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Abstract
Purpose Patient-tailored management of thyroid nodules requires improved risk of malignancy stratification by accurate 
preoperative nodule assessment, aiming to personalize decisions concerning diagnostics and treatment. Here, we perform 
an exploratory pilot study to identify possible patterns on multispectral optoacoustic tomography (MSOT) for thyroid 
malignancy stratification. For the first time, we directly correlate MSOT images with histopathology data on a detailed level.
Methods We use recently enhanced data processing and image reconstruction methods for MSOT to provide next-level 
image quality by means of improved spatial resolution and spectral contrast. We examine optoacoustic features in thyroid 
nodules associated with vascular patterns and correlate these directly with reference histopathology.
Results Our methods show the ability to resolve blood vessels with diameters of 250 μm at depths of up to 2 cm. The ves-
sel diameters derived on MSOT showed an excellent correlation (R2-score of 0.9426) with the vessel diameters on histo-
pathology. Subsequently, we identify features of malignancy observable in MSOT, such as intranodular microvascularity 
and extrathyroidal extension verified by histopathology. Despite these promising features in selected patients, we could not 
determine statistically relevant differences between benign and malignant thyroid nodules based on mean oxygen saturation 
in thyroid nodules. Thus, we illustrate general imaging artifacts of the whole field of optoacoustic imaging that reduce image 
fidelity and distort spectral contrast, which impedes quantification of chromophore presence based on mean concentrations.
Conclusion We recommend examining optoacoustic features in addition to chromophore quantification to rank malignancy 
risk. We present optoacoustic images of thyroid nodules with the highest spatial resolution and spectral contrast to date, 
directly correlated to histopathology, pushing the clinical translation of MSOT.
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Introduction

The incidence of thyroid nodules in clinical practice is high 
and is still increasing [1]. Thyroid nodules can be detected 
with high-resolution ultrasound in 19 to 68% of randomly 
selected individuals using high-resolution ultrasound (US) 

[2, 3]. The aim in thyroid nodule diagnostics is to assess the 
risk of malignancy, which occurs in 5 to 15% of cases [4–6].

International guidelines recommend the performance of a 
head and neck US for cancer risk stratification [7–9]. These 
US-based risk stratifications are used to identify nodules sus-
picious for malignancy and guide the need for fine-needle 
aspiration (FNA) cytology. Currently, cytology of FNA using 
the Bethesda System for Reporting on Thyroid Cytopathology 
(BSRTC) provides the most definitive diagnostic information 
(refer to Supplementary Table 1) [10]. Notwithstanding, 30% 
of all FNAs are classified as Bethesda I, III, or IV, indicating 
non-diagnostic, undetermined significance or follicular neo-
plasm [11]. In most cases, a diagnostic hemithyroidectomy 
(i.e., histopathology) is considered the appropriate choice rather 
than watchful waiting for a definitive diagnosis. Yet, 70–80% 
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of these patients will have a benign diagnosis [11], implying 
significant overtreatment with risk of postoperative morbidity 
(e.g., parathyroid injury, hypothyroidism, and laryngeal nerve 
injury) that affects the quality of life of these patients [12–14].

Patient-tailored management of patients with thyroid nod-
ules suspicious for malignancy would benefit significantly 
from improved cancer risk stratification by improving the 
accuracy of nodule assessment. Multispectral optoacoustic 
tomography (MSOT) is a rapidly growing imaging modal-
ity that may accommodate this need by adding molecular 
contrast to conventional US. MSOT enables non-invasive 
macroscopic imaging (i.e., at the organ level) at depths of 
several centimeters. By detecting US waves induced by 
pulsed laser light illumination, referred to as optoacoustic 
or photoacoustic waves, MSOT has the potential to distin-
guish and quantify different intrinsic tissue chromophores 
such as oxy- (HbO2), deoxyhemoglobin (HbR), and lipid 
and melanin, as well as exogenous contrast agents [15]. The 
clinical potential of MSOT for disease characterization has 
been shown in various diseases, including thyroid nodules 
[16–20], breast cancer [21], or Crohn’s disease [22]. The 
first studies imaging thyroid tissue with MSOT showed the 
potential to differentiate between malignant and normal tis-
sue during ex vivo imaging [16, 18]. In vivo MSOT imaging 
performed on healthy volunteers showed that it was feasi-
ble to image the thyroid and identify vascular structures, 
which were validated using Doppler ultrasound [17]. While 
Ultrasound Doppler can visualize blood flow in lesions, it 
is not suitable to visualize blood flow with low velocity. 
In contrast, MSOT uses the much more distinctive optical 
absorption of HbO2 and HbR to visualize vessels. Micro-
vasculature typically exhibits low-velocity blood flow, and 
previous studies suggest that optoacoustic imaging may be 
more effective than ultrasound Doppler [23]. Exactly these 
changes in microvasculature blood flow may be relevant 
for differentiating benign and malignant nodules [24]. Two 
MSOT studies confirmed the possibility of distinguishing 
between benign and malignant nodules and healthy thyroid 
tissue in vivo, and the latter proposed a strategy using optoa-
coustic imaging to reduce unnecessary FNA [19, 20]. The 
common result in all the studies on thyroid nodules was a 
decrease in hemoglobin oxygen saturation between malig-
nant and benign nodules [16–20]. However, these studies’ 
findings might be distorted because simple data processing 
and inversion techniques, typically based on back-projection 
algorithms, were employed that contain fundamental limita-
tions decreasing image quality and spectral unmixing accu-
racy [21]. In this exploratory pilot study, we present in vivo 
MSOT images of thyroids nodules suspicious for malig-
nancy with next-level image quality and accuracy, i.e., spa-
tial resolution and spectral contrast, utilizing recently devel-
oped enhanced data processing and image reconstruction 
methods [21, 25–27]. For the first time, we directly correlate 

MSOT images with histopathology data on a detailed level, 
the latter considered the gold standard confirming the high 
spatial resolution and spectral contrast of our images. We 
collect data from 38 thyroid nodules, analyze data sets from 
27 thyroid nodules and present a detailed analysis of five 
representative cases to outline thyroid nodule features. Ana-
tomical and optoacoustic features from selected regions of 
the image are provided. Despite these promising features in 
selected patients, we cannot reproduce results discriminating 
benign and malignant thyroid nodules based on mean oxy-
gen saturation in the nodule according to previous publica-
tions [16–20]. Thus, we investigate general limitations and 
distorting effects that obstruct quantitative MSOT imaging 
to date. The findings presented herein provide, to the best of 
our knowledge, the highest quality optoacoustic images of 
thyroid nodules suspicious for malignancy to date.

Methods

Study design and patients

The current study is a non-blinded, single-center, prospec-
tive, pilot study. Patients ≥ 18 years with thyroid nodules who 
underwent diagnostic US combined with FNA or had an indi-
cation for thyroidectomy (e.g., distant metastasis or goiter) 
were included between September 2020 and April 2021. An 
index nodule was defined as a nodule for which diagnostic 
imaging was indicated. Since this was a pilot study, patient 
inclusion was stopped after including 21 nodules with final 
histopathology (Fig. 1). Patients were excluded if they had 
previous surgery in the head and neck area on the ipsilat-
eral side of the index nodule, received prior radiotherapy in 
the head and neck area, or were pregnant. All patients gave 
written informed consent before enrolment. The study was 
approved by the institutional review board Groningen and 
registered at ClinicalTrials.gov (NCT04730726). All pro-
cedures performed in studies involving human participants 
were in accordance with the ethical standards of the institu-
tional and/or national research committee and with the 1964 
Helsinki declaration and its later amendments or comparable 
ethical standards. Approval was granted by the Medical Eth-
ics Committee of the University Medical Center Groningen 
(METc number METc 2019/371).

MS‑OPUS image acquisition

All MSOT procedures were performed using a clinical 
hybrid US–MSOT (MS-OPUS) system (MSOT Acuity 
Echo prototype; iThera Medical GmbH, Germany). This 
system uses a Nd:YAG laser (25-Hz repetition rate, 4-–7-
ns pulse duration) for the emission of 25-mJ light pulses. 
A two-dimensional handheld concave detector array (256 
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transducer elements with a center frequency of 3.4 MHz and 
bandwidth (− 6 dB) of 60% in receive-transmit mode, 125° 
angular coverage) was used for cross-sectional imaging with 
a field of view of 40 × 40 mm and in-plane spatial resolution 
up to 200 µm [21, 28].

The thyroid nodule and contralateral healthy thyroid was 
imaged transversely with the patient in a supine position 
with the neck in hyperextension. The US signal was detected 
for anatomical guidance of the imaging procedure. At the 
position of interest, in average 20 MSOT images consist-
ing of 14 optical wavelengths ranging from 680 to 1195 nm 
(680, 700, 730, 760, 800, 850, 900, 930, 970, 1000, 1030, 
1064, 1100, and 1195 nm) have been acquired (acquisition 
time of single frame: 0.56 s). These wavelengths were cho-
sen to enable detection and reliable unmixing of Hb, HbO2, 
lipids, H2O, and collagen in accordance with previous stud-
ies [29, 30]. Simultaneously, a co-registered US image was 
obtained with the MS-OPUS device. Per patient in average 
nine positions and orientations of interest of both healthy 
and diseased thyroid tissue were recorded. The number of 
imaged positions varied between patients depending on the 
number of thyroid nodules. In total, the imaging time per 

patient ranged from 5 to 10 min including the time to deter-
mine the correct position and probe orientation. Patients 
were asked to hold their breath during image acquisition 
at single selected positions of interest to reduce breathing 
motion. To later correlate the location and orientation of the 
chosen scans to histopathology, the operator notated, based 
on anatomical structures, the place of the probe during imag-
ing based on anatomical structures. The segmentation of the 
thyroid nodule was performed with the knowledge of the 
nodule position based on previous clinical ultrasonography.

Data processing, image reconstruction, spectral 
unmixing, and data analysis

For further analysis, the MSOT images with slightest motion 
were selected utilizing the co-registered US images as ref-
erence. MSOT acquisitions at wavelength 1195 nm were 
discarded for all scans due to a very low signal-to-noise 
ratio triggered by strong absorption of the probe’s coupling 
pad. The remaining raw data of the selected frames was 
additionally pre-processed with a machine learning-based 
denoising algorithm [25]. This method strongly reduces 

Fig. 1  Study workflow includ-
ing the numbers of included 
patients and imaged index 
nodules. Black lines repre-
sent the standard of care. The 
dashed blue lines represent the 
study intervention and the data 
included in the final analysis. 
1 Two patients were excluded 
due to technical failure of the 
MSOT device. 2 Patient was 
scheduled for thyroidectomy 
after histologically proven 
distant metastasis of papillary 
thyroid cancer. 3 Patient was 
diagnosed with goiter caus-
ing obstructive symptoms 
of breathing or swallowing 
difficulties and was directly 
scheduled for thyroidectomy. 4 
One patient was excluded from 
data analysis as this patient was 
still in follow-up for metastatic 
colorectal cancer (Bethesda 
4). npatient = number of patients 
included, FNA = fine needle 
aspiration,  nnodule = number of 
index nodules
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the electrical noise present in the measurement data and 
thus, boosts morphological and spectral MSOT image qual-
ity, in particular the ability to access the rich multispec-
tral contrast at high spatial resolution. Subsequently, the 
denoised signals were bandpass filtered (Butterworth filter, 
0.5–12 MHz) before image formation. MSOT images were 
then reconstructed utilizing a custom model-based algo-
rithm [26, 27]. The implementation is available in a public 
repository.1 The model-based image reconstruction strongly 
enhances image resolution and spectral contrast compared to 
standard back-projection methods in optoacoustics has been 
shown in previous publications [21, 26, 27, 31]. The algo-
rithm performs a non-negativity constrained least squares 
minimization with an additional shearlet  L1-regularization 
[32, 33]. The minimization problem was solved via bound-
constrained sparse reconstruction by separable approxima-
tion. The algorithm requires 7 to 14 min to reconstruct an 
image with 14 wavelengths [34]. The speed of sound in the 
coupling medium of the probe and inside tissue applied for 
US propagation modelling were tuned manually for optimal 
image quality. In addition, the algorithm corrects for the 
total impulse response of the transducers, which has been 
shown to enhance the quality and fidelity of reconstructed 
images even further [21, 26]. The regularization parameter 
was optimized manually with an L-curve.

We employed linear spectral unmixing with literature 
spectra of HbR, HbO2, lipid, melanin, collagen and H2O 
on the complete MSOT dataset as performed in previous 
studies [17, 19, 20]. In addition, we performed blind spectral 
unmixing, which has shown to yield more distinct separa-
tion of molecular targets than linear unmixing, because it 
can account for distorting effects like spectral coloring [35]. 
For blind spectral unmixing, both the most significant (i.e., 
mathematically best matching) absorption spectra and their 
contributions to the intensity in each pixel (coefficients) 
are determined in a data-driven manner by performing a 
non-negative matrix factorization.  L2-regularization was 
employed to decrease the effects of high-frequency noise, 
and  L1-regularization ensured the biologically expected 
sparse contribution of absorbers to pixel intensities [36]. 
Both spectral unmixing algorithms were applied to scans 
of both thyroid nodules and healthy tissue of all 27 patients 
in post-processing. Linear unmixing required 7.35 s and 
blind unmixing 27.20 s per image. The number of blindly 
unmixed spectra was set to eight empirically and regulariza-
tion parameters were optimized using an L-curve.

MS-OPUS scans of the four blind unmixing components 
with largest biological interpretability similar to HbO2, 
HbR, lipids, and H2O were used by two reviewers to evalu-
ate all scans independently. This selection was performed by 

one medical doctor with research experience in nuclear, opti-
cal, and optoacoustic imaging of the head-and neck region 
and one engineer with research experience in optoacoustic 
imaging. The selected scans were discussed in the research 
team comprising mathematicians, radiologist, pathologist, 
and head neck surgeon. Scans which showed clinically rel-
evant indicators of malignancy observable in MSOT were 
selected and compared with histopathology for the identifi-
cation of possible malignancy markers.

Going beyond the analysis of single patients, we per-
formed a statistical analysis to discriminate malignant from 
benign thyroid nodules in our complete data set. To repro-
duce the results of previous studies, we computed the mean 
coefficients of HbO2 and HbR over the thyroid nodule and 
the contralateral healthy thyroid utilizing the linear unmix-
ing results. Oxygen saturation (SO2) was computed as ratio 
of HbO2 over total blood volume for each pixel [16–20]. 
Additionally, we also computed the mean coefficients of 
blindly unmixed spectra with largest biological interpret-
ability linked to these chromophores. The thyroid nodule, 
contralateral healthy thyroid and other selected regions of 
interest (ROIs) were manually segmented in the US image 
and transferred to the co-registered MSOT image. Vessel 
diameters were determined as full-width-at-half-maximum 
(FWHM) along profile lines across the vessel. The profile 
lines were selected manually.

The mathematical equations for all algorithms applied 
for data processing, image reconstruction, spectral unmix-
ing and data analysis are provided in the Supplementary 
Information. For all images, for which we computed mean 
spectra observed with MSOT and determined the Contrast 
Resolution (CR, see Supplementary Methods for definition) 
to quantify the contrast, we added the corresponding figures 
including ROI segmentations to Supplementary Fig. 7.

Histopathological analysis

During surgery, the specimen was marked, and during the 
whole pathological process, the specimen’s orientation was 
documented. This made it possible to correlate the scans 
to histopathology and to check the availability of sufficient 
histopathological data to correlate MS-OPUS scans to his-
topathology. Because the MS-OPUS transducer’s sensitivity 
field leads to imaged cross-section of approximately 3-mm 
thickness, the histopathological slide (0.5–3um) with high-
est similarity to the MS-OPUS image inside this volume 
was selected. Histopathological data was discussed with a 
dedicated thyroid pathologist.

Immunohistochemical staining was performed at the 
Department of Pathology of the University Medical Center 
Groningen to assess microvascularity in malignant thyroid 
nodules and in normal thyroid tissue. Based on the location 
during the imaging of the patients, we selected tissue slides 1 https:// github. com/ juest ellab/ mb- rec- msot.

https://github.com/juestellab/mb-rec-msot
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of malignant thyroid nodules and healthy thyroid tissue from 
the same cases. The selected slides were stained with anti-
CD31 antibody, a vascular marker of angiogenesis, using a 
standardized protocol. Hematoxylin and Eosin (H&E) stain-
ing was already performed per standard protocol and avail-
able for correlation. Additionally, the microvessel density 
was scored by an expert pathologist as 0 (low) tot 5 + (very 
high) and correlated with the H&E slide and all vascular 
structures on the H&E pathology slides were marked. Ves-
sel diameters were determined as the width of the manually 
segmented vessels on the H&E slides.

Results

Patient characteristics

In total, we asked 52 patients for consent (32 females and 20 
males) of which 29 agreed to participate and met the inclu-
sion criteria after screening. Thus, a total of 29 patients were 
enrolled, of which two patients were excluded due to technical 
failure of the MSOT device (one moment of technical fail-
ure of the laser trigger board in two patients scanned in suc-
cession), totaling 27 included patients in this study (Fig. 1). 
Fourteen patients were male (51.9%) and the median age 
was 60 years (IQR 51.0–66.0 years) (Table 1, Supplemen-
tary Table 2). All patients were Caucasian, making large 

differences in melanin content unlikely [37]. In total, we 
imaged 38 thyroid index nodules (Supplementary Table 3). 
A total of 17 patients underwent thyroidectomy leading to 
27 index nodules with final histopathology data, totaling 11 
malignant and 16 benign nodules. Cytology served as the gold 
standard in 10 patients, harboring four malignant nodules 
(Bethesda 6) and six benign nodules (Bethesda 2) (Supple-
mentary Table 3). One patient with a Bethesda 4 nodule is still 
in follow-up for metastatic colorectal cancer, and due to the 
lack of final histopathology, was not included in the analysis.

Spectral unmixing of MSOT images

Chromophores of interest for analyzing thyroid nodules were 
HbO2, HbR, lipids, H2O, and collagen. HbO2, HbR, and 
H2O were included, because a common feature in thyroid 
cancer is enhanced angiogenesis and abundance of micro-
vascularity [38]. Lipids were included since several stud-
ies report significant alteration of lipid profiles in thyroid 
cancer compared with adjacent nontumor tissues or benign 
lesions [39, 40]. Also, collagen was analyzed since altered 
expression of collagen associated with tumorigenesis is 
reported in thyroid cancer [41]. Reference absorption spectra 
of chromophores of interest for analyzing thyroid nodules 
(HbO2, HbR, lipids, H2O, and collagen) and the blind spec-
tral unmixing components with the strongest similarity are 
shown in Fig. 2. Supplementary Fig. 1 shows all blind spec-
tral unmixing components. Throughout the manuscript we 
display blind unmixed MSOT images. For comparison we 
also included all linearly unmixed components for one scan 
in Supplementary Fig. 5. For blind unmixing, we could not 
identify a single component that linked solely to collagen. 
Melanin was included in linear unmixing, but was not inves-
tigated further, because it is not present in thyroid nodules. 
In addition, all patients were Caucasian with comparable 
skin color, so the optical absorption of melanin affecting the 
overall light penetration depth and spectral coloring did not 
have to be considered any further.

Scan selection for detailed analysis of MS‑OPUS 
images

In all 12 selected cases, MS-OPUS showed distinctive patterns. 
However, in 4 of 12 cases, MS-OPUS could not be correlated 
to histopathology as no histopathology data was available from 
the plane at which the MS-OPUS scan was performed. In the 
remaining eight cases, all MS-OPUS scans showed distinctive 
patterns on MS-OPUS that could be correlated to histopathol-
ogy. The following sections will showcase five of these cases 
and correlate them with available histopathology. The remain-
ing cases are displayed in Supplementary Fig. 6.

Table 1  Patient baseline characteristics

IQRinterquartile range, NA not available

Characteristics Total (n = 27)

Sex, n (%)
 Male
 Female

14 (51.9%)
13 (48.1%)

Age (years), median (IQR) 60.0 (51.0 – 66.0)
TIRADS of index nodule, n (%)
 TIRADS 1
 TIRADS 2
 TIRADS 3
 TIRADS 4
 TIRADS 5
 NA

1 (3.7%)
2 (7.4%)
6 (22.2%)
5 (18.5%)
7 (25.9%)
6 (22.2%)

Cytology of index nodule, n (%)
 Bethesda 1
 Bethesda 2
 Bethesda 3
 Bethesda 4
 Bethesda 5
 Bethesda 6
 NA

1 (3.7%)
7 (25.9%)
0 (0.0%)
5 (18.5%)
4 (14.8%)
8 (29.6%)
2 (7.4%)

 Histopathology index nodule, n (%)
 Malignant (papillary thyroid cancer)
 Benign

10 (37.0%)
7 (25.9%)
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Identification of thyroid vascularization 
on MS‑OPUS validated by histopathology

We describe four cases (Case 1–Case 4) with distinctive 
findings in the MS-OPUS images which are substantiated 
by histopathology and could not be detected with US alone 
(see Supplementary Fig. 8 for pure US images of each Case). 
All patients were diagnosed with papillary thyroid cancer 
and underwent a total thyroidectomy. Figure 3 shows the 
findings per case with thyroid nodules delineated in white.

The first distinctive pattern visually identified on the 
MS-OPUS scans of all selected cases relates to vascular 
structures. Thyroid cancer commonly features enhanced 
angiogenesis and an abundance of microvascularity [38]. 
Moreover, aggregated vascular complexes have been identi-
fied in the stroma of tumor papillae, but not in the healthy 
thyroid or adenomas [38]. Therefore, vascularity may be a 
distinguishing feature for thyroid cancer. In order to investi-
gate this more thoroughly, first the high-resolution visualiza-
tion of vessels on MSOT must be validated. In order to do 
so, MS-OPUS blends (overlay of MSOT with co-registered 
US image) were correlated to final histopathology. In all four 
cases, the shapes and diameters of prominent vessels in the 
nodule on MSOT accurately reproduce histopathology sec-
tions (Fig. 3). For example, in Case 1, the MS-OPUS blend 
displays a blood vessel located 5 mm from the center of the 
nodule with a diameter up to 0.3, whose absorption spec-
trum is clearly dominated by HbO2 (Fig. 3, Case 1, panel A 
(white arrows), B (absorption spectrum), C (diameter of the 
vessel)). The presence of this vessel is histologically vali-
dated, showing a diameter of 0.33 mm and localization of 
5 mm from the center of the nodule (Fig. 3, Case 1, panel D 
(vessel delineated in red), E (vessel delineated in red)). Case 
2 also displays that shape and diameters measured at several 
cross-sections of the vessels on MS-OPUS (~ HbO2) closely 
resemble shape and diameters on corresponding histopathol-
ogy sections (Fig. 3, Case 2,). In Case 3, we identify and 

confirm on histopathology two vessels in a healthy thyroid 
lobe on MS-OPUS again dominated by HbO2 absorption, 
including one vessel (ROI 1) deep in the tissue with a diam-
eter of 0.3 mm and another one on the lateral cranial side 
of the thyroid gland (ROI 2) (Fig. 3, Case 3). The analysis 
of this patient’s papillary thyroid carcinoma is described as 
Supplementary Case 3 in Supplementary Fig. 2. In Case 4, 
we identify three vessels with strong HbR contrast at high 
resolution (Fig. 3, Case 4, panel T (white lines), U (white 
arrow), V (absorption spectrum). Because the absorption 
spectra of the selected ROIs show greatest similarity to HbR 
(see panel V), we display this component. The component 
similar to HbO2 is displayed in Supplementary Fig. 3. Two 
vessels are observed in the thyroid nodule and one in the 
surrounding muscle (ROI 3). We note that the vessel in ROI 
3 has its origin inside of the thyroid nodule but also enters 
the muscle on top of the nodule, which could be explained 
by the presence of extrathyroidal extension in the surround-
ing muscles as determined with histopathology (Fig. 3, Case 
4, panel Z (vessel delineated in red, muscle delineated in 
yellow). In fact, the diameter measured on MSOT at the 
cross-section of the vessel that invaded the muscle matches 
the diameter of the corresponding extrathyroidal vessel at 
histopathology (Fig. 3 Case 4, panel Y).

Collectively, the vessel diameters derived as FWHM on 
MS-OPUS showed an excellent correlation with the diame-
ters of manually segmented vessels on histopathology (n = 7, 
4 different cases, Fig. 3 panels B,C,I,J,K,Q,R,W,X,Y), with 
a regression analysis showing an  R2-score of 0.9426.

Microvascularity in thyroid nodules as potential 
malignancy marker identified on MS‑OPUS

The second distinctive pattern we observe on MS-OPUS 
is the abundance of microvascularity in multiple malig-
nant thyroid nodule cases, which could reflect tumor 
angiogenesis [38]. For example, in Case 1, component 2 

Fig. 2  Absorption spectra of blindly unmixed components 1, 2, 3, and 
4 (a) compared to reference absorption spectra of respective H2O, 
HbO2, lipid, HbR, and collagen (b). Colors and order of display are 

chosen to match similarities. Dashed lines represent the wavelengths 
at which MSOT images were acquired
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shows very fine structures in high density up to a depth 
of 2 cm in addition to the previously described domi-
nant vessel, which can be interpreted as high microves-
sel density (Fig. 3, Case 1, panel A, yellow arrow 4–6). 
Staining for anti-CD31 antibody, a vascular marker of 
angiogenesis shows high microvessel density throughout 
the complete nodule on the corresponding histopathology 
sections, which is also increased compared to surround-
ing healthy thyroid tissue (Fig. 3, Case 1, panels F and 
G). The same is observed in Case 2 (Fig. 3) and Case 3 
(Supplementary Fig. 2).

Non‑significant differences between malignant 
and benign thyroid nodules by mean oxygen 
saturation and collagen architecture in the capsule

Despite the high quality of the overall data set and the prom-
ising findings for single patients, we cannot reproduce sig-
nificant differences between malignant from benign thyroid 
nodules in accordance to previous studies. Mean concen-
trations of HbO2 and HbR in the nodule ROI, as well as 
corresponding SO2 obtained with linear unmixing do not 
show a significant difference (Fig. 4, panel A). The same 
applies to the mean coefficients of component 2 (related to 
HbO2) and 4 (related to HbR) and their ratio, which are 
obtained by blind unmixing (Fig. 4, panel B). Thus, we fail 
to obtain quantitative results from our MSOT data with 
mean coefficients over the nodule ROI and are not able to 
determine a decrease in oxygen saturation like in previous 
studies [16–19].

Additionally, we are not able to identify collagen in 
thyroid nodules from MS-OPUS data. For example, Case 
5 showcases a prominent capsule of the thyroid which is 
visible in the histology slide (Fig. 4, Case 5, panel E). 
Thyroid capsules are composed of connective tissue with 
significant collagen concentration [42]. MSOT also shows 
contrast in the boundary regions of the nodule (Fig. 4, 
Case 5, panel C, region between arrows 2 and 3). How-
ever, the mean absorption spectra of this ROI recovered 
from MSOT show greatest similarity to HbO2 (Fig. 4, 
Case 5, panel D). Thus, we are unable to detect the cap-
sule on the MS-OPUS image, because strong perfusion is 
no unique capsule marker and presence of collagen can-
not be recovered. Therefore, the proposed variations in 
collagen architecture of benign versus malignant nodules 
cannot be established.

Possible explanations, why we are neither able to 
establish a decrease in oxygen saturation for malignant 
thyroid nodules compared to benign ones nor quantify 
collagen in the thyroid nodule capsule from our MSOT 
data are discussed in the following paragraphs.

Limitations of quantitative MSOT imaging

Major challenges for quantitative MSOT imaging arise from 
acoustic reflection artifacts [43]. Human tissue is naturally het-
erogeneous exhibiting multiple textures with varying acous-
tic properties (i.e., speed of sound and mechanical density). 
Thus, there is a mismatch in acoustic impedance between dif-
ferent textures which constitutes as a reflective interface for 
US waves. In MSOT, optical absorbers emit US waves in all 
spatial directions. Consequently, the wave of a single absorber 
may arrive at a US detector multiple times. The first incidence 
corresponds to the direct impacting wave, whereas any follow-
ing can be regarded as reflection. If the physical optoacoustic 
model only accounts for direct wave propagation, the signal 
origin of the reflected wave will not be localized correctly. An 
artificial optoacoustic source mirrored to the opposite side of 
the reflective interface will emerge in the image (Fig. 5, Case 
2, panel A, point 4 with equal distance d to line 2 as point 1). 
Thus, a reflection of the MSOT skin signal can be observed 
inside the nodule in Case 2 (Fig. 5, Case 2, panel A, line 5). 
Reflections of the optoacoustic signal of the membrane may 
be misinterpreted as lipid abundance inside the thyroid nodule, 
contradicting the findings from histopathology that identify 
no lipids in this region (Fig. 5, Case 2, panel C). Especially if 
reflection artifacts superimpose optoacoustic signals of other 
tissue like in Case 5, they hamper quantitative MSOT imag-
ing. Although the ROI along line 1 (Fig. 5, Case 5, panel G) 
can clearly be identified as muscle fascia in the US image, 
the H2O-dominant absorption spectrum provided by MSOT 
(Fig. 5, Case 5, panel H) does not match with the histologi-
cal composition of muscle fascia (i.e., strong blood perfusion 
and collagen, Fig. 5, Case 5, panel I). A thorough investiga-
tion of the anatomy in the US image shows multiple interfaces 
in the subcutaneous fat which mirror strong H2O contrast of 
the dermis in the ROI of the muscle fascia. We would like to 
emphasize that vascular patterns of malignancy identified in 
single cases in this study (see paragraphs 3.4 and 3.5) were 
ruled out to be reflection artifacts by five experts.

Quantitative MSOT imaging is also impeded by lim-
ited penetration depth due to strong optical absorbers like 
hemoglobin and melanin in superficial skin layers. Light 
attenuation strongly varies significantly depending on the 
positioning of the probe on the skin, the skin tone [37] and 
the heterogeneous tissue. The stronger decay of light fluence 
limits the imaging depth, because the optoacoustic signal 
generated by absorbers is decreasing more rapidly, result-
ing in a lower signal-to-noise ratio [44]. Moreover, the het-
erogeneous tissue introduces the effect of spectral coloring, 
which refers to the phenomenon of distorted optical absorp-
tion spectra recovered from MSOT data compared to refer-
ences from literature. This variation is caused by inadequate 
modeling of light fluence decay inside tissue for different 
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wavelengths [36]. Mean absorption spectra in ROIs 1 and 
2 in Case 3 display strong similarity to the absorption of 
HbO2 (Fig. 5, Case 3, panel E). This is biologically reason-
able, because histopathology unveils a blood vessel in the 
healthy thyroid in this region (Fig. 5, Case 3, panel F). How-
ever, the mean absorption spectra determined with MSOT 
denote a clear notch in the wavelength range between 970 
and 1000 nm compared to the reference HbO2 absorption 
spectrum. This notch displays the effect of spectral coloring 
and is triggered by strong H2O absorption in the dermis 
region on top of the selected ROIs. Because H2O strongly 

absorbs light at the wavelength range between 970 and 
1000 nm (Fig. 5, Case 3, panel E), fluence decreases faster 
with depth for these wavelengths than for other wavelengths. 
However, this variation in fluence decay for different wave-
lengths is not incorporated in the physical model used for 
image reconstruction. Light absorption deep in tissue for the 
two wavelengths (970 and 1000 nm) will thus appear to be 
decreased resulting in distorted absorption spectra. Inher-
ently, the quantification of biomarker presence utilizing lin-
ear unmixing with reference literature absorption spectra 
will be affected negatively.
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In our data set, we observed a relative mean squared error 
of 9.03% for linear unmixing. In other words, 9.03% of the 
MSOT image contrast cannot be explained with the contri-
bution of the biomarkers selected for unmixing. Because 
blind spectral unmixing recovers the mathematically best 
matching absorption spectra from the measurement data 
itself, it can account for the distortions caused by spectral 
coloring. Therefore, blind spectral unmixing generally pro-
vides a more authentic representation of MSOT measure-
ment data than linear unmixing resulting in a relative mean 
squared error of only 0.84% in this data set [35]. Yet, inter-
pretation of blind unmixing results remains challenging, 
because only some of the recovered absorption spectra can 
be linked to specific chromophores (Fig. 1).

In addition to reflection artifacts, reduced depth pen-
etration and spectral coloring, scientists may errone-
ously interpret optical absorption as a mixture of different 

chromophores. This phenomenon of spectral cross talk also 
deteriorates image quantification [45]. For example, a large 
artery can clearly be identified in Case 2 (Fig. 3, Case 2, 
panel H, region between arrows 1, 2, 3 and 4) by the mean 
optical absorption spectrum in the MSOT image (Fig. 3, 
Case 2, panel I). The corresponding histology section con-
firms this observation displaying a vessel of equal size and 
shape (Fig. 3, Case 2, panel L). As expected, blind spectral 
unmixing will recover strong contributions by a component 
with absorption similar to HbO2 (component 2) in this ROI 
(Fig. 3, Case 2, panel I). However, the absorption spectrum 
of component 2 features weaker absorption at wavelengths 
above 850 nm compared to the literature absorption of HbO2 
(Fig. 2, panels A and B). In order to account for this devia-
tion, HbO2 contrast will resemble a mixture of components 
by blind unmixing. Consequently, also component 3 exhibits 
strong intensity in ROI 1 in Case 2 to account for the absorp-
tion at 930 nm (Fig. 5, Case 2, panel B). If component 3 was 
to be utilized independently for biomarker quantification due 
to its strong similarity to the optical absorption of lipids, 
presence of lipids surrounding the artery could be errone-
ously concluded by the scientist. However, this interpreta-
tion contradicts findings in the corresponding histology slide 
(Fig. 5, Case 2, panel C).

Ultimately, chromophore quantification from MSOT may 
also be distorted because strong optical absorbers cover 
weak ones in MSOT [46]. For example, tissue with high 
collagen concentration, like connective tissue (including col-
lagen) in the capsule of the thyroid gland and thyroid nodule, 
is very often also strongly perfused [42]. HbO2 and HbR 
trigger stronger signal in the acquired near-infrared wave-
length range compared to other chromophores like collagen 
[47]. Additionally, the absorption spectrum of collagen does 
not contain any isolating features in this optical range which 
would enable a differentiation from other absorbers [29]. We 
hypothesize a cover up by stronger absorbers is the case in 
Case 5 of this study (Fig. 5, panel c–f). The patient was diag-
nosed with multinodular goiter. The immunohistochemistry 
image shows a collagen rich thyroid gland (Fig. 5, panel f). 
However, MSOT only shows HbO2 and HbR related contrast 
located in the thyroid capsule (Fig. 5, panel c, between arrow 
1 and arrow 2) without any signal attributable to collagen 
The absence of collagen signal in MSOT may be a result of 
a cover up by strong optical absorbers like HbO2 and HbR 
(refer to 3.6 and Supplementary Fig. 5 for linear unmixing 
images).

Discussion

In this pilot study, we apply previously enhanced signal 
processing and image reconstruction methods for clini-
cal MS-OPUS to provide unprecedented image quality in 

Fig. 3  Four representative cases of spectral features in thyroid nod-
ules with distinctive vascularization and high microvascularity in 
the nodule at high resolution correlated to histopathology. Case 1 
(a–g), papillary thyroid carcinoma delineated in white. MS-OPUS 
(a) shows rich microvascularity (yellow arrows 4, 5, and 6, a more 
detailed image is added as Supplementary Fig.  4) in the thyroid 
nodule and a blood vessel (white arrows) crossing the cranial side 
of the nodule. The absorption spectrum is dominated by HbO2 (b, 
CR = 0.9999984). MSOT estimates a 0.3  mm vessel diameter along 
line 3 (c). Histopathology confirms the presence of this vessel with 
a diameter of 0.33  mm (d, e) and immunohistochemistry with anti-
CD31 antibody shows higher microvascularity in the thyroid nodule 
(quantified as 5 + , f) than in the surrounding healthy thyroid tissue 
(quantified as 1 + , g). Case 2 (h–o), papillary thyroid carcinoma 
delineated in white. MS-OPUS (h) shows rich microvascularity in 
the thyroid nodule (yellow arrows 7 and 8, a more detailed image 
is added as Supplementary Fig. 4) and identifies a vessel with vary-
ing diameters which splits into two branches (white arrow 1 and 
splitting at white arrows 2 in 3 and 4). The absorption spectrum is 
dominated by HbO2 (i, CR = 0.9999601). MSOT estimates a ves-
sel diameter ranging from 0.4 mm (line 5) (j) to 0.9 mm (line 6) (k). 
Histopathology confirms the presence of this vessel in the exact same 
shape and shows a diameter ranging from 0.45 to 0.86  mm (l and 
more detailed in m). Immunohistochemistry with anti-CD31 antibody 
showed higher microvascularity in the thyroid nodule (quantified as 
3 + , n) compared to the contralateral healthy thyroid tissue (quan-
tified as 1 + , o). Case 3, healthy thyroid tissue delineated in white. 
MS-OPUS shows two vessels, white arrow 1 and line 2 (P, arrow 1 
CR = 0.9999853, line 2 CR = 0.9999928). The absorption spectrum 
is dominated by HbO2 (q) MSOT estimates a vessel diameter along 
line 2 of 0.3 mm (r). Both vessels are identified on histopathology, 
ROI 2 with a vessel diameter of 0.32 mm (s). Case 4, papillary thy-
roid cancer delineated in white with extrathyroidal extension. MS-
OPUS (t, u) identifies three vessels (line 1 CR = 0.9999995, line 2 
CR = 0.9999923 and line 3 CR = 0.9999950) with absorption spec-
trum similar to HbR (v). The vessel indicated by white arrow 3 (u), 
with its origin inside of the thyroid nodule but also entering the mus-
cle on top of the nodule, visualizes extrathyroidal extension of the 
tumor in the surrounding muscles, as confirmed on histopathology (z, 
where red is vessels and yellow is muscle). MSOT estimates a vessel 
diameter along line 1 of 0.6 mm (w) along line 2 of 0.3 mm (x) and 
along line 3 of 0.6 mm (y), with matching diameters on histopathol-
ogy (z)

◂
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optoacoustic imaging of thyroid nodules. These features 
could, for the first time, be linked directly to reference histo-
pathology data. In correlation with histopathology, we iden-
tify possible features of malignancy visible in MS-OPUS, 
such as abundance of microvascularity in malignant thyroid 
nodules, and visualize extrathyroidal extension in the sur-
rounding muscle. We showcase representative examples 
seen in five cases. The techniques and findings presented 
herein provide, to the best of our knowledge, the highest 
quality optoacoustic images of thyroid nodules to date.

Our approach shows the ability to resolve blood vessels 
with diameters as small as 250 μm at depths of up to 2 cm. 
We surmise that the microvessel density in deeper levels 
of the nodules could not be visualized with MSOT due to 
decreasing light fluence. To validate our results, we linked 
the MS-OPUS scans directly to histopathology data, show-
ing an excellent correlation between the vessel diameter 
measured on MS-OPUS and histopathology. Comparable 
imaging quality for thyroid nodules has so far not been 
reported. Despite the lower resolution of MSOT compared 
to microscopy applied in histopathology and an estimated 
10% shrinkage of the tissue during the fixation process [48, 
49], we expect similar vessel diameters in both modalities. 
The sparsity regularization in the Shearlet domain enhances 
edges like small vessels [50]. Because we reconstructed 
images at 100 µm resolution, vessels can be reconstructed 

with higher precision than the physical resolution would 
suggest. Moreover, diameters in MSOT were determined 
as FWHM along a profile line, whereas the diameters in 
histopathology were determined as widths of the manually 
segmented vessel in the image. The validated MS-OPUS 
scans were subsequently used to study vascular patterns as 
a distinguishing feature for thyroid cancer, as it is known 
that thyroid cancer, on pathology level, shows enhanced 
angiogenesis, distinctive morphological features and abun-
dance of microvascularity [38]. We found that MSOT may 
be capable of identifying an abundance of microvascularity 
in malignant thyroid nodules. Previous publications dem-
onstrated the ability of MSOT to image vessels with reso-
lution up to 200 μm at depths up to 2 cm in varying tissue 
types [21, 26, 51–54]. Therefore, MS-OPUS can potentially 
improve detection of malignant thyroid nodules preopera-
tively based on the microvessel density. Furthermore, as a 
result of the validated MS-OPUS scans, we are able to show 
the presence of extrathyroidal extension of the nodule into 
a surrounding muscle. Literature shows that the extent of 
extrathyroidal extension is an adverse prognostic factor in 
thyroid carcinomas associated with higher recurrence risk 
and lower survival [55, 56]. In fact, in the American Thyroid 
Association guidelines of 2015, the presence of extrathyroi-
dal extension is one of the features that implies high malig-
nancy risk (> 70–90%) [7]. The presence of extrathyroidal 

Fig. 4  Box plots of the mean coefficients related to HbO2 and HbR, 
as well as SO2 in benign or malignant nodules obtained with spectral 
unmixing of the MSOT images and an exemplary case of a thyroid 
nodule with a prominent capsule of the thyroid gland. The mean coef-
ficients for HbO2 and HbR over the nodule ROI and the correspond-
ing SO2 obtained with linear unmixing (a) do not show any signifi-
cant difference. Similarly, mean coefficients of components 2 (related 
to HbO2) and 4 (related to HbR) in the nodule ROI recovered from 
blind unmixing and their ratio (b) do not differ significantly. Case 5 

(c–f) shows a patient with multinodular goiter.. The MS-OPUS blend 
displays strong MSOT contrast in the boundary region of the thy-
roid (Case 5, panel c, region between arrows 1 and 2, thyroid gland 
is delineated in white). The mean absorption spectrum of the thyroid 
capsule (between arrows 1 and 2, CR = 0.9999984) obtained from 
MSOT (Case 5, panel d) is very similar to HbO2 without specific 
features related to collagen. The corresponding tissue slide (f) shows 
collagen rich tissue below the capsule of the thyroid gland without 
any signal of collagen on MS-OPUS



2746 European Journal of Nuclear Medicine and Molecular Imaging (2023) 50:2736–2750

1 3

extension in a differentiated thyroid carcinoma will place 
the patient into a high-risk group, which mandates a more 
aggressive treatment strategy consisting of total thyroid-
ectomy and  post-operative radioactive iodine therapy [7, 
57, 58]. This treatment strategy has a major impact on 
patients caused by hypothyroidism resulting in the need of 
thyroid hormone replacement therapy and thereby affect-
ing the quality of life. Total thyroidectomy is associated 
with complications such as iatrogenic hypoparathyroidism, 
dysgeusia and xerostomia also resulting in a poor quality 
of life [59–61]. The sensitivity and specificity of US in 
detecting extrathyroidal extension varies from 62.9–65.2% 
to 81.8–97.6% [62]. Here, we show the potential of MSOT 
to serve as a non-invasive technique to qualitatively assess 
the presence of malignancy and extrathyroidal extension, 

allowing for a more aggressive and thus appropriate treat-
ment (i.e., surgery and dose of radioactive iodine).

Earlier studies on MSOT imaging of the thyroid suggest 
its potential to differentiate malignant from benign nodules 
and normal human thyroid tissue based on differences in 
mean HbR, HbO2, and SO2 concentrations in the nodule 
region [16–20]. Furthermore, the architecture of collagen 
varies in benign versus malignant thyroid nodules capsules 
and collagen could help detect the disruption of the capsule 
or the thyroid gland, which is a sonographic finding associ-
ated with extrathyroidal extension [42, 63]. Consequently, 
MS-OPUS might provide information about an additional 
malignancy marker in vivo. Although in the current study, 
we achieve the highest quality, i.e., spatial resolution and 
spectral contrast optoacoustic images of thyroid nodules to 
date, we are unable to replicate the results of these previous 

Fig. 5  Reflection artifacts, spectral coloring, spectral cross talk, and 
masking by strong absorbers limiting quantitative MS-OPUS imag-
ing. Case 2 (a–c), papillary thyroid carcinoma delineated in white. 
MSOT (a) exhibits reflection artifacts (dashed line 5) of the skin 
signal caused by the capsule of the thyroid nodule (dashed line 2). 
MSOT signals originating in point 1 are reflected at the capsule 
(arrow 3) and an artificial source (point 4) is mirrored to the oppo-
site side. MS-OPUS (b) displays strong contrast for component 3 
(similar to lipids) inside a vessel (between arrows 1, 2, and 3) which 
may be misinterpreted, as histopathology (c) verifies the presence of 
vessels in the thyroid nodule. In case 3 (d–f), a healthy thyroid gland 
delineated in white, MS-OPUS (D) unveils a notch in the spectrum 
of vessels (arrow 1 CR = 0.9999886, line 2 CR = 0.9999995) in the 

wavelengths range between 970 and 1000 nm (e) compared to the ref-
erence HbO2 absorption spectrum. This displays the effect of spec-
tral coloring triggered by strong H2O absorption in the dermis region 
on top of the selected regions of interest. Histopathology (f) shows 
the presence of vessels in the thyroid nodule. Case 5 (g–i) shows a 
shows a patient with multinodulair goiter, thyroid gland delineated in 
white. MS-OPUS (g) exhibits reflection artifacts caused by multiple 
interfaces in the subcutaneous fat which mirror dermis contrast in 
the region of the muscle fascia (dashed line 1, CR = 0.9999994). The 
mean absorption spectrum along the muscle fascia (h) obtained from 
MSOT contains clear features of H2O absorption, but not of collagen 
which contradicts biology (i)
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MSOT studies. Thus, we were not able to find statistically 
significant differences between malignant and benign thy-
roid nodules based mean coefficients over the thyroid ROI. 
To further investigate, we present general limitations of the 
field of optoacoustics inhibiting quantification of biomarker 
presence. Image artifacts due to acoustic reflections cause 
non-reasonable contrast superimposing optoacoustic signals 
in the same ROI. Spectral coloring due to unaccounted light 
fluence variation distorts the absorption spectra of chromo-
phores recovered from MSOT images. Furthermore, strong 
optical absorbers both limit the light penetration depth due 
to their strong presence in superficial skin layers and can 
mask optical absorption of other chromophores like colla-
gen. Finally, for the acquired wavelengths, the absorption 
spectrum of collagen does not exhibit unambiguous features 
like highest optical absorption or individual variations.

These limitations combined strongly impede the quanti-
fication of chromophore presence from MSOT. In addition, 
the mean is a measure of the absorbed energy in the region 
and thus, strongly dependent on nodule size, the segmenta-
tion accuracy, and the overlaying tissue with varying light 
absorption. Consequently, we emphasize that visual inspec-
tion of standalone MSOT images can lead to wrong interpre-
tation. Inferring the presence of intrinsic biomarkers based 
on the mean absorption spectrum in a defined ROI applying 
spectral unmixing techniques might contradict biological 
reality. Therefore, we recommend to also look for qualita-
tive optoacoustic features of malignancy within a ROI rather 
than only quantifying the mean absorption spectrum within 
a ROI.

Our small cohort limits the utility of establishing patterns 
predictive of malignancy in thyroid nodules. A future vali-
dation study with a more extensive data set should compare 
histopathology and MS-OPUS images for more patients and 
confirm our findings. Moreover, it may succeed using the 
applied data processing and image reconstruction method-
ology. The present study was the first step in identifying 
such possible optoacoustic features that could be used for 
the characterization of thyroid nodules.

In this study, by coincidence only papillary thyroid 
cancer or benign thyroid nodules were included. In a sub-
sequent study, different types of thyroid cancers (such as 
follicular thyroid cancer) and benign lesions should be 
included to study if our results can be translated to other 
types of thyroid nodules. Future studies should also focus 
on diminishing artifacts in MSOT images, since artifacts 
may lead to wrong interpretation of images, possibly 
resulting in inadequate diagnosis and treatment in clini-
cal applications. This requires training of clinicians to 
decrease the number of artifacts resulting from data acqui-
sition. Algorithmic improvements incorporating optical 
tissue priors and acoustic ultrasound information as well as 

uncertainty quantification will both mitigate artifacts like 
acoustic reflections and enhance the data analysis facilitat-
ing the interpretation [64–66]. Additionally, MSOT probes 
could be optimized for deep tissue penetration and MSOT 
images should be acquired at more wavelengths in the 
selected wavelength range. This may lead to more distinct 
spectral unmixing results enabling a clearer detection of 
HbO2 and HbR absorption and the differentiation of dif-
ferent collagens as potential markers of malignant thyroid 
nodules [67]. For an analysis of a large MS-OPUS data 
set, we advocate to extend the statistical analysis beyond 
mean and standard deviations in selected ROIs. Metrics 
like spectral or spatial correlations of optical absorbers 
should be investigated to substantiate proposed findings 
and quantifications [68]. The application of novel machine 
learning methods could enhance image quality further and 
unveil more complex optoacoustic features. Ultimately, it 
may improve the understanding of MSOT contrast beyond 
the state-of-the-art and help to predict malignancy in thy-
roid nodules. At the current stage, a trained operator is 
still necessary to analyze MS-OPUS images. We assume 
that MS-OPUS will contribute to the diagnostic process of 
thyroid nodules in the future. Thereby, overtreatment (i.e., 
diagnostic hemithyroidectomy) of patients with thyroid 
nodules and the inherent postoperative morbidity could 
be decreased massively leading to a higher quality of life 
for patients with thyroid nodules.

Abbreviations BSRTC :  Bethesda System for Reporting on Thyroid 
Cytopathology; FNA:   Fine-needle aspiration; HbO2:   Oxyhemo-
globin; HbR:  Deoxyhemoglobin; H&E:  Hematoxylin & eosin; H2O:  
Water; MSOT:  Multispectral optoacoustic tomography; MS-OPUS:  
Ultrasound-multispectral optoacoustic tomography; ROI:  Region of 
interest; SO2:  Oxygen saturation; US:  Ultrasound

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00259- 023- 06189-1.

Author contribution All authors contributed to the study conception 
and design. Material preparation, data collection, and analysis were 
performed by Milou E Noltes, Maximilian Bader, Madelon JH Met-
man, Jasper Vonk, Jan Kukačka, Dominik Jüstel, and Schelto Kruijff. 
The first draft of the manuscript was written by Milou E Noltes, Maxi-
milian Bader, Madelon JH Metman, and Jasper Vonk and all authors 
commented on previous versions of the manuscript. All authors read 
and approved the final manuscript.

Funding This research has received funding from the Foundation de 
Cock-Hadders (project number 2020-54), the Deutsche Forschun-
gsgemeinschaft (DFG), Sonderforschungsbereich-824 (SFB-824), 
subproject A1 and the European Research Council (ERC) under the 
European Union’s Horizon 2020 research and innovation program 
under grant agreement No 694968 (PREMSOT).

Data availability The datasets generated during and/or analyzed dur-
ing the current study are available from the corresponding author on 
reasonable request.

https://doi.org/10.1007/s00259-023-06189-1


2748 European Journal of Nuclear Medicine and Molecular Imaging (2023) 50:2736–2750

1 3

Declarations 

Competing interests GMvD is founder, shareholder, and CEO of 
TRACER Europe BV (Groningen, the Netherlands). VN is a founder 
and member of the scientific board of SurgVision BV and founder and 
shareholder of iTheraMedical GmbH (Munich, Germany). None of the 
other authors reported any potential conflicts of interest.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. Davies L, Welch HG. Current thyroid cancer trends in the 
United States. JAMA Otolaryngol Head Neck Surg. 2014. 
https:// doi. org/ 10. 1001/ jamao to. 2014.1.

 2. Tan GH, Gharib H. Thyroid incidentalomas: management 
approaches to nonpalpable nodules discovered incidentally 
on thyroid imaging. Ann Intern Med. 1997. https:// doi. org/ 10. 
7326/ 0003- 4819- 126-3- 19970 2010- 00009.

 3. Guth S, Theune U, Aberle J, Galach A, Bamberger CM. Very 
high prevalence of thyroid nodules detected by high frequency 
(13 MHz) ultrasound examination. Eur J Clin Invest. 2009. 
https:// doi. org/ 10. 1111/j. 1365- 2362. 2009. 02162.x.

 4. Hegedüs L. Clinical practice. The thyroid nodule. N Engl J Med 
2004 Oct 21;351(17):1764–71. https:// doi. org/ 10. 1056/ NEJMc 
p0314 36.

 5. Brito JP, Gionfriddo MR, Al Nofal A, Boehmer KR, Leppin AL, 
Reading C, Callstrom M, Elraiyah TA, Prokop LJ, Stan MN, 
Murad MH, Morris JC, Montori VM. The accuracy of thyroid 
nodule ultrasound to predict thyroid cancer: systematic review 
and meta-analysis. J Clin Endocrinol Metab. 2014. https:// doi. 
org/ 10. 1210/ jc. 2013- 2928.

 6. Uppal A, White MG, Nagar S, Aschebrook-Kilfoy B, Chang 
PJ, Angelos P, Kaplan EL, Grogan RH. Benign and malignant 
thyroid incidentalomas are rare in routine clinical practice: a 
review of 97,908 imaging studies. Cancer Epidemiol Biomark-
ers Prev. 2015. https:// doi. org/ 10. 1158/ 1055- 9965. EPI- 15- 0292.

 7. Haugen BR, Alexander EK, Bible KC, Doherty GM, Mandel 
SJ, Nikiforov YE, Pacini F, Randolph GW, Sawka AM, Schlum-
berger M, Schuff KG, Sherman SI, Sosa JA, Steward DL, Tuttle 
RM, Wartofsky L. 2015 American Thyroid Association Man-
agement Guidelines for Adult Patients with Thyroid Nodules 
and Differentiated Thyroid Cancer: The American Thyroid 
Association Guidelines Task Force on Thyroid Nodules and 
Differentiated Thyroid Cancer. Thyroid. 2016;26:1–133.

 8. Links TP, Huysmans DA, Smit JW, de Heide LJ, Hamming JF, 
Kievit J, van Leeuwen M, van Pel R, de Klerk JM, van der 
Wel Y. Guideline 'Differentiated thyroid carcinoma', including 
diagnosis of thyroid nodules. Ned Tijdschr Geneeskd 2007. Ned 
Tijdschr Geneeskd. 2007;151:1777–82.

 9. Watkinson JC, British Thyroid Association. The British Thyroid Asso-
ciation guidelines for the management of thyroid cancer in adults. 

Nucl Med Commun 2004 Sep;25(9):897–900. https:// doi. org/ 10. 
1097/ 00006 231- 20040 9000- 00006.

 10. Cibas ES, Ali SZ. The 2017 Bethesda System for Reporting 
Thyroid Cytopathology. J Am Soc Cytopathol. 2017;6:217–22.

 11. Bongiovanni M, Spitale A, Faquin WC, Mazzucchelli L, Baloch 
ZW. The Bethesda System for Reporting Thyroid Cytopathol-
ogy: a meta-analysis. Acta Cytol. 2012;56:333–9.

 12. Li Z, Qiu Y, Fei Y, Xing Z, Zhu J, Su A. Prevalence of and risk 
factors for hypothyroidism after hemithyroidectomy: a system-
atic review and meta-analysis. Endocrine. 2020;70:243–55.

 13. Bongers PJ, Greenberg CA, Hsiao R, Vermeer M, Vriens MR, 
LutkeHolzik MF, Goldstein DP, Devon K, Rotstein LE, Sawka 
AM, Pasternak JD. Differences in long-term quality of life 
between hemithyroidectomy and total thyroidectomy in patients 
treated for low-risk differentiated thyroid carcinoma. Surgery. 
2020;167:94–101.

 14. Nickel B, Tan T, Cvejic E, Baade P, McLeod DSA, Pandeya N, 
Youl P, McCaffery K, Jordan S. Health-Related quality of life 
after diagnosis and treatment of differentiated thyroid cancer 
and association with type of surgical treatment. JAMA Otolar-
yngol Head Neck Surg. 2019;145:231–8.

 15. Wang LV, Hu S. Photoacoustic tomography: in vivo imaging 
from organelles to organs. Science. 2012. https:// doi. org/ 10. 
1126/ scien ce. 12162 10.

 16. Dogra VS, Chinni BK, Valluru KS, Moalem J, Giampoli EJ, 
Evans K, Rao NA. Preliminary results of ex vivo multispectral 
photoacoustic imaging in the management of thyroid cancer. 
AJR Am J Roentgenol. 2014;202:552.

 17. Dima A, Ntziachristos V. In-vivo handheld optoacoustic tomog-
raphy of the human thyroid. Photoacoustics. 2016;4:65–9.

 18. Sinha S, Dogra VS, Chinni BK, Rao NA. Frequency domain 
analysis of multiwavelength photoacoustic signals for dif-
ferentiating among malignant, benign, and normal thyroids 
in an ex vivo study with human thyroids. J Ultrasound Med. 
2017;36:2047–59.

 19. Roll W, Markwardt NA, Masthoff M, Helfen A, Claussen J, Eisen-
blätter M, Hasenbach A, Hermann S, Karlas A, Wildgruber M, 
Ntziachristos V, Schäfers M. Multispectral optoacoustic tomog-
raphy of benign and malignant thyroid disorders: a pilot study. J 
Nucl Med. 2019;60:1461–6.

 20. Kim J, Park B, Ha J, Steinberg I, Hooper SM, Jeong C, Park EY, 
Choi W, Liang T, Bae JS, Managuli R, Kim Y, Gambhir SS, Lim 
DJ, Kim C. Multiparametric photoacoustic analysis of human thy-
roid cancers in vivo. Cancer Res 2021.

 21. Kukačka J, Metz S, Dehner C, Muckenhuber A, Paul-Yuan K, 
Karlas A, Fallenberg EM, Rummeny E, Jüstel D, Ntziachristos V. 
Image processing improvements afford second-generation hand-
held optoacoustic imaging of breast cancer patients. Photoacous-
tics. 2022. https:// doi. org/ 10. 1016/j. pacs. 2022. 100343.

 22. Knieling F, Neufert C, Hartmann A, Claussen J, Urich A, Egger 
C, Vetter M, Fischer S, Pfeifer L, Hagel A, Kielisch C, Görtz 
RS, Wildner D, Engel M, Röther J, Uter W, Siebler J, Atreya R, 
Rascher W, Strobel D, Neurath MF, Waldner MJ. Multispectral 
Optoacoustic Tomography for Assessment of Crohn’s Disease 
Activity. N Engl J Med. 2017;376:1292–4.

 23. Jiang Y, Harrison T, Ranasinghesagara J, Zemp RJ. Photoacoustic and 
high-frequency power Doppler ultrasound biomicroscopy: a compara-
tive study. J Biomed Opt. 2010. https:// doi. org/ 10. 1117/1. 34911 26.

 24. Yang M, Zhao L, He X, Su N, Zhao C, Tang H, Hong T, Li W, 
Yang F, Lin L, Zhang B, Zhang R, Jiang Y, Li C. Photoacous-
tic/ultrasound dual imaging of human thyroid cancers: an initial 
clinical study. Biomed Opt Express. 2017. https:// doi. org/ 10. 1364/ 
BOE.8. 003449.

 25. Dehner C, Olefir I, Chowdhury KB, Jüstel D, Ntziachristos V. 
Deep learning based electrical noise removal enables high spectral 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1001/jamaoto.2014.1
https://doi.org/10.7326/0003-4819-126-3-199702010-00009
https://doi.org/10.7326/0003-4819-126-3-199702010-00009
https://doi.org/10.1111/j.1365-2362.2009.02162.x
https://doi.org/10.1056/NEJMcp031436
https://doi.org/10.1056/NEJMcp031436
https://doi.org/10.1210/jc.2013-2928
https://doi.org/10.1210/jc.2013-2928
https://doi.org/10.1158/1055-9965.EPI-15-0292
https://doi.org/10.1097/00006231-200409000-00006
https://doi.org/10.1097/00006231-200409000-00006
https://doi.org/10.1126/science.1216210
https://doi.org/10.1126/science.1216210
https://doi.org/10.1016/j.pacs.2022.100343
https://doi.org/10.1117/1.3491126
https://doi.org/10.1364/BOE.8.003449
https://doi.org/10.1364/BOE.8.003449


2749European Journal of Nuclear Medicine and Molecular Imaging (2023) 50:2736–2750 

1 3

optoacoustic contrast in deep tissue. EEE Trans Med Imaging. 
2022. https:// doi. org/ 10. 1109/ TMI. 2022. 31801 15.

 26. Chowdhury KB, Prakash J, Karlas A, Justel D, Ntziachristos V. 
A Synthetic Total impulse response characterization method for 
correction of hand-held optoacoustic images. IEEE Trans Med 
Imaging. 2020. https:// doi. org/ 10. 1109/ TMI. 2020. 29892 36.

 27. Chowdhury KB, Bader M, Dehner C, Jüstel D, Ntziachristos V. 
Individual transducer impulse response characterization method 
to improve image quality of array-based handheld optoacoustic 
tomography. Opt Lett. 2021. https:// doi. org/ 10. 1364/ OL. 412661.

 28. Vonk J, Kukačka J, Steinkamp PJ, de Wit JG, Voskuil FJ, 
Hooghiemstra WTR, Bader M, Jüstel D, Ntziachristos V, van 
Dam GM, Witjes MJH. Multispectral optoacoustic tomography 
for in vivo detection of lymph node metastases in oral cancer 
patients using an EGFR-targeted contrast agent and intrinsic tissue 
contrast: a proof-of-concept study. Photoacoustics. 2022. https:// 
doi. org/ 10. 1016/j. pacs. 2022. 100362.

 29. Regensburger AP, Fonteyne LM, Jüngert J, Wagner AL, Gerhalter 
T, Nagel AM, Heiss R, Flenkenthaler F, Qurashi M, Neurath MF, 
Klymiuk N, Kemter E, Fröhlich T, Uder M, Woelfle J, Rascher 
W, Trollmann R, Wolf E, Waldner MJ, Knieling F. Detection 
of collagens by multispectral optoacoustic tomography as an 
imaging biomarker for Duchenne muscular dystrophy. Nat Med. 
2019;25:1905–15.

 30. Regensburger AP, Wagner AL, Danko V, Jüngert J, Federle A, 
Klett D, Schuessler S, Buehler A, Neurath MF, Roos A, Loch-
müller H, Woelfle J, Trollmann R, Waldner MJ, Knieling F. 
Multispectral optoacoustic tomography for non-invasive disease 
phenotyping in pediatric spinal muscular atrophy patients. Pho-
toacoustics. 2021. https:// doi. org/ 10. 1016/j. pacs. 2021. 100315.

 31. Rosenthal A, Ntziachristos V, Razansky D. Acoustic Inversion 
in Optoacoustic Tomography: A Review. Curr Med Imaging Rev 
2013 Nov;9(4):318–336. https:// doi. org/ 10. 2174/ 15734 05611 
30966 60006.

 32. Wright SJ, Nowak RD, Figueiredo MAT. Sparse Reconstruction 
by separable approximation. Trans Sig Proc. 2009. https:// doi. org/ 
10. 1109/ TSP. 2009. 20168 92.

 33. Kutyniok G, Lim W, Reisenhofer R. ShearLab 3D: Faithful digital 
shearlet transforms based on compactly supported shearlets. ACM 
Trans Math Softw. 2016. https:// doi. org/ 10. 1145/ 27409 60.

 34. Dehner C, Zahnd G, Ntziachristos V, Jüstel D. DeepMB: Deep 
neural network for real-time model-based optoacoustic image 
reconstruction with adjustable speed of sound. arXiv preprint 
arXiv:2206.14485 2022. https:// doi. org/ 10. 48550/ arXiv. 2206. 
14485 Available from https:// arxiv. org/ abs/ 2206. 14485.

 35. Glatz J, Deliolanis NC, Buehler A, Razansky D, Ntziachristos V. 
Blind source unmixing in multi-spectral optoacoustic tomography. 
Opt Express. 2011;19:3175–84.

 36. Tzoumas S, Ntziachristos V. Spectral unmixing techniques for 
optoacoustic imaging of tissue pathophysiology. Philos Trans A 
Math Phys Eng Sci. 2017. https:// doi. org/ 10. 1098/ rsta. 2017. 0262.

 37. Mantri Y, Jokerst JV. Impact of skin tone on photoacoustic oxime-
try and tools to minimize bias. Biomed Opt Express. 2022. https:// 
doi. org/ 10. 1364/ BOE. 450224.

 38. Sprindzuk MV. Angiogenesis in malignant thyroid tumors. World 
J Oncol. 2010;1:221–31.

 39. Tian Y, Nie X, Xu S, Li Y, Huang T, Tang H, Wang Y. Integra-
tive metabonomics as potential method for diagnosis of thyroid 
malignancy. Sci Rep. 2015;5:14869.

 40. Ciavardelli D, Bellomo M, Consalvo A, Crescimanno C, Vella V. 
Metabolic alterations of thyroid cancer as potential therapeutic 
targets. Biomed Res Int. 2017;2017:2545031.

 41. Martínez-Aguilar J, Clifton-Bligh R, Molloy MP. Proteomics of 
thyroid tumours provides new insights into their molecular com-
position and changes associated with malignancy. Sci Rep. 2016. 
https:// doi. org/ 10. 1038/ srep2 3660.

 42. Bueno JM, Ávila FJ, Hristu R, Stanciu SG, Eftimie L, Stanciu GA. 
Objective analysis of collagen organization in thyroid nodule capsules 
using second harmonic generation microscopy images and the Hough 
transform. Appl Opt. 2020. https:// doi. org/ 10. 1364/ AO. 393721.

 43. Held G, Preisser S, Akarçay HG, Peeters S, Frenz M, Jaeger M. 
Effect of irradiation distance on image contrast in epi-optoacoustic 
imaging of human volunteers. Biomed Opt Express. 2014. https:// 
doi. org/ 10. 1364/ BOE.5. 003765.

 44. Sharma A, Srishti S, Periyasamy V, Pramanik M. Photoacoustic 
imaging depth comparison at 532-, 800-, and 1064-nm wave-
lengths: Monte Carlo simulation and experimental validation. J 
Biomed Opt. 2019. https:// doi. org/ 10. 1117/1. JBO. 24. 12. 121904.

 45. Glatz J, Deliolanis NC, Buehler A, Razansky D, Ntziachristos V. 
Blind source unmixing in multi-spectral optoacoustic tomography. 
Opt Express. 2011. https:// doi. org/ 10. 1364/ OE. 19. 003175.

 46. Longo A, Jüstel D, Ntziachristos V. Disentangling the frequency 
content in optoacoustics. IEEE Trans Med Imaging. 2022. https:// 
doi. org/ 10. 1109/ TMI. 2022. 31861 88.

 47. Li M, Tang Y, Yao J. Photoacoustic tomography of blood oxy-
genation: a mini review. Photoacoustics. 2018. https:// doi. org/ 10. 
1016/j. pacs. 2018. 05. 001.

 48. Lacout A, Chamorey E, Thariat J, El Hajjam M, Chevenet C, 
Schiappa R, Marcy PY. Insight into Differentiated Thyroid Cancer 
Gross Pathological Specimen Shrinkage and Its Influence on TNM 
staging. Eur Thyroid J. 2017. https:// doi. org/ 10. 1159/ 00047 8774.

 49. Chen C, Hsu M, Jiang R, Wu S, Chen F, Liu S. Shrinkage of head 
and neck cancer specimens after formalin fixation. J Chin Med 
Assoc. 2012. https:// doi. org/ 10. 1016/j. jcma. 2012. 02. 006.

 50. Easley G, Labate D, Lim W. Sparse directional image representa-
tions using the discrete shearlet transform. Appl Comput Harmon 
Anal. 2008. https:// doi. org/ 10. 1016/j. acha. 2007. 09. 003.

 51. Taruttis A, Timmermans AC, Wouters PC, Kacprowicz M, van 
Dam GM, Ntziachristos V. Optoacoustic imaging of human vas-
culature: feasibility by using a handheld probe. Radiology. 2016. 
https:// doi. org/ 10. 1148/ radiol. 20161 52160.

 52. Na S, Yuan X, Lin L, Isla J, Garrett D, Wang LV. Transcranial 
photoacoustic computed tomography based on a layered back-pro-
jection method. Photoacoustics. 2020. https:// doi. org/ 10. 1016/j. 
pacs. 2020. 100213.

 53. Manohar S, Dantuma M. Current and future trends in photoa-
coustic breast imaging. Photoacoustics. 2019. https:// doi. org/ 10. 
1016/j. pacs. 2019. 04. 004.

 54. Jüstel D, Irl H, Hinterwimmer F, Dehner C, Simson W, Navab 
N, Schneider G, Ntziachristos V. Spotlight on nerves: Portable 
multispectral optoacoustic imaging of peripheral nerve vasculari-
zation and morphology. arXiv e-prints 2022;https:// doi. org/ 10. 
48550/ arXiv. 2207. 13978. Available from https:// arxiv. org/ abs/ 
2207. 13978. 

 55. Andersen PE, Kinsella J, Loree TR, Shaha AR, Shah JP. Differen-
tiated carcinoma of the thyroid with extrathyroidal extension. Am 
J Surg 1995 Nov;170(5):467–70. https:// doi. org/ 10. 1016/ s0002- 
9610(99) 80331-6.

 56. Ortiz S, Rodríguez JM, Soria T, Pérez-Flores D, Piñero A, Moreno 
J, Parrilla P. Extrathyroid spread in papillary carcinoma of the thy-
roid: clinicopathological and prognostic study. Otolaryngol Head 
Neck Surg 2001 Mar;124(3):261–5. https:// doi. org/ 10. 1067/ mhn. 
2001. 113141.

 57. Haddad RI, Nasr C, Bischoff L, Busaidy NL, Byrd D, Callender 
G, Dickson P, Duh QY, Ehya H, Goldner W, Haymart M, Hoh C, 
Hunt JP, Iagaru A, Kandeel F, Kopp P, Lamonica DM, McIver B, 
Raeburn CD, Ridge JA, Ringel MD, Scheri RP, Shah JP, Sippel 
R, Smallridge RC, Sturgeon C, Wang TN, Wirth LJ, Wong RJ, 
Johnson-Chilla A, Hoffmann KG, Gurski LA. NCCN Guidelines 
insights: thyroid carcinoma, Version 2.2018. J Natl Compr Canc 
Netw. 2018. https:// doi. org/ 10. 6004/ jnccn. 2018. 0089.

https://doi.org/10.1109/TMI.2022.3180115
https://doi.org/10.1109/TMI.2020.2989236
https://doi.org/10.1364/OL.412661
https://doi.org/10.1016/j.pacs.2022.100362
https://doi.org/10.1016/j.pacs.2022.100362
https://doi.org/10.1016/j.pacs.2021.100315
https://doi.org/10.2174/15734056113096660006
https://doi.org/10.2174/15734056113096660006
https://doi.org/10.1109/TSP.2009.2016892
https://doi.org/10.1109/TSP.2009.2016892
https://doi.org/10.1145/2740960
https://doi.org/10.48550/arXiv.2206.14485
https://doi.org/10.48550/arXiv.2206.14485
https://arxiv.org/abs/2206.14485
https://doi.org/10.1098/rsta.2017.0262
https://doi.org/10.1364/BOE.450224
https://doi.org/10.1364/BOE.450224
https://doi.org/10.1038/srep23660
https://doi.org/10.1364/AO.393721
https://doi.org/10.1364/BOE.5.003765
https://doi.org/10.1364/BOE.5.003765
https://doi.org/10.1117/1.JBO.24.12.121904
https://doi.org/10.1364/OE.19.003175
https://doi.org/10.1109/TMI.2022.3186188
https://doi.org/10.1109/TMI.2022.3186188
https://doi.org/10.1016/j.pacs.2018.05.001
https://doi.org/10.1016/j.pacs.2018.05.001
https://doi.org/10.1159/000478774
https://doi.org/10.1016/j.jcma.2012.02.006
https://doi.org/10.1016/j.acha.2007.09.003
https://doi.org/10.1148/radiol.2016152160
https://doi.org/10.1016/j.pacs.2020.100213
https://doi.org/10.1016/j.pacs.2020.100213
https://doi.org/10.1016/j.pacs.2019.04.004
https://doi.org/10.1016/j.pacs.2019.04.004
https://doi.org/10.48550/arXiv.2207.13978
https://doi.org/10.48550/arXiv.2207.13978
https://arxiv.org/abs/2207.13978
https://arxiv.org/abs/2207.13978
https://doi.org/10.1016/s0002-9610(99)80331-6
https://doi.org/10.1016/s0002-9610(99)80331-6
https://doi.org/10.1067/mhn.2001.113141
https://doi.org/10.1067/mhn.2001.113141
https://doi.org/10.6004/jnccn.2018.0089


2750 European Journal of Nuclear Medicine and Molecular Imaging (2023) 50:2736–2750

1 3

 58. Xu B, Ghossein RA. Crucial parameters in thyroid carcinoma 
reporting - challenges, controversies and clinical implications. 
Histopathology. 2018. https:// doi. org/ 10. 1111/ his. 13335.

 59. McIntyre C, Jacques T, Palazzo F, Farnell K, Tolley N. Quality of 
life in differentiated thyroid cancer. Int J Surg 2018 Feb;50:133–
136. https:// doi. org/ 10. 1016/j. ijsu. 2017. 12. 014.

 60. van Velsen EFS, Massolt ET, Heersema H, Kam BLR, van Gin-
hoven TM, Visser WE, Peeters RP. Longitudinal analysis of qual-
ity of life in patients treated for differentiated thyroid cancer. Eur 
J Endocrinol. 2019. https:// doi. org/ 10. 1530/ EJE- 19- 0550.

 61. Sawant R, Hulse K, Sohrabi S, Yeo JCL, Pal K, Gibb FW, Adam-
son R, Nixon IJ. The impact of completion thyroidectomy. Eur J 
Surg Oncol 2019; S0748–7983(19)30343–9 [pii].

 62. Kwak JY, Kim EK, Youk JH, Kim MJ, Son EJ, Choi SH, Oh KK. 
Extrathyroid extension of well-differentiated papillary thyroid microcar-
cinoma on US. Thyroid. 2008. https:// doi. org/ 10. 1089/ thy. 2007. 0345.

 63. Chung SR, Baek JH, Choi YJ, Sung TY, Song DE, Kim TY, Lee 
JH. Sonographic assessment of the extent of extrathyroidal exten-
sion in thyroid cancer. Korean J Radiol. 2020. https:// doi. org/ 10. 
3348/ kjr. 2019. 0983.

 64. Nolke J, Adler TJ, Gr ohl J, Ardizzone L, Rother C, K othe U, 
Maier-Hein L. Invertible Neural Networks for Uncertainty Quan-
tification in Photoacoustic Imaging 2020. arXiv e-prints 2020; 
https:// doi. org/ 10. 48550/ arXiv. 2011. 05110. Available from 
https:// arxiv. org/ abs/ 2011. 05110.

 65. Hauptmann A, Cox BT. Deep learning in photoacoustic tomog-
raphy: current approaches and future directions. J Biomed Opt. 
2020. https:// doi. org/ 10. 1117/1. JBO. 25. 11. 112903.

 66. Yang H, Jüstel D, Prakash J, Karlas A, Helfen A, Masthoff M, 
Wildgruber M, Ntziachristos V. Soft ultrasound priors in optoa-
coustic reconstruction: Improving clinical vascular imaging. Pho-
toacoustics. 2020. https:// doi. org/ 10. 1016/j. pacs. 2020. 100172.

 67. Regensburger AP, Fonteyne LM, Jüngert J, Wagner AL, Gerhalter 
T, Nagel AM, Heiss R, Flenkenthaler F, Qurashi M, Neurath MF, 
Klymiuk N, Kemter E, Fröhlich T, Uder M, Woelfle J, Rascher 
W, Trollmann R, Wolf E, Waldner MJ, Knieling F. Detection of 
collagens by multispectral optoacoustic tomography as an imag-
ing biomarker for Duchenne muscular dystrophy. Nat Med. 2019. 
https:// doi. org/ 10. 1038/ s41591- 019- 0669-y.

 68. Justel D, Irl H, Hinterwimmer F, Dehner C, Simson W, Navab N, 
Schneider G, Ntziachristos V. Spotlight on nerves: Portable multi-
spectral optoacoustic imaging of peripheral nerve vascularization 
and morphology 2022;54.

Publisher's note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Authors and Affiliations

Milou E. Noltes1,2  · Maximilian Bader3,4 · Madelon J. H. Metman1 · Jasper Vonk5 · Pieter J. Steinkamp1 · 
Jan Kukačka3,4 · Henriette E. Westerlaan6 · Rudi A. J. O. Dierckx2 · Bettien M. van Hemel7 · Adrienne H. Brouwers2 · 
Gooitzen M. van Dam2,8 · Dominik Jüstel3,4,9 · Vasilis Ntziachristos3,4,10 · Schelto Kruijff1,2

1 Department of Surgical Oncology, University of Groningen, 
University Medical Center Groningen, Groningen, 
the Netherlands

2 Department of Nuclear Medicine and Molecular Imaging, 
University Medical Center Groningen, University 
of Groningen, Groningen, the Netherlands

3 Chair of Biological Imaging at the Central Institute 
for Translational Cancer Research (TranslaTUM), School 
of Medicine, Technical University of Munich, Munich, 
Germany

4 Institute of Biological and Medical Imaging, Helmholtz 
Zentrum München, Neuherberg, Germany

5 Department of Oral and Maxillofacial Surgery, University 
Medical Center Groningen, University of Groningen, 
Groningen, the Netherlands

6 Department of Radiology, University Medical Center 
Groningen, University of Groningen, University Medical 
Center Groningen, Groningen, the Netherlands

7 Department of Pathology, University of Groningen, 
University Medical Center Groningen, Groningen, 
the Netherlands

8 AxelaRx/TRACER Europe BV, Groningen, the Netherlands
9 Institute of Computational Biology, Helmholtz Zentrum 

München, Neuherberg, Germany
10 Munich Institute of Robotics and Machine Intelligence 

(MIRMI), Technical University of Munich, Munich, 
Germany

https://doi.org/10.1111/his.13335
https://doi.org/10.1016/j.ijsu.2017.12.014
https://doi.org/10.1530/EJE-19-0550
https://doi.org/10.1089/thy.2007.0345
https://doi.org/10.3348/kjr.2019.0983
https://doi.org/10.3348/kjr.2019.0983
https://doi.org/10.48550/arXiv.2011.05110
https://arxiv.org/abs/2011.05110
https://doi.org/10.1117/1.JBO.25.11.112903
https://doi.org/10.1016/j.pacs.2020.100172
https://doi.org/10.1038/s41591-019-0669-y
http://orcid.org/0000-0003-4520-9249

	Towards in vivo characterization of thyroid nodules suspicious for malignancy using multispectral optoacoustic tomography
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusion 

	Introduction
	Methods
	Study design and patients
	MS-OPUS image acquisition
	Data processing, image reconstruction, spectral unmixing, and data analysis
	Histopathological analysis

	Results
	Patient characteristics
	Spectral unmixing of MSOT images
	Scan selection for detailed analysis of MS-OPUS images
	Identification of thyroid vascularization on MS-OPUS validated by histopathology
	Microvascularity in thyroid nodules as potential malignancy marker identified on MS-OPUS
	Non-significant differences between malignant and benign thyroid nodules by mean oxygen saturation and collagen architecture in the capsule
	Limitations of quantitative MSOT imaging

	Discussion
	Anchor 22
	References


