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ABSTRACT

Multispectral optoacoustic tomography (MSOT) holds great promise as a non-invasive diagnostic tool for in-
flammatory bowel diseases. Yet, reliability and the impact of physiological processes during fasting and after
food intake on optoacoustic signals have not been studied. In the present investigator initiated trial
(NCT05160077) the intestines of ten healthy subjects were examined by MSOT at eight timepoints on two days,
one fasting and one after food intake. While within-timepoint and within-day reproducibility were good for
single wavelength 800 nm and total hemoglobin (ICC 0.722-0.956), between-day reproducibility was inferior
(ICC —0.137 to 0.438). However, temporal variability was smaller than variation between individuals (co-
efficients of variation 8.9%—33.7% vs. 17.0%—48.5%). After food intake and consecutive increased intestinal
circulation, indicated by reduced resistance index of simultaneous Doppler ultrasound, optoacoustic signals did
not alter significantly. In summary, this study demonstrates high reliability and temporal stability of MSOT for

imaging the human intestine during fasting and after food intake.

1. Introduction

Non-invasive imaging of human organs for diagnosis, disease
assessment and treatment response monitoring is an integral component
of modern medicine. Emerging label-free, non-ionizing, bed-side imag-
ing modalities like optoacoustic imaging (OAI) are very well suited for
these purposes. OAI uses pulsed laser light to induce thermoelastic
expansion in molecules, which produces pressure waves that can be
recorded, visualized and quantified [1]. By using light at multiple
wavelengths and spectral unmixing algorithms, multispectral opto-
acoustic tomography (MSOT) can distinguish different chromophores,
such as oxygenated and deoxygenated haemoglobin [2].

Various preclinical and clinical studies have already demonstrated
the potential of OAI for assessing inflammatory diseases in children and
adults [3-5]. In patients with inflammatory bowel diseases (IBD),
increased hemoglobin signals correlated well with disease severity [6,
71, as vasodilatation and increased blood flow is a hallmark of acute
inflammatory processes [8,9].

Especially in transabdominal OAI the influence of physiological
changes and potential confounders on optoacoustic signals have not
been investigated, yet. This information could improve the interpreta-
tion of optoacoustic signal alterations in the inflamed intestine.

Previously, OAI data obtained from muscle imaging showed good
intra- and interrater reliability and reproducibility over time [10,11].
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Notably, muscle activation showed a transient influence on the acquired
signals [10]. Similar changes might also be expected in the intestine
after food intake and at different phases of digestion. As known from
previous studies, postprandial gastrointestinal blood flow increases
locally with the transit of food through the digestive tract, from 10 to
30 min after food intake in the stomach, 120 min in the ileum, and
200-300 min in the colon [12-15].

In this prospective study we investigated the reproducibility of
MSOT for imaging the human intestine over time and physiological
changes — caused by fasting or food intake — of the optoacoustic signals
within the bowel wall.

2. Materials and methods
2.1. Study design and participants

In this prospective single-center investigator initiated trial, ten
healthy volunteers have been repeatedly examined by MSOT and
Doppler ultrasound during fasting and after food intake. The study was
approved by the local ethics committee (346_21B), registered (clin-
icaltrials.gov ID NCT05160077), and performed in accordance with the
Declaration of Helsinki. Each subject gave written informed consent
prior to participation.

Healthy individuals at or above 18 years of age were eligible for this
study. Subjects were recruited from the local periphery by public
announcement. Subjects were excluded in case of pregnancy, nursing,
tattoos at imaging sites, subcutaneous fat tissue thickness over 3 cm,
acute or chronic diseases of the gastrointestinal tract or symptoms
suggestive of such a disease, or diseases requiring acute treatment.

After collection of demographic data (such as sex and age), each
subject went through three consecutive study arms (I: fasting, II: stan-
dardized meals, and III: standardized meals with Indocyanine green) on
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three different days with at least 48 h in between. Study arm III will be
published separately as experimental pilot study accompanied by
extensive phantom experiments. In this analysis, we present the first two
study arms (study arm I performed on day A and study arm II performed
on day B) (Fig. 1). Study arm I and II comprised the following exami-
nation protocol: All examinations started at 8:00 / 8:30 am after a
fasting period of at least ten hours. Imaging was performed at eight
timepoints (t0 to t7) with an interval of 60 min in between.

2.2. Study procedures

At each timepoint the examination protocol included the measure-
ment of pulse rate and arterial blood pressure, MSOT imaging of the
gastric antrum, terminal ileum, transverse colon, sigmoid colon, and
Doppler sonography of the splanchnic arteries (celiac artery and supe-
rior mesenteric artery). The inferior mesenteric artery was not assessed
because repeated anatomic localization would have been too inconsis-
tent and time-consuming in this study protocol due to its anatomical
localization, accompanied by gas and stool overlay.

Before MSOT imaging of the gastric antrum, 150 ml of water was
ingested to achieve a homogenous filling of the stomach on every im-
aging timepoint to facilitate transabdominal imaging of the gastric wall.
Every anatomical position was scanned twice by MSOT (v1 and v2). On
study day A, subjects remained in fasting state throughout all eight
imaging timepoints. Study day B included two standardized meals,
similar to continental breakfasts to mimic physiologic eating habits (for
women 500 kcal and for men 650 kcal, containing 55% carbohydrates,
29% fat and 16% proteins, supplementary Table 1) [16], after the first
and fifth imaging timepoint (Fig. 1).
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Fig. 1. Study flow. Ten healthy subjects were assigned to both study arms I (day A) and II (day B). After ten hours of fasting each subject underwent eight imaging
timepoints (t0 — t7) with intervals of 60 min on day A (fasting) and day B (with standardized meals 30 min after the first and fifth imaging timepoint). Each ex-

amination lasted about 20 min.
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2.3. MSOT Device

MSOT imaging was performed by a single CE-certified MSOT Acuity
ECHO system (iThera medical GmbH, Munich, Germany). The system
contains a handheld 2D detector with a class 4 laser with output
wavelengths from 660 to 1300 nm and a pulse repetition rate of 25 Hz.
The field of view was 4 x 4 cm, with a penetration depth up to 2.5 cm.
In this study six single wavelengths (SWL; 700, 730, 760, 800, 850, and
900 nm) were recorded.

During optoacoustic imaging, the system simultaneously acquires
interleaved ultrasound image frames by Reflection ultrasound computed
tomography (RUCT), which is used for anatomical guidance during live
imaging and region of interest (ROI) placement. The displayed opto-
acoustic signals during live imaging allow quality control during image
acquisition. The signal quantification within the ROIs enables detection
of optoacoustic signals derived from blood vessels in human intestine.

The detector was always positioned above the skin and coupled by
transparent ultrasound gel (Aquasonic Clear, MDSS GmbH, Hannover,
Germany). For safety reasons, laser safety goggles were used by all
attending persons and any adverse events were recorded.

2.4. Data analysis

Directly after each imaging timepoint, ROIs were placed at the MSOT
imaging system by the investigator. All polygonal ROIs were drawn
around the superficial bowl wall (Fig. 2C). Thereafter, the data was
transferred to the institutional data server and further processed with
iLabs software V 1.3.6 (iThera medical GmbH, Munich, Germany). Prior
to signal quantification, all ROIs were checked by two readers.

After the final ROI placement, all scans were processed using the
same method with a batch processing software iLabs. MSOT signals in a.
u. for SWL and unmixed MSOT parameters were quantified. For spectral
unmixing, linear regression algorithm was used to unmix deoxygenated
hemoglobin (HbR) and oxygenated hemoglobin (HbO2) [1]. Total he-
moglobin (HbT) and oxygen saturation (mSO2) were quantified on a
pixel-by-pixel basis as HbT = HbR + HbO2, and mSO2 = HbO2 / HbT.
Additionally, pixels of the 0.5% lowest HbT were discarded from the
mSO2 quantification to reduce obscurity from noise.

2.5. Ultrasound

For ultrasound imaging a Siemens Acuson X300 (Siemens Medical
Solutions Inc., Mountain View, USA), equipped with a curved array
transducer (CH5-2), and a GE Logiq E9 (GE Healthcare, Wauwatosa,
USA), equipped with curved array transducer (C1-6), were used. All
subjects were investigated as follows: first, the abdominal aorta with the
origins of the celiac artery and superior mesenteric artery (SMA) was
visualized. Then, the diameter and pulsed-wave-Doppler measurements
(peak systolic velocity, end diastolic velocity, and resistance index) of
both arteries were obtained.

2.6. Statistics

Descriptive data were summarized as counts, percentages or mean
+ standard deviation (SD) as appropriate. Sample size was not calcu-
lated due to the pilot character of the study. Coefficients of variation
(CVs) were calculated as the ratio of SD to the mean.

Intraclass correlation coefficients (ICCs) with two-way mixed effects,
absolute agreement, single measurement model was used for calculation
of within-timepoint reliability. Within-day and between-day reliability
was assessed by ICCs with two-way mixed effects, absolute agreement,
multiple measurements model. The grading was according to Landis and
Koch (<0.00 = poor, 0.00-0.20 = slight, 0.21-0.40 = fair, 0.41-0.60 =
moderate, 0.61-0.80 = substantial, 0.81-1.00 = almost perfect) [17].

In advance to further calculations, normal distribution of data was
tested by Shapiro Wilk test. As appropriate, one-way ANOVA or mixed
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effects analysis for data sets with missing data and Turkey’s post hoc test
or Friedman test and Dunns multiple comparisons test were used. Depth
correlation is presented as Pearson correlation coefficient (r). Gender
differences were analyzed by unpaired T-test or Man-Whitney-U test,
accordingly.

For all calculations a P value < 0.05 was used to indicated statistical
significance. ICCs were calculated using IBM SPSS Statistics (Version
28.0.0.0, International Business Machines Corporation, Armonk, USA),
all other statistical tests were performed with GraphPad Prism (Version
9, GraphPad Software Inc., La Jolla, USA).(Table 1).

3. Results
3.1. Demographic and clinical characteristics

Ten healthy subjects (n =6 female) were enrolled between
November 2021 and January 2022. The mean demographic and clinical
characteristics of the study population is shown in Table 2. All subjects
completed all MSOT and ultrasound imaging timepoints (Fig. 1). The
MSOT principle is illustrated in Fig. 2A.

3.2. Reliability of MSOT imaging

In total, n = 1280 MSOT scans were acquired from four anatomical
regions of ten healthy volunteers at eight imaging timepoints (t0 to t7)
on two study days each (A and B, Fig. 1). On every imaging timepoint,
two scans (vl and v2) of the same region were recorded in direct
sequence. Seven scans from day A were excluded, as anatomical iden-
tification was not possible or scans were missing. Optoacoustic SWL
signals (700, 730, 760, 800, 850 and 900 nm) and MSOT parameters
(HbR, HbO2, HbT and mSO2) were quantified within the region of in-
terest (Figs. 2B and 2C). Exemplary MSOT and RUCT images of the in-
testine are presented in Fig. 2C.

3.2.1. MSOT within-timepoint reliability

Intraclass correlation coefficients (ICCs) of n = 635 pairs (v1 and v2)
were computed to investigate within-timepoint reliability (5 pairs were
excluded due to missing of vl and/or v2). When considering each
anatomical region individually, within-timepoint reliability of the
gastric antrum and transverse colon was superior to the terminal ileum,
while ICCs of the sigmoid colon were the highest. ICCs of all SWL and
MSOT parameters of the sigmoid colon (ICC range 0.821-0.894), SWL
700-850 nm, HbR and HbT of the gastric antrum (ICC range
0.805-0.870) and SWL 700-800 nm of the transverse colon (ICC range
0.816-0.834), were almost perfect. All other ICCs including all SWL and
MSOT parameters of the terminal ileum were substantial (ICC range
0.677 - 0.793) (Fig. 3A and supplementary Table 2 - 5). After this section
all regions were investigated separately for SWL 800 nm, HbT — corre-
sponding to the main chromophore in the target tissue — and ROI depth
and means from v1 and v2 were used for further calculations. In the
following sections each mean of vl and v2 was considered as one
datapoint.

3.2.2. MSOT within-day reliability

Within-day reliability was tested by calculating ICCs of eight
consecutive imaging timepoints during fasting (day A). A total of 318
datapoints (ten subjects with four anatomical regions scanned at eight
timepoints) were used for the calculations. ROI depths were consistent
over time in all anatomical regions (ICC range 0.908-0.986). Temporal
reproducibility within one day of SWL 800 nm and MSOT parameter
HbT was almost perfect (ICC range 0.863-0.956). In detail, ICCs of the
gastric antrum and transverse colon were higher compared to the ter-
minal ileum and sigmoid colon (e.g., ICCs for SWL 800 nm 0.921 and
0.956 vs 0.889 and 0.914, respectively). Furthermore, ICCs of SWL
800 nm were higher compared to ICCs of HbT in the terminal ileum,
transverse colon and sigmoid colon (e.g., ICCs of terminal ileum 0.889 vs
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Fig. 2. MSOT imaging of the human intestine. A Illustration of MSOT imaging of the bowel wall. A handheld 2D detector illuminates the targeted tissue with pulsed
laser light. After absorption and thermoelastic expansion ultrasound waves, particularly from hemoglobin molecules in blood vessels, can be detected and quantified.
B Application of multiple wavelengths (700, 730, 760, 800, 850, and 900 nm) and spectral unmixing allows signal quantification of endogenous absorbers such as
oxygenated (HbO2) and deoxygenated hemoglobin (HbR). At a wavelength of 800 nm both absorbers (HbO2 and HbR) have their isobestic point, marked with a
black circle (data derived from https://omlc.org/spectra/hemoglobin/summary.html, accessed 18.07.2022). C Illustration of the investigated locations. On each
imaging timepoint, each subject underwent MSOT / RUCT imaging of gastric antrum, terminal ileum, transverse colon, and sigmoid colon (solid lines) and Doppler
ultrasound of the celiac artery and superior mesenteric artery (SMA, dotted lines). D Exemplary MSOT/RUCT and ultrasound images of the intestine are presented
with a respective schematic illustration. Live RUCT images are used for anatomical guidance of the investigator. Signal quantification is derived from a region of
interest (ROI) drawn in the RUCT image after scan acquisition. MSOT parameter total hemoglobin (HbT) is displayed within the ROI to better visualize the signal
intensities in the bowel wall. Scale bar indicates 1 cm.
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Table 1
Demographic and clinical characteristics of study population.
Sex, female (n, %) 6, 60%
Age (years) 225+1.2
Height (cm) 174.7 £ 9.1
Weight (kg) 66.5+ 7.8
BMI (kg/m?) 21.7 + 1.1
Blood pressure systolic / diastolic (mmHg) 130.0 +10.4 /709 £ 7.4
Puls rate (beats per minute) 61.8 + 8.4

Data are presented as numbers, percentage or mean =+ standard deviation.

0.863) (Fig. 3B and supplementary Table 6).

Additionally, coefficients of variation (CVs) across all timepoints
were calculated for each subject and then averaged across all subjects.
These between-timepoint CVs display the spread of measurements over
time. Considering all locations together, the smallest variation was seen
in ROI depth (CV 11,5%), followed by SWL 800 nm (18.4%) and HbT
(25.2%). When calculated for each anatomical region individually, the
gastric antrum and transverse colon showed lower CVs compared to the
terminal ileum and sigmoid colon (e.g., CVs of 800 nm 14.9% and 13.4%
vs 26.8% and 18.7%, Table 2).

3.2.3. MSOT between-day reliability

Between-day reproducibility was described using the ICCs of the first
imaging timepoint of day A and B (80 datapoints, ten subjects with four
anatomical regions at two timepoints). Herein, SWL 800 nm and HbT of
the gastric antrum (ICC 0.430 and 0.438) and the terminal ileum (ICC
0.410 and 0.430) showed a moderate agreement. However, agreement
for SWL 800 nm and HbT was fair for the sigmoid colon (ICC 0.388 and
0.287) and slight/poor for the transverse colon (ICC 0.167, 0.137).
Agreement of ROI depth was very good for the gastric antrum, good for
the transverse colon and moderate for the terminal ileum and sigmoid
colon (ICC 0.937, 0.781, 0.553 and 0.445, Fig. 3C and supplementary
Table 7). The scattered wide range of optoacoustic signals, despite good
anatomical relocation, is exemplified for the transverse colon in Fig. 3D.
However, between-day variations of optoacoustic signals were in the
same range compared to between-timepoint variation on day A (CVs
15.2-26.9% vs 13.4-33.7% Table 2).

3.2.4. Between-subject variation

To compare the variation of MSOT measurements over time with the
physiological variation between subjects, between-subject CVs were
calculated for every timepoint of day A and averaged across all time-
points. These between-subject CVs for SWL 800 nm and HbT generally
ranged higher (21.9-48.5%) compared to between-timepoint

Table 2
Coefficients of variation between timepoints and subjects.
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(13.4-33.7%) and between-day CVs (15.2-26.9%) for all anatomical
regions (Table 2).

3.3. Influence of food intake and intestinal postprandial blood flow on
MSOT signals

To elucidate the influence of food intake on optoacoustic signals of
the human intestine, all subjects consumed two standardized meals (one
after t0 and one after t4). A statistically significant difference was found
in the gastric antrum between fasting and the two measurements after
the second meal for SWL 800 nm (t0 vs t5 154.0 a.u. vs 160.6 a.u.,
P = 0.0146, and t0 vs. t6 154.0 a.u. vs. 174.0 a.u., P = 0.0051) but not
for HbT (Fig. 4A). In contrast, all other anatomical regions did not show
statistically significant signal alterations after food intake (all P > 0.05,
Fig. 4A). Corresponding analyses of day A did not show any signal dif-
ferences, too (all P > 0.05, Supplementary Fig. 1). In addition, vari-
ability of MSOT signals measured by between-timepoint CVs were in the
same range on day A and day B (Table 2).

3.4. Influence of food intake and postprandial intestinal blood flow on
Doppler sonography

Doppler ultrasound parameters were analyzed from 320 scans (ten
subjects, two arteries, eight timepoints on two days) to evaluate alter-
ations in gastrointestinal blood flow by changes of the resistance index
(RD) in the celiac artery and superior mesenteric artery (SMA). The scans
of two subjects (n = 2 * 32) and additional eleven scans were excluded
due to obscurations of the splanchnic arteries by bowel gas, unfeasible
anatomical identification, missing angle correction or missing scan.

During fasting, no significant changes of the resistance index in the
celiac artery and SMA were found (all P > 0.05, Supplementary Fig. 1).
After food intake, the resistance index of the celiac artery did not show
statistically significant changes either. However, the resistance index of
the SMA showed a statistically significant decrease after food intake (e.
g., t0 vs t1, 0.87 vs 0.74, P = 0.0027) with subsequent rebound (e.g., t1
vs t3, 0.74 vs 0.84, P = 0.0294, Fig. 4B and supplementary Table 8).
Meanwhile circulatory parameters (heart rate and blood pressure)
stayed consistent (all P > 0.05, data not shown).

Detailed ultrasound measurements for all imaging timepoints are
presented in the supplementary Table 9 and 10.

3.5. Depth correlation and gender differences

To analyze imaging depth as a potential confounder, a correlation
between HbT and ROI depth was performed. For each subject the mean

between-timepoint CV day A

between-timepoint CV day B

n ROI depth 800 nm HbT n ROI depth 800 nm HbT
Gastric antrum 78 9.8% 14.9% 21.9% 80 10.2% 11.0% 14.4%
Terminal ileum 80 14.6% 26.8% 33.7% 80 15.6% 15.2% 21.3%
Transverse colon 80 7.5% 13.4% 20.2% 80 10.0% 8.9% 13.2%
Sigmoid colon 80 13.9% 18.7% 25.1% 80 16.8% 19.2% 27.8%
All locations 318 11.5% 18.4% 25.2% 318 13.2% 13.6% 19.2%

between-day CV between-subject CV

n ROI depth 800 nm HbT n ROI depth 800 nm HbT
Gastric antrum 20 3.1% 15.2% 22.2% 78 17.0% 21.9% 33.0%
Terminal ileum 20 11.6% 21.5% 25.2% 80 20.4% 39.3% 48.5%
Transverse colon 20 9.3% 17.3% 26.4% 80 22.2% 22.9% 30.9%
Sigmoid colon 20 19.3% 19.4% 26.9% 80 28.0% 29.6% 34.9%
All locations 78 10.8% 18.3% 25.2% 318 21.9% 28.4% 36.8%

Coefficients of variation (CV) of region of interest (ROI) depth, single wavelength 800 nm and total hemoglobin (HbT) were calculated as the ratio of standard de-
viation to the mean. For between-timepoint CVs the CV of all timepoints of one day was calculated for each subject individually and then averaged across all subjects.
Between-day CVs were computed accordingly with the first timepoints of day A and B. For between-subject CVs the CV of all subjects at each timepoint of day A was
calculated and then averaged across all timepoints. Between-timepoint CVs represent the spread of data over time, while between-subject CVs describe the spread of

data between individuals.
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Fig. 3. Temporal reliability of MSOT signals in the human intestine A Within-timepoint reliability between two scans (v1 and v2) of the same timepoint. Intraclass
correlation coefficients (ICCs) of region of interest (ROI) depth, single wavelengths (SWL) 700 nm, 730 nm, 760 nm, 800 nm, 850 nm, 900 nm and MSOT parameters
deoxygenated hemoglobin (HbR), oxygenated hemoglobin (HbO2), total hemoglobin (HbT), and oxygenation saturation of hemoglobin (mSO2) are shown separated
by anatomical region. Datapoints and whiskers represent ICCs and 95% confidence interval (CI) (Two-way mixed effects, absolute agreement, single measurement).
ICCs were calculated from n = 2 * 160 scans for each anatomical region (two acquisitions, eight timepoints on two days each, ten subjects, seven scans excluded). B
Within-day reliability between all timepoints (t0 — t7) on day A. ICCs of ROI depth, SWL 800 nm and HbT are shown separated by anatomical region. Datapoints and
whiskers represent ICCs and 95% Cls (Two-way mixed effects, absolute agreement, average measures). ICCs were calculated from n = 8 * 10 data points for each
anatomical region (eight timepoints, ten subjects, one datapoint derives from the mean of v1 and v2, two datapoints excluded). C) Between-day reliability between
the first scan of day A and B. ICCs of ROI depth, SWL 800 nm and HbT are shown separated by anatomical region. Datapoints and whiskers represent ICCs and 95%
CIs (Two-way mixed effects, absolute agreement, average measures). ICCs were calculated from n = 2 * 10 datapoints for each anatomical region (two timepoints,
ten subjects, one datapoint derives from the mean of vl and v2). A-C) ICC grading according to Landis and Koch: < 0.00 = poor, 0.00-0.20 = slight,
0.21-0.40 = fair, 0.41-0.60 = moderate, 0.61-0.80 = substantial, 0.81-1.00 = almost perfect. D) Exemplary MSOT/RUCT scans from the transverse colon on day A
(t0) and day B (t0) are presented to demonstrate high anatomical relocation with different between-day agreement of MSOT signals. While one subject (1) showed
deviating MSOT signal levels on day A and B (HbT day A vs. day B 0.0109 a.u. vs 0.1049 a.u.), a different subject (2) showed good agreement between both days
(HbT day A vs. day B 0.1037 a.u. vs 0.1074 a.u.).
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Fig. 4. Influence of food intake on MSOT and Doppler ultrasound, A Postprandial changes of MSOT signals over time. Changes of single wavelength (SWL) 800 nm
and MSOT total hemoglobin (HbT) over eight imaging timepoints of day B are shown separated by anatomical region. Datapoints and whiskers represent means and
standard deviation of all subjects at one imaging timepoint. Each mean consists of n = 10 datapoints (ten subjects, one datapoint derives from the mean of v1 and v2).
Blue dots represent the preprandial (fasting) timepoint (t0), while postprandial timepoints are depicted in red. 30 min after the first and fifth imaging timepoint
subjects ingested a standardized meal as marked with black arrows. As appropriate one-way ANOVA or mixed effects analysis for data sets with missing data and
Turkey’s post hoc test or Friedman test and Dunns multiple comparisons test were used. P values < 0.05 were considered statistically significant and are depicted in
the graphs with asterisks. B Postprandial changes of Doppler ultrasound (resistance index) over time Changes of resistance index over eight imaging timepoints of day
B for celiac artery and superior mesenteric artery (SMA) are shown. Datapoints and whiskers represent means and standard deviation of all subjects at one imaging
timepoint. Each mean consists of n = 10 measurements (ten subjects). Blue dots represent the preprandial (fasting) timepoint (t0), while postprandial timepoints are
depicted in red. 30 min after the first and fifth imaging timepoint subjects ingested a standardized meal as marked with black arrows. As appropriate one-way
ANOVA or mixed effects analysis for data sets with missing data and Turkey’s post hoc test or Friedman test and Dunns multiple comparisons test were used. P
values < 0.05 were considered statistically significant and are depicted in the graphs with asterisks.
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Fig. 5. Depth correlation and gender differences of MSOT signals, A Depth correlation of MSOT signals. Correlation between total hemoglobin (HbT) and region of
interest (ROI) depth is shown for all anatomical locations and separated by locations. Each datapoint represents the mean from all timepoints of day A for one subject
(n = 10). Parametric pearson correlation coefficient (r) and corresponding P values were computed. P values < 0.05 were considered statistically significant. Blue
lines represent a simple linear regression through all datapoints. B Gender differences of MSOT signals. Differences in ROI depth, single wavelength (SWL) 800 nm
and total hemoglobin (HbT) are shown for the terminal ileum and the sigmoid colon. Each datapoint represents the mean of all timepoints of day A for one subject
(n = 10). Horizontal lines depict the mean of all subjects within the gender group. Comparisons between means were computed with unpaired T-test or Mann-
Whitney-U test, respectively. P values < 0.05 were considered statistically significant.

value of all timepoints of day A was used. Of all locations, only the
sigmoid colon showed a negative correlation between MSOT signals and
ROI depth (r = —0.76, P = 0.01, Fig. 5A).

Differences of MSOT signals between sexes were assessed by
comparing the mean values of male and female subjects. For each sub-
ject the mean value of all timepoints of day A was used. Herein ROI
depth, and MSOT SWL 800 nm and HbT did not show any statistically
significant differences between sexes in all anatomical locations (data
shown for the terminal ileum and sigmoid colon in Fig. 5B.

4. Discussion

This study presents longitudinal optoacoustic imaging data of the
healthy human intestine, in order to investigate physiological processes
during fasting and after food intake and their influence on signal in-
tensity and variability. While food intake increased the intestinal blood
flow, MSOT signals in the bowel were consistent, fostering its potential
as a diagnostic tool for the assessment of inflammation with local hy-
peremia in IBD [8,9].

Previous pilot studies in patients with Crohn’s disease already
demonstrated the ability of MSOT to grade inflammatory activity by
means of optoacoustic hemoglobin signals in the bowel wall [7]. This
non-invasive bedside application of MSOT might allow treatment
monitoring of IBD patients with consequent reduction of invasive stan-
dard procedures, such as endoscopy. In this regard, a multicenter trial
(clinicaltrials.gov ID NCT 04456400) aims to confirm the diagnostic
performance of MSOT, both in patients with Crohn’s disease and

ulcerative colitis. However, precision of handheld MSOT for imaging the
human intestine has not yet been clarified. Therefore, the present study
elucidates the reliability of optoacoustic signals for various timepoints
and physiological conditions in different segments of the intestine of
healthy subjects.

First, when comparing two consecutive scans, within-timepoint
reliability for MSOT SWLs and unmixed parameters was substantial to
almost perfect for all gastrointestinal regions. However, ICCs of the
terminal ileum compared to the other regions were lower. This could
partially be attributed to the higher motility of the small intestine as
compared to the colon [18]. Furthermore, gas overlay, stool filling as
well as thin ROI areas could explain the lower ICCs compared to the
values observed in muscle and soft tissue imaging [10,11].

Analysis of within-day reliability over the course of one day showed
an almost perfect agreement of SWL 800 nm and HbT measurements.
This is in line with the relatively small CVs in the signals across the eight
imaging timepoints (14.9-33.7%).

The greater variation of spectrally unmixed HbT compared to single
wavelength 800 nm might be attributed to corruption in spectral
unmixing reasoned by wavelength-dependent fluence attenuation in
deep tissue OAI [2]. In humans, tissue and disease-related spectral sig-
natures are largely unknow and might interfere with supervised spectral
unmixing [19].

However, spectral unmixing of endogenous chromophores is the key
to resolve disease specific features in inflammatory and tumorous dis-
eases. Furthermore, capturing of dedicated exogenous chromophores by
spectral unmixing, such as indocyanine green, opens up completely new



L.-P. Paulus et al.

areas of applications [20]. However, for better understanding of spectral
coloring in human deep tissue, larger clinical datasets are needed, to
explore advanced depth correction or to apply blind source spectral
unmixing methods [19,21-23]. To facilitate the latter analysis in
research collaborations, studies should be performed according to
guidelines in the field [24,25] and adhere to the recommendations of the
International Photoacoustic Standardization Consortium (IPASC) [26].

When comparing two separate days, between-day reproducibility
measured by ICCs was rather poor. But, pertaining to CVs, the variation
across the two examination days was smaller than the variation between
individuals. These findings are in accordance with MRI data of the
healthy intestine with similar temporal and individual variability [27],
and preclinical MSOT data of murine spleens and kidneys [28]. The
between-day reproducibility of MRI and MSOT signals of healthy in-
testine might be predominantly challenged by the difficulty of exact
anatomical relocation due to missing fixed landmarks, intestinal
motility, gas overlay and stool filling. Thus, within a day, it may have
been somewhat more similar. Concluding, for implementation of semi-
quantitative MSOT signals as outcome measures in clinical trials the
increase/decrease of signals caused by the disease must be greater than
individual variability. To be able to evaluate this, longitudinal studies of
patients with IBD compared to healthy controls are now demanded.

Interestingly, after food intake, the only significant change in MSOT
signals was an increase of the 800 nm signal in the gastric antrum.
However, this finding might more likely be attributed to other con-
founders, such as gastric filling, as changes in the postprandial blood
flow of the celiac artery, which supplies blood to the stomach, are only
described during the first ten minutes after food intake [29], and were
not detected by simultaneous Doppler ultrasound in this study. More-
over, no other intestinal region showed any significant changes in MSOT
signals after food intake, even though increased postprandial blood flow
was observed in the superior mesenteric artery, as previously described
by others, too [15,30,31]. This mismatch, which was also found in
studies using contrast enhanced ultrasound [32], could be explained by
the fact, that the changes in postprandial blood flow in the terminal
vessels inside the bowel wall are small in comparison to the main
splanchnic arteries. The assumption, that food intake does not signifi-
cantly alter MSOT signals in the human bowel wall, is fostered by the
fact, that variation of MSOT signals was similar during fasting and after
food intake.

As known from previous studies in muscles [10], imaging depth is a
major confounder and limitation to light transmission [33]. Although
dedicated software algorithms enable fluence correction of optoacoustic
signals, a negative correlation of ROI depth and signal intensity of HbT
remained in the sigmoid colon. Nevertheless, multiple variables (depth,
motion, stool filling, and exact anatomical location) may also account as
potential confounders. In contrast to MSOT muscle imaging [10], no
gender differences were observed for intestinal imaging. This is in line
with ultrasound data showing no differences in bowel wall thickness
between genders [34].

This study has several limitations. First, the study investigated a
relatively small number of healthy subjects and patients with IBD for
group comparisons were missing. Second, training effects of the oper-
ator throughout the course of the study could have improved the posi-
tioning of the detector for optimal optoacoustic signal acquisition. In
addition, the very thin bowel wall of healthy individuals led to small
ROIs, which are more likely to be affected by imaging artifacts and may
have led to over- or underestimation of MSOT signals. To limit this
potential shortcoming, all ROIs were reviewed by two readers.
Furthermore, anatomical relocation cannot be performed as precisely as
during muscle imaging [10,35,36], as physiological alterations, espe-
cially gas and stool filling, require slight modifications of probe posi-
tioning. Furthermore, the inferior mesenteric artery was not assessed.
Thus, the correlation between local blood supply and MSOT signals of
the sigmoid colon is limited. However, the terminal ileum and transverse
colon did not show relevant changes of MSOT signals, although a
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reduced resistance index of the superior mesenteric artery after food
intake was measured in accordance with the literature [29]. Hence,
subtle changes in blood circulation in the end-stream regions of the in-
testine might not be detected by MSOT.

In summary, reproducibility of MSOT for the evaluation of the
human intestine might be considered good, especially for discriminating
between healthy subjects and patients with active inflammatory bowel
disease, where significantly higher MSOT hemoglobin signals are to be
expected [6,7]. These findings should further support OAI technologies
as component of IBD diagnostics and treatment monitoring. The
implementation is suitable not only for adults, but also for children,
where non-invasive biomarkers for diseases assessment are urgently
needed [37]. Next, roadmaps for early feasibility studies and clinical
trials in OAI should be implemented to significantly accelerate the
application of OAI in clinical practice.

As an important step to this, our study determined the reproduc-
ibility and the influence of physiological alterations on MSOT signals in
healthy human intestine and surfs as a framework for future MSOT
studies in IBD research.
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