes contain inhomogeneities in the form of curd
beads. We obtained inhomogeneities in 57 samples (i.e. 53% of our samples). However,
according to our assessment we are of the opinion that the inhomogeneities average out
considering the rectangular beam profile (I x 9 mm?) and sample size (thickness of 0.1, 0.2,
0.5 and 1.0 mm, diameter of 15 mm) being larger than the average inhomogeneity as well as
the large number of stool probes being analyzed. Samples with inhomogeneities deliver
properties with a higher
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Fig. 4. The median u,, us’ and g spectra for 107 meconium and transitional stool probes are
shown with their standard error. The absorption u,, reduced scattering u,” and anisotropy g
coefficients are shown without (a, c, ¢) and with (b, d) multiplicative signal correction (MSC).
Extinction coefficients of oxy- and deoxy-haemoglobin are shown in (f) for comparison.

variation but still blend into the development from early meconium to late transitional stool.
In addition, IAD assumes a circular beam profile hitting the stool probe, whereas our beam
profile has a rectangular cross section. Although IAD was informed with the correct sample
area covered by light, the altered shape places some portions of light closer to the sample
edge and the integrating sphere opening than anticipated by IAD. This results in a larger loss
of light at the sphere opening and sample border than IAD will predict, which in turn will be
interpreted as a higher sample extinction coefficient. However, stool u, in general showed
high values, leaving only little room for signal loss at the border and its misinterpretation.
Finally, IAD bases its Monte Carlo routine on a refractive index given by the user. The index
of refraction was chosen to be n = 1.33 as water [32,33] and intestinal mucosa [34] show the
same value and depict the main constituents of meconium. Nevertheless, the true refractive
index of stool is to the best of our knowledge not known and can be larger than assumed due
to other compounds such as biliverdin and bilirubin [43]. To investigate the possible influence
of different refractive index values, we reran the complete analysis also on n = 1.43. We
obtained the same stool u, features as for n = 1.33. The mean y, curves for meconium as well
as transitional stool from the analysis with the smaller refractive index can be scaled and
translated into the analysis with the larger refractive index.

The stool probes were classified by eye into either meconium or transitional stool. There
is an uncertainty regarding the crossing from meconium to transitional stool as it is not clear
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where exactly meconium stops, and transitional stool starts. Consequently, probabilistic
clustering is not expected to fully overlap with the eye-classification into the two stool types.

Preterm infants at our neonatal ward are initially fed with formula, which is gradually
replaced with human milk. During the first days of life, the gastrointestinal tract evolves to
stomach nutrition, which changes the stool pattern, texture and color. The changes in the near
infrared spectrum for the first five stool probes were observed as they evolve from meconium
to transitional stool. We have investigated the first steps in stool development and found that
preterm infants’ stool evolves in varying speed. Furthermore, we observed no clustering
information on neither child gestational age nor child weight at time of birth. We found no
change in spectral u, arising from the waiting time between stool excretion and spectral
analysis.

Are there other absorbers that may interfere with a correct StO, measurement? One strong
absorber is melanin. Since most NIRS devices are based on a multidistance approach, since
the multidistance measurements were shown to cancel the influence of superficial tissue
[44,45], and since melanin is located very superficially, we do not expect that melanin will
lead to inaccurate StO, readings. At most melanin will lead to a decreased light intensity at
the detectors and this may increase the noise level slightly. Another such molecule may be
bilirubin. But the absorption of bilirubin is high in the blue region and negligible in the NIR
region [46]. Therefore, we do not expect any interference of bilirubin. Indeed, hemoglobin is
by far the strongest absorber in tissue in the NIR with the exception of the abdomen, where
meconium/stool absorbs NIR light strongly.

Larger blood vessels are known to act similar to black holes: they absorb all the light
entering the blood vessel. Thus, they do not contribute to changes in the NIRS signal [47].
We expect that larger (>1mm) lumps of dense stool will be acting similarly. Such lumps will
probably interfere little with a correct measurement of StO, However, we expect that there
will also be unknown quantities of small meconium/stool particles or meconium/stool of low
optical density, which will definitely interfere with a correct StO, measurement. Only an
appropriate correction for stool may prevent such errors.

The spectra of meconium and transitional stool show a trend in u, opposite to oxy-
haemoglobin. Consequently, if an oximeter measures on the abdomen and stool is present,
this leads to erroneous readings of the oxy-haemoglobin concentration and a falsely low StO,.
This effect depends on the set of wavelengths of the light sources, but arguably will affect any
NIRS device. If the u, spectra for meconium and transitional stool are considered, this will
enable to correct NIRS oximeter readings.

In principle, it would be possible to reanalyze existing NIRS data, if the raw intensities
were available and if the employed instrument provided raw intensities for at least three
wavelengths. Three wavelengths are sufficient if they are placed at wavelengths, where
meconium and transitional stool have similar absorption coefficients. Otherwise at least four
appropriate wavelengths are necessary. Unfortunately, most commercial instruments do not
provide raw intensities. Furthermore, it would be possible to determine the concentration of
stool in the abdomen. However, no commercially available clinical NIRS instrument is able
to quantify u, so far and in addition, the absorption spectrum of meconium/stool varies
tremendously depending on the water concentration. But it should be possible to estimate the
presence of stool in categories such as low, medium or high.

5. Conclusion and outlook

We have determined the u, spectra of meconium and transitional stool and found a strong
absorption in the NIR light. This is very likely to disturb traditional oximeter readings and
explain the observed high variability of such readings [14]. Probabilistic cluster analysis
discovered differences between the two stool types. These u, spectra will be employed to
correct abdominal oximeter readings for the interference of stool Abdominal NIRS
measurements on at least three appropriate wavelengths are required to consider meconium
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and/or transitional stool spectra. Not taking the absorption spectral information of preterm
stool into account when determining StO, with NIRS oximetry on the preterm abdomen will
lead to false StO, values. Studies that missed this critical aspect in the abdominal NIRS
measurements need to be reevaluated and reinterpreted.

Furthermore, expanding existing NIRS oximeter models to recognize the presence of
meconium and transitional stool not only allows for stool-corrected abdominal StO,, but also
for the detection of stool. Similarly to classifying the interference of stool on abdominal NIRS
measurements [22], the presence of stool can be estimated to be high, medium or low.
Combining this rating with variations in time may enable conclusions on gut motility and
constipation. This will promote NIRS oximetry as a non-invasive and cost-efficient tool to
monitor the abdomen of critically ill preterm infants.
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