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A B S T R A C T   

Multispectral optoacoustic tomography (MSOT) allows non-invasive molecular disease activity assessment in 
adults with inflammatory bowel disease (IBD). In this prospective pilot-study, we investigated, whether increased 
levels of MSOT haemoglobin parameters corresponded to inflammatory activity in paediatric IBD patients, too. 
23 children with suspected IBD underwent MSOT of the terminal ileum and sigmoid colon with standard vali-
dation (e.g. endoscopy). In Crohn`s disease (CD) and ulcerative colitis (UC) patients with endoscopically 
confirmed disease activity, MSOT total haemoglobin (HbT) signals were increased in the terminal ileum of CD 
(72.1 ± 13.0 a.u. vs. 32.9 ± 15.4 a.u., p = 0.0049) and in the sigmoid colon of UC patients (62.9 ± 13.8 a.u. vs. 
35.1 ± 16.3 a.u., p = 0.0311) as compared to controls, respectively. Furthermore, MSOT haemoglobin param-
eters correlated well with standard disease activity assessment (e.g. SES-CD and MSOT HbT (rs =0.69, p =
0.0075). Summarizing, MSOT is a novel technology for non-invasive molecular disease activity assessment in 
paediatric patients with inflammatory bowel disease.   

1. Introduction 

The incidence of inflammatory bowel diseases (IBD) in children is 
rising and already accounts for 25% of all IBD patients [1], with an 
yearly incidence of up to 23 per 100.000 children [2]. For paediatric 
patients, in addition to the two main entities - Crohn’s disease (CD) and 
ulcerative colitis (UC)- a third class -Inflammatory bowel disease un-
classified (IBD-U)- exists. Besides common symptoms such as abdominal 
pain, haematochezia and diarrhoea, children are significantly affected 

by malnutrition, followed by growth delay and developmental disorders 
[3]. Therefore, early therapeutical interventions are essential for disease 
control and mucosal healing [4]. However, criteria for mucosal healing 
are still a matter of debate, and definitions of subsequent endpoints in 
paediatric IBD (PIBD) trials remain to be more clearly defined [5]. 
Standard procedures to assess IBD activity in clinical routine care 
combine routine laboratory chemistry, especially faecal calprotectin 
[6], ultrasound [7], and MR-enterography [8], providing reasonable 
precision for the evaluation of treatment response and detection of 
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flares. Furthermore, the gold standard for disease assessment, invasive 
endoscopic procedures, including biopsies for histology, are still 
frequently required to confirm the extent of the disease. Not surpris-
ingly, they are recommended as the primary endpoint of randomized 
controlled trials [5]. To avoid invasive procedures and the risks of 
sedation in early childhood, novel diagnostic modalities to assess disease 
activity in IBD are highly needed. Handheld multispectral optoacoustic 
tomography (MSOT) has demonstrated the potential to monitor adult 
inflammatory bowel disease [9,10]. MSOT is based on the expansion of 
molecules by light and the consecutive detection of the emitted pressure 
waves [11]. For translational studies, resolution of the imaging devices 
can be scaled from mesoscopic to tomographic for different applications 
[12,13]. By using multiple wavelengths and distinct absorption patterns, 
dedicated molecules can be quantified using spectral unmixing tech-
niques [14]. One of the main absorbers in human tissues is haemoglobin, 
which can be used as an optoacoustic imaging (OAI) surrogate 
biomarker for inflammation in various diseases [15]. 

In adult patients with Crohn’s disease, different MSOT haemoglobin 
levels allowed stratification according to the disease activity and to 
define remission [9,10]. Furthermore, OAI systems are developed into 
(capsule) endoscopic devices [16–18] and might be used to assess upper 
gastrointestinal tract involvement in patients with Crohn’s disease. 
However, up to date, no OAI data regarding pediatric IBD exists. We 
hypothesise, that severity of intestinal disease activity can be assessed by 
MSOT in children with ulcerative colitis and Crohn’s disease, too. 

2. Material and methods 

2.1. Investigator-initiated trial protocol 

An investigator-initiated trial was conducted between 31st of March 
2021 and 12th of December 2022. The study was registered at clin-
icaltrials.gov (NCT04650867), approved by the local ethics committee 
(351_20 B) and performed in adherence to the Declaration of Helsinki. 
Patients were recruited at the Department of Paediatric Gastroenter-
ology at the University Hospital Erlangen during routine appointments. 
Informed consent of all legal guardians was obtained. Inclusion criteria 
were suspected or diagnosed inflammatory bowel disease, scheduled 
colonoscopy and age between two and 18 years. Exclusion criteria were 
pregnancy, nursing mothers, patients with a need for continuous car-
diopulmonary monitoring, tattoos in the field of view, subcutaneous fat 

tissue with a depth over 3 cm and missing informed consent. 
Three groups of patients were enrolled: 1. Suspected or diagnosed 

Crohn’s disease (CD), 2. Suspected or diagnosed ulcerative colitis (UC), 
3. Suspected or diagnosed unclassified inflammatory bowel disease 
(IBD-U). Thereafter, all patients underwent routine clinical scoring, 
laboratory chemistry (blood and stool), B-mode and colour Doppler ul-
trasound, Multispectral optoacoustic tomography combined with 
reflected-ultrasound computed tomography (MSOT/RUCT), endoscopy 
(ileo-colonoscopy) and, if indicated, Magnetic resonance (MR)-enter-
ography. After final diagnosis, all patients were assigned to one of the 
following groups for further statistical analysis: 1. Control patients (no 
diagnosis of CED), 2. CD patients or 3. UC patients. The one IBD-U pa-
tient was assigned to the group of UC patients, according to the disease 
pattern. 

2.2. Clinical assessment 

Patients were interviewed regarding their clinical symptoms. In 
cases of CD the Paediatric Crohn’s disease activity Index (PCDAI) was 
used [19,20] with PCDAI ≤ 10 indicating remission, PCDAI 10–29 
suggesting mild disease and PCDAI ≥ 30 at least moderate disease ac-
tivity. For UC/IBD-U the Paediatric Ulcerative Colitis Activity Index 
(PUCAI) [21] with PUCAI < 10 indicating no, 10–34 mild, 35–64 
moderate, and ≥ 65 severe disease activity was implemented. 

2.3. Clinical Chemistry 

Routine blood samples (EDTA, lithium-heparin and serum) were 
collected and analysed for haemoglobin levels (g/dl), platelets (x103/ 
µl), total leukocytes (x103/µl), c-reactive protein (CrP) (mg/l), and 
erythrocyte sedimentation rate (ESR) (mm/one hour); other laboratory 
parameters are not shown. Furthermore, stool samples were analysed for 
faecal calprotectin (µg/g). All analyses were performed routinely at the 
clinical chemistry laboratory of the Department of Paediatrics and 
Adolescent Medicine at the University Hospital Erlangen. 

2.4. B-mode and colour Doppler Ultrasound 

B-mode and colour Doppler ultrasound were performed by physi-
cians (APR and JJ) certified by the paediatric section of the German 
Society of Ultrasound in Medicine. For imaging, either a GE LOGIQ E9 

Fig. 1. Study flow chart. Paediatric patients with suspected or diagnosed CED (Crohn’s disease (CD), Ulcerative colitis (UC) or inflammatory bowel disease un-
classified (IBD-U)) were investigated by clinical assessment, laboratory blood and stool tests, B-mode and colour Doppler ultrasound, Multispectral optoacoustic 
tomography (MSOT), endoscopy (ileocolonoscopy) and, if indicated, MR-enterography. For statistical analyses three groups (control patients, CD and UC) were 
formed, with IBD-U patients being added to the UC group. 
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(GE Medical Systems Ultrasound, LLC, Wauwatosa, USA) or a GE LOGIQ 
E10 (GE Medical Systems Ultrasound, LLC, Wauwatosa, USA) equipped 
with linear L2–9 and ML6–15 probes were used. Herein we analysed the 
terminal ileum and the sigmoid colon as follows: bowel wall thickness 
(in millimetres (mm)) and vascularization pattern (non, mild, moderate 
or severe), summarized as modified Limberg score ( 0 = no bowel wall 
thickening, 1 = bowel wall thickness ≥3 mm, no hypervascularization, 
2 = + short-distance hypervascularization, 3 = + long-distance hyper-
vascularization, 4 = + hypervascularization reaching the mesentery) 
[22]. 

2.5. Multispectral optoacoustic tomography/reflected-ultrasound 
computed tomography (MSOT/RUCT) 

A single MSOT/RUCT prototype hybrid ultrasound imaging system 
(MSOT Acuity Echo, iThera Medical GmbH, Munich, Germany) was used 
as described previously [10,23–25] and as provided by the manufac-
turer: “A tunable optical parametric oscillator (OPO) pumped by an Nd: 
YAG laser provides excitation pulses with a duration of 4 ns at wave-
lengths tunable from 660 nm to 1300 nm at a repetition rate of 25 Hz 
and a peak pulse energy of 35 mJ at 730 nm. A fiber bundle was inte-
grated into the ultrasound detector. The optical fluence was tuned to be 
below 8.3 mJ/cm2 at 730 nm to ensure adherence with ANSI limits of 
maximum permissible exposure (MPE). For ultrasound detection, 256 
ultrasound transducers with a center frequency of 4 MHz (100% band-
width in receive mode), organized in a concave array of 125 degree 
angular coverage and a radius of curvature of 4 cm, are used. In addition 
to optoacoustic imaging the system is also capable of interleaved 
reflection-mode ultrasound computed tomography (RUCT) image 
acquisition [26]. For pulse-echo image generation in the RUCT acqui-
sition mode, an ultrasound imaging platform was used that consolidates 
a 128-channel beamformer and a function of triggered acquisition for 
synchronizing ultrasound and optoacoustic image streams. The pulser 
was programmed to generate bipolar 1-cycle pulse trains with a 
peak-to-peak voltage of 20 V and frequency of 6 MHz (60% bandwidth), 
and the reflected signals were digitized at 20MS/s sampling rate. Ul-
trasound images were acquired with a frame rate of 10 frames/sec.” The 
maximum imaging depth is ~ 2.5 cm. The simultaneous RUCT imaging 
allows identification of the bowel wall. Thereafter MSOT signals were 
captured in short videos (approx. 10–20 s). During video acquisition the 
probe was held without movement to reduce motion artefacts. In addi-
tion, as provided in the system and by the manufacturer “the imaging 
system was equipped with a motion indicator based on selective frame 
averaging algorithm. The cross-correlation between OA images at 800 
nm from consecutive cycles is calculated and used as indicator of mo-
tion. The same algorithm was used in postprocessing for image aver-
aging to increase signal-to-noise ratio. Images with motion were 
excluded from averaging. No motion correction was applied.” 

For safety reason all examinations were carried out in a laser (class 4 
device) safety approved room with external laser indicators. All patients 
and attending persons had to wear safety goggles (protection wave-
length 660–1400 nm and DIR LB4 (OD4)) during imaging. The skin of 
the scanning region was visually investigated after imaging and all 
adverse events were documented. 

The data was then transferred to the institutional data servers and 
processed with cLabs software (V2.66, iThera Medical GmbH, Munich, 
Germany). Reconstruction of images was done by backprojection algo-
rithm. A polygonal ROI was placed according to the bowel wall on the 
RUCT image and in respect of the optoacoustic signal. ROIs were 
checked by a second, blinded reader (FK). Single wavelengths (SWL) 
715 nm, 730 nm, 760 nm, 800 nm and 850 nm were used for spectral 
unmixing of MSOT parameters deoxygenated haemoglobin (Hb) and 
oxygenated haemoglobin (HbO2) by linear regression algorithm and 
presented as arbitrary units (a.u.). The MSOT parameters total haemo-
globin (HbT) and oxygen saturation (mSO2) are derived by post hoc 
calculations (HbT = HbR + HbO2; mSO2 = HbO2 / HbT with exclusion 
of the 0.5% lowest HbT signals). 

2.6. Magnetic resonance enterography 

Patients with indication for MR-enterography within the clinical 
work pertaining the suspected/diagnosed IBD were examined. MRI 
scanners with a field strength of 1.5 (Magnetom Aeara, Siemens 
Healthineers) or 0.55 Tesla (Magnetom Free.Max, Siemens Healthi-
neers) were used. Weight-dependent (0.1 ml/kg body weight) contrast 
media (Gadobutrol, concentration 1 mmol/ml) was applied for contrast- 
enhanced images. MRIs were evaluated by a board-certified radiologist 

Table 1 
Demographic characteristics and multi-modality assessments.   

n Controls 
n = 10 

n Crohn’s 
disease 
n = 7 

n Ulcerative 
colitis 
n = 6 

Females (n)  10 2 (20%) 7 4 (57%) 6 3 (50%) 
Age (years)  10 10.8 ± 4.3 7 12.3 ± 4.6 6 14.8 ± 2.6 
Age (month)  10 133.7 ±

51.3 
7 154.3 ±

56.5 
6 185.2 ± 31.7 

Height (cm)  10 149.8 ±
24.2 

7 155.0 ±
27.2 

6 165.3 ± 11.3 

Weight (kg)  10 41.7 ±
17.0 

7 45.3 ±
13.1 

6 48.8 ± 9.4 

BMI (kg/m2)  10 17.8 ± 3.0 7 18.6 ± 1.8 6 17.8 ± 2.8 
Clinical assessment 
PCDAI (score)  10 10.0 ± 9.1 7 19.6 ±

13.3 
-  

PUCAI (score)  10 14.5 ±
13.6 

-  6 38.3 ± 20.7 

Laboratory assessment 
ESR (mm/h)  10 7.0 ± 4.7 6 52.3 ±

43.2 
5 28.8 ± 23.5 

CrP (mg/l)  10 1 ± 0.8 7 19.7 ±
29.4 

6 4.6 ± 5.1 

Haemoglobin (g/dl)  10 14.1 ± 1.5 7 12.3 ± 1.8 6 12.7 ± 1.7 
Platelets (x103/µl)  10 336.5 ±

71.5 
7 423.7 ±

112.6 
6 307.5 ± 60.4 

Leucocytes (x103/µl)  10 7.9 ± 2.9 7 9.2 ± 1.8 6 6.5 ± 1.4 
Calprotectin (µg/g 

stool)  
10 243.7 ±

384.1 
6 1068.1 ±

995.7 
6 477.9 ±

379.7 
Multi-modality imaging assessment 
Ultrasound-TI 

(Limberg score)  
10 0.2 ± 0.6 7 1.9 ± 1.5 6 0.3 ± 0.5 

Ultrasound-SI 
(Limberg score)  

10 0.0 ± 0.0 7 0.4 ± 0.8 6 0.7 ± 0.8 

Endoscopy (SES-CD 
score))  

10 0.0 ± 0.0 6 8.3 ± 8.0 -  

Endoscopy (UCEIS 
score))  

10 0.1 ± 0.3 -  6 5.2 ± 1.5 

MRI (sMaria score)  2 0.5 ± 0.7 5 1.6 ± 1.8 4 3.3 ± 5.9 
Microscopic assessment 
Histology-TI (Riley 

score for CD)  
10 0.3 ± 0.7 5 8.4 ± 5.6 5 1.0 ± 1.7 

Histology-TI (Nancy 
score)  

10 0.0 ± 0.0 5 2.4 ± 1.5 5 0.8 ± 1.3 

Histology-SI (Riley 
score for UC)  

10 0.5 ± 0.5 6 4.8 ± 4.2 6 11.0 ± 7.1 

Histology-SI (Nancy 
score)  

10 0.0 ± 0.0 6 2.0 ± 1.7 6 2.8 ± 1.8  

Safety assessment 
SAEs (n)  10 0 (0%) 7 0 (0%) 6 0 (0%) 

PCDAI = Paediatric Crohn’s Disease Activity Index, PUCAI = Paediatric Ulcer-
ative Colitis Activity Index, ESR = Erythrocyte Sedimentation Rate, CrP = C- 
reactive protein, TI = terminal ileum, SI = sigmoid colon, SES-CD = simple 
endoscopic score for Crohn’s disease, UCEIS = Ulcerative Colitis Endoscopic 
Index of Severity, sMARIA = simplified Magnetic Resonance Index of Activity, 
SAE = Serious Adverse Event; Data in number (n), percentage (%) or mean ±
standard deviation. 
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(MW) according to sMARIA Score for mural thickening, oedema, fat 
stranding, and mucosal ulcerations as follows: sMARIA = (1 
×thickness>3 mm) + (1 ×edema) + (1 ×fatstranding) + (2 ×ulcers) 
[27,28]. 

2.7. Endoscopy-Ileocolonoscopy 

All endoscopies were performed in analgosedation. A Pentax Medical 
EPK-i7010 system (PENTAX Europe GmbH, Hamburg, Germany) with 
endoscopes (EC3490Li or EC3890LK), adapted to the respective pa-
tient’s age and body habit, was used. Patients with diagnosed CD were 
scored according to the simplified endoscopic activity score for Crohn’s 
disease (SES-CD) [29] as follows: size of ulcers (0− 3), ulcerated surface 
(0− 3), affected surface (0− 3), and stenosis (0− 3) for each segment 
reaching from 0 to 56. A score between 0 and 2 was regarded as clinical 
remission, 3–6 as mildly active, 7–15 as moderately active, and ≥ 16 as 
severely active [30]. Patients with diagnosed UC were scored according 
to Ulcerative Colitis Endoscopic Index of Severity (UCEIS) [31]. The 
score was adapted for vascular pattern (0− 2), bleeding (0− 3), and 
erosions/ulcers (0− 3). The following cut-offs were used to define 
remission (UCEIS 0–1), mild (UCEIS 2–4), moderate (UCEIS 5–6), and 
severe (UCEIS 7–8) disease [32]. Patients with suspected IBD were 
scored according to both SES-CD and UCEIS score. 

2.8. Histopathology 

Routine biopsy specimens were taken during colonoscopy and 
further embedded and processed in the Institute of Pathology at the 
University Hospital Erlangen. The samples were stained according to 
standard protocols for haematoxylin and eosin (HE). Two different 
scorings (Riley and Nancy score) of histopathological sections were 
performed by a board-certified pathologist (ME) as follows: Riley score 
adapted for CD with following nine features on a zero to four scale, 
respectively: Lymphocyte aggregates, acute inflammatory cell infiltrates 
(neutrophils), crypt abscesses, mucin depletion, surface epithelial 
integrity, chronic inflammatory cell infiltrates, crypt architectural ir-
regularities, granuloma and eosinophils [10,33]. A total score from 0 to 
4 reflecting histological remission, ≥ 5 active disease, 5–9 low activity, 
10–18 moderate activity, ≥ 19 high activity; the Riley score was adapted 
for UC with following six features on a zero to four scale, respectively: 
Lymphocyte aggregates, acute inflammatory cell infiltrates 

(neutrophils), crypt abscesses, mucin depletion, surface epithelial 
integrity, chronic inflammatory cell infiltrate [33]. Nancy score with the 
following four features: Predicted global visual evaluation, ulcerations, 
acute inflammatory cell infiltrates and chronic inflammatory infiltrates. 
Nancy score grading was zero to four [34]. 

2.9. Statistical analyses 

Patient characteristics are given as number and percentage (%) or 
mean and standard deviation (SD). No sample size calculation was 
performed due to the pilot character of the study. Due to the small 
number of patients in each group, all data was regarded as not normally 
distributed. For comparisons between all three groups Kruskal-Wallis 
test with Dunn’s correction for multiple comparisons was used, and 
for comparison between two groups the Mann-Whitney test was used. 
Correlations are given with the respective Spearman correlation coeffi-
cient (rs). All tests were two-tailed, and a p-value < 0.05 indicated 
statistical significance. Analyses were performed with GraphPad Prism 
software (Prism 9, San Diego, California, USA). 

3. Results 

3.1. Patient characteristics 

A total of 23 patients were included in the study, comprising 15 
patients with suspected IBD, four with CD, three with UC and 1 with 
IBDU. After diagnostic workup, patients were assigned as control (total 
of n = 10: juvenile polyp n = 2, post-infectious colitis n = 2, allergic 
colitis n = 5 and drug-induced colitis n = 1), CD (n = 7) or UC (n = 6) 
patients (Fig. 1). Demographic characteristics are displayed in Table 1. 
Briefly, mean±SD age of control patients was 10.8 ± 4.3 years, 12.3 ±
4.6 of CD and 14.8 ± 2.6 years of UC patients. Height, weight and BMI 
did not show statistically significant differences between groups (all p >
0.05). All patients underwent clinical, laboratory (blood and stool), ul-
trasound, MSOT, and endoscopic examinations and, if indicated, MR- 
enterography for disease assessment (see Table 1). 

3.2. Disease assessment 

3.2.1. Clinical assessment 
Clinical assessment by PCDAI did not show statistically significant 

Fig. 2. Multispectral optoacoustic imaging of the intestine. (AþB) The intestinal wall of the terminal ileum and sigmoid colon were investigated using handheld 
hybrid Multispectral Optoacoustic Tomography (MSOT)/ Reflected Ultrasound Computed Tomography (RUCT). Schematic illustration and bedside MSOT imaging 
set-up of the investigated regions of interest (blue ellipsis over the terminal ileum and the sigmoid colon). Created with biorender.com, (C) RUCT imaging allows real- 
time guidance of the investigator during bedside examinations to identify the bowel wall. (D-F) MSOT uses pulsed laser light in the near infrared window of light 
(NIR) to induce thermoelastic expansion of molecules and records the emitted pressure waves. By using distinct wavelengths specific molecules, such as deoxy-
genated (HbR) and oxygenated (HbO2) haemoglobin, they can be quantified and visualized by spectral unmixing algorithms. Created with BioRender.com. 
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differences between controls and CD patients (10.0 ± 9.1 vs. 19.6 
± 13.3, p = 0.0614). Of all CD patients, two were in remission, three in 
mild and 2 in moderate to severe disease activity. PUCAI scores revealed 
significantly different scores between control and UC patients (14.5 
± 13.6 vs. 38.3 ± 20.7, p = 0.0174). Of all UC patients, three had mild, 
two had moderate and one had high disease activity. 

3.2.2. Laboratory assessment (blood and stool) 
Laboratory blood tests revealed elevated erythrocyte sedimentation 

rate (ESR) in CD compared to control patients (52.3 ± 43.2 vs. 7.0 
± 4.7, p = 0.0040). However, C-reactive protein, haemoglobin levels, 
platelets and leucocytes did not show statistically significant differences 
between groups (all p > 0.05). Laboratory stool tests for calprotectin 
showed increased levels in CD compared to control patients (1068.1 
± 995.7 vs. 243.7 ± 384.1, p = 0.0340). 

3.2.3. Ultrasound 
B-mode ultrasound images were scored with modified Limberg score. 

Herein, differences between groups were found in the terminal ileum 
between control and CD patients (0.2 ± 0.6 vs. 1.9 ± 1.5, p = 0.0155) 
but not between CD and UC patients (1.9 ± 1.5 vs. 0.3 ± 0.5, 
p = 0.1531). Scoring of the sigmoid colon did not show any statistically 
significant differences (all p > 0.05). 

3.2.4. Endoscopy 
White light endoscopy was rated by SES-CD score in CD compared to 

control patients. While the mean score in controls did not indicate 
inflammation, the mean score in CD patients corresponded to moderate 
inflammation (0.0 ± 0.0 vs. 8.3 ± 8.0, p = 0.0014). UCEIS score was 
used in UC compared to control patients. Herein moderate inflammation 
was found in UC patients, too (0.1 ± 0.3 vs. 5.2 ± 1.5, p = 0.0001). 

3.2.5. Histopathology 
Standard histological staining (HE) was performed on mucosal bi-

opsy specimens from all patients. The terminal ileum was scored ac-
cording to Riley score adopted for CD and Nancy score, the sigmoid 
colon according to Riley score adopted for UC and Nancy score, 
respectively. In the terminal ileum, a statistically increased Riley and 
Nancy score was found in CD compared to control patients (8.4 ± 5.6 vs. 
0.3 ± 0.7, p = 0.0022 and 2.4 ± 1.5 vs. 0.0 ± 0.0, p = 0.0006). Simi-
larly, in the sigmoid colon Riley and Nancy scores were elevated in UC 
compared to control patients (11.0 ± 7.1 vs. 0.5 ± 0.5, p = 0.0021 and 
2.8 ± 1.8 vs. 0.0 ± 0.0, p = 0.0028). However, no statistically signifi-
cant differences were found between CD and UC patients in the terminal 
ileum nor in the sigmoid colon. 

3.2.6. Magnetic resonance (MR) enterography 
Of all patients, n = 11 underwent MR-enterography (control patients 

n = 2, UC n = 4 and CD n = 5). sMaria scores, while increased, were not 
statistically significant in CD and UC patients compared to controls (1.6 
± 1.8 vs. 3.3 ± 5.9 vs. 0.5 ± 0.7, all p > 0.05). 

3.2.7. Multispectral Optoacoustic Tomography 
For this purpose, two MSOT/RUCT scans of the terminal ileum and 

the sigmoid colon of each patient were analysed. Integrated RUCT 

imaging allows anatomical guidance and identification of the bowel wall 
during handheld bedside MSOT imaging (Fig. 2a-c). By using multiple 
laser light wavelengths in the near-infrared range of light (NIR), deox-
ygenated (HbR) and oxygenated (HbO2) haemoglobin can be visualized 
and then quantified by dedicated software (Fig. 2d). Exemplary MSOT 
images in comparison with standard assessments are displayed for the 
terminal ileum and the sigmoid colon in Fig. 3aþb and Supplementary 
Figure 1. Furthermore, MSOT parameters total haemoglobin (HbT) and 
MSOT-derived oxygen saturation (mSO2) can be calculated. For com-
parison, MSOT signals at the isobestic point for haemoglobin (single 
wavelength 800 nm (SWL800)) are also depicted. The MSOT measures 
from the terminal ileum of two patients (control patients n = 2) and the 
sigmoid colon of 4 patients (control patient n = 1, UC n = 1, CD n = 2) 
had to be excluded due to attenuated or artefact-rich OAI signals. 

In the terminal ileum SWL800, HbT and HbR were statistically 
significantly increased in CD compared to control patients. In detail, 
SWL800 was 13.7 ± 4.6 a.u. vs. 25.2 ± 3.0 a.u. (p = 0.0103), HbT was 
32.9 ± 15.4 a.u. vs. 72.1 ± 13.0 a.u. (p = 0.0049) and HbR was 24.1 
± 13.1 a.u. vs. 50.0 ± 16.8 a.u. (p = 0.0228), respectively (Fig. 3c). The 
latter parameters did not show statistically significant differences be-
tween CD and UC patients. Furthermore, MSOT parameters HbO2 and 
mSO2 did not show statistically significant differences between all 
groups in the terminal ileum (all p > 0.05, Fig. 3c). 

Comparing MSOT signal intensities between groups in the sigmoid 
colon, a statistically significant difference was found between control 
and UC patients for SWL800nm, HbT and HbO2 as follows: SWL800 was 
13.2 ± 4.5 a.u. vs. 23.5 ± 4.3 a.u. (p = 0.228), HbT was 35.1 ± 16.3 a. 
u. vs. 62.9 ± 13.8 a.u. (p = 0.0311) and HbO2 was 7.6 ± 4.5 a.u. vs. 
20.2 ± 7.5 a.u. (p = 0.0162) (Fig. 3d). Moreover, HbO2 was also 
elevated in CD compared to control patients (7.6 ± 4.5 a.u. vs. 18.1 
± 9.8 a.u. (p = 0.0412)). MSOT parameter HbR and mSO2 did not show 
relevant differences between groups (all p > 0.05, Fig. 3d). 

3.3. MSOT correlation with multimodal disease assessment 

To evaluate the performance of MSOT in assessing disease severity in 
paediatric inflammatory bowel diseases, we correlated MSOT parame-
ters with clinical, laboratory, ultrasound, endoscopic and MR- 
enterography scores. 

First, signal intensities of MSOT parameters of the terminal ileum of 
control and CD patients were correlated. Herein, no statistically signif-
icant correlation with clinical standard assessment (PCDAI) was found. 
However, laboratory parameters showed a significant correlation with 
different MSOT haemoglobin signals. ESR showed the statistically most 
significant positive correlation with HbO2 (rs=0.76, p = 0.0024), CrP 
with SWL800 (rs=0.76, p = 0.0017) and calprotectin with SWL800 
(rs=0.67, p = 0.0147). Furthermore, multimodal imaging revealed the 
highest correlation between ultrasound Limberg score and HbO2 (rs=
0.56, p = 0.0338) and between SES-CD and SWL800 (rs=0.78, 
p = 0.0017). No correlations between sMARIA score and MSOT pa-
rameters were found. Histological scoring showed the highest correla-
tion between Riley score and SWL800 (rs=0.70, p = 0.0101) and 
between Nancy score and SWL800 (rs= 0.81, p = 0.0013) (Fig. 4a). 

Next, signal intensities of MSOT parameters of the sigmoid colon of 
control and UC patients were correlated. Again, no statistically 

Fig. 3. Multispectral optoacoustic imaging and quantification of paediatric inflammatory bowel diseases. (AþB) Displayed are exemplary MSOT/RUCT images, 
endoscopy with histopathology, and MRI fat-saturated T1- and T2-weighted images of a 7 year old control patient (polypectomy), a 17 year old patient with Crohn’s 
disease (CD) and a 10 year old patient with ulcerative colitis (UC). Hybrid MSOT/RUCT allows real-time guidance to allocate the bowel wall and region of interest 
(ROI) placement. MSOT parameters for deoxygenated (HbR) and oxygenated (HbO2) haemoglobin are coloured blue and red and the respective signals are visualized 
within the ROI. 2.5-fold visualizations of the MSOT signals within the ROI are given to enlighten signal differences. MSOT haemoglobin signals are higher in CD and 
UC compared to control patients. This is in line with markedly increased signs for inflammation in endoscopy, histopathology (H&E staining) and MR-enterography. 
The terminal ileum of the CD patient was stenosed and the histopathology derived from surgical ileocecal resection. Scale bar indicates 1 cm in MSOT/RUCT and 
200 µm in histopathology images. (CþD) MSOT signal intensities for single wavelength 800 nm (SWL800nm), total haemoglobin (HbT), deoxygenated haemoglobin 
(HbR), oxygenated haemoglobin (HbO2) and oxygen saturation (mSO2). Signal intensities were compared between control, CD and UC patients for the terminal 
ileum (C) and sigmoid colon (D). p < 0.05 was regarded as statistically significant (*<0.05 **<0.01). 
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significant correlation with clinical standard assessment (PUCAI) was 
found. Furthermore, no statistically significant correlation between 
MSOT parameters and laboratory blood (ESR, CrP) and stool (calpro-
tectin) biomarkers for inflammation were observed (all p > 0.05). A 
statistically significant correlation with ultrasound Limberg score was 
found for MSOT HbO2 (rs=0.55, p = 0.0440) and SWL800nm (rs=0.61, 
p = 0.0110), UCEIS score and HbO2 (rs=0.63, p = 0.0193) and SWL800 
(rs= 0.64, p = 0.0166). No correlation with sMARIA score was found 
(all p > 0.05). Histological scoring, according to Riley score for UC, did 
not show a statistically significant correlation. Nancy score revealed a 
statistically significant correlation with SWL800nm, HbT, HbR and 
HbO2 (best for HbT: rs=0.67, p = 0.0140) (Fig. 4b).4. Discussion. 

In this study of paediatric patients with IBD, we demonstrated the 
ability of MSOT to assess disease activity utilizing haemoglobin signal 
intensities in the intestinal walls. Compared to controls, CD patients 
showed increased signal levels in the terminal ileum and UC patients in 
the sigmoid colon, respectively. Both findings are well explained by the 
pathophysiology of the disease and the individual disease activity. 
Secondly, routine clinical assessment correlated well with MSOT hae-
moglobin parameters. 

Until now, a single clinical, laboratory or non-invasive imaging 
modality for assessing the presence and, even better, the intensity of 
mucosal inflammation does not exist [5]. Especially novel, non-invasive 
imaging modalities might hold the promise to provide advanced mea-
sures to assess intestinal inflammation. In a first clinical trial, MSOT was 
already able to distinguish between remission and activity in CD, which 
outperformed other standard assessments [10]. While it is known that 
these patients often need to undergo invasive diagnostic procedures, 
children and adolescents in particular would benefit from the use of such 
non-invasive technologies. With regard to MSOT, studies in children 
with muscular disorders have demonstrated that imaging conditions 
might be optimal in such populations [23,24]. 

Although, OAI signals of the intestinal wall in children might be 
influenced from other light absorbing tissue components, especially the 
melanin rich skin and haemo/myoglobin rich muscle tissue, and 
reflectance artefacts, discrimination between groups was feasible with 
good correlation to standard assessments and in line with previous ob-
servations in adults [9,10]. Furthermore, in preclinical models of murine 
colitis elevated haemoglobin signals were attributed to the intestinal 
wall, too [35,36] and raster-scanning optoacoustic mesoscopy even 
enabled detailed mapping of the intestinal vascular networks [37]. 
Therefore, the changes in haemoglobin signals in our study were 
attributed to the intestinal wall, too, By using multiple wavelengths in 
the NIR to generate and quantify functional measures of deoxygenated 
and oxygenated haemoglobin, we were able to provide significant dif-
ferences between healthy and diseased groups. The increase in total 
haemoglobin levels can be attributed to dilated vessels and augmented 
blood supply as signs of acute inflammation [38,39]. However, more 
differentiated, inflammation in the terminal ileum of CD patients was 
marked by means of elevated deoxygenated haemoglobin and in the 
sigmoid colon by increased oxygenated haemoglobin in CD and UC 
patients. In turn, msO2 remained insignificant, which is most likely due 
to the current technical limitations [40] and might be resolved by the 
ongoing advances in data analyses [41,42]. However, other phantom, 
ex-vivo and in-vivo studies demonstrated high accuracy of multispectral 
analyses for hemoglobin parameters and blood oxygenation in com-
parison with gold standards in different scenarios, already [43–51]. For 

the intestinal wall, no standard modality to assess the oxygen saturation 
or the ratio between oxygenated and deoxygenated haemoglobin exists. 
Pathophysiological, acute inflammation enhances hypoxia, leading to 
angiogenesis and hypervascularization, making it a potential thera-
peutic target in IBD [52]. Furthermore, Rigottier-Gois hypothesized that 
oxygen may play a significant role in IBD dysbiosis [53], making MSOT a 
promising tool in monitoring future treatment strategies. In contrast to a 
functional multiwavelength approach, the morphologic single wave-
length imaging using 800 nm – the wavelength where both deoxygen-
ated and oxygenated haemoglobin absorbs similarly (isosbestic point) - 
might be analogically capable to detect increased disease activity [54]. 
However, molecular decoding of different tissue components would 
allow further insights in the course of the disease and was already 
demonstrated in preclinical OAI approaches of murine colitis [35,37]. 
Currently, different approaches are followed to overcome the limitations 
of spectral unmixing in deep tissues by spectral coloring – the alteration 
of optoacoustic spectra by depth, used wavelengths and in respect of the 
biological tissue composition [14,42,55,56]. Current research in the 
field pose the potential of novel algorithms to overcome these issues [41, 
42], and universally applicable data analysis strategies are matter of 
debate [57]. Future strategies include standardization of data acquisi-
tion, analysis and verification of pilot-studies in double-blind controlled 
trials, finally. 

To verify the clinical value of MSOT for PIBD patients, we correlated 
MSOT haemoglobin values with routine standard assessments. In CD, 
MSOT SWL 800 nm showed the highest correlation with SES-CD score 
and the histopathological Nancy score. The correlation was even higher 
than for standard clinical and laboratory assessments. However, corre-
lations of SES-CD with histopathological scores were highest. In UC 
patients, similar correlations were found between MSOT haemoglobin 
levels, UCEIS and standard clinical and laboratory assessments. Corre-
lations with MR-enterography are limited to the very small number of 
participants. But, although specificity of MR-enterography is high, 
sensitivity is limited [58]. Furthermore, similar to MR-enterography, 
intestinal contrast agents might further enhance the visibility of the 
intestinal inflammation. Using orally administered indocyanine green, 
MSOT would be capable to depict gastro-intestinal transit in real-time 
[59]. Similar applications in IBD patients could be used to diagnose 
intestinal complications, such as strictures or fistulas, and might allow 
targeted therapeutical approaches. 

Our study is limited by the small sample size, so that no stratification 
according to disease severity was reliable. However, we provide the first 
dataset on paediatric IBD compared to control patients, which serves as 
a basis for following larger studies in paediatric IBD. MSOT is further 
limited by imaging depth and influential factors such as bowel move-
ment and air filling. However, first data on the precision of MSOT for 
longitudinal assessment of the intestine showed that physiological 
conditions such as sex and postprandial increased blood flow do not 
alter the OAI haemoglobin signals [60]. However, imaging depth 
partially correlates with signal intensities [25,60] and might be 
improved by advanced depth correction algorithms [61]. 

In conclusion, we showed that MSOT may serve as a novel moni-
toring tool for paediatric IBD patients. Further studies are needed. 
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