Towards Obtaining Reliable Spectral Biomarkers of Breast Cancer in Multispectral Optoacoustic Tomography
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Abstract: Multispectral optoacoustic tomography (MSOT) allows non-invasive spectroscopic imaging of human tissue. We analyze the stability of MSOT spectra and investigate effects of spectral coloring to pave the way for in-vivo breast cancer monitoring with MSOT. © 2025 The Author(s).

1. Introduction
Non-invasive hybrid Multispectral Optoacoustic Tomography (MSOT) and Ultrasound (US) imaging (MS-OPUS) may enable improved breast cancer treatment planning and monitoring which is not feasible with standard medical imaging technologies today [1,2]. Recently, we could show that our advanced data processing and image formation methods enable high contrast and high fidelity MSOT imaging of breast cancer [1,3,4], thyroid cancer [5] and peripheral nerves [6]. Specifically in breast cancer, we resolved angiogenesis [1] and tissue oxygenation [3], providing morphological and metabolic tissue parameters non-invasively with MSOT. 
The spectral MSOT data—"MSOT spectra” need to be analyzed to obtain the metabolic parameters. However, the MSOT spectra are challenging to interpret due to spectral deformations by spectral coloring. The ill-posedness of the problem makes it difficult to reliably infer breast cancer biomarkers from MSOT spectra [7], and no methods have been presented to correct spectral coloring in general tissue settings [7]. 
Here, we present MSOT spectra of healthy and cancerous breast tissue in a single patient over wavelengths ranging from 680 nm to 1100 nm. We analyze the stability of in-vivo MSOT spectra in different tissue regions of interest (ROIs) and qualitatively observe spectral deformations triggered by spectral coloring. By thoroughly examining the stability and variation across the depth of raw MSOT spectra, we give a perception of MSOT spectra and the reliability of inferred breast cancer biomarkers.
2. Methods
Twelve breast cancer patients were scanned with a hybrid MS-OPUS device, a custom MSOT Acuity Echo® prototype (iThera Medical GmbH, Munich, Germany), at Memorial Sloan Kettering Cancer Center, New York City, New York, USA. The study was approved by the ethics committee of the Memorial Sloan Kettering Cancer Center institutional review board (IRB number Rad21-003). Optoacoustic (OptA) images were acquired over a wavelength range from 660-1130nm with a 10nm step size. US images were concurrently acquired with the OptA images. 
Two multispectral frames with low motion were processed and reconstructed from each scan. The low-motion frames were selected using a US-based motion quantification algorithm [8]. The signal data of each frame was denoised using a neural network-based denoising algorithm [9] and band-pass filtered (300 kHz / 700 kHz – 12 MHz). Images were reconstructed using a custom model-based reconstruction algorithm, including a Shearlet-L1 sparsity regularizer [10–12]. We applied local contrast normalization, gamma correction, and sigmoid normalization for image visualization on the images [1,8]. Spectra were pooled from MSOT images with 700 kHz-12 MHz band-pass filter in different tumor-related ROIs (tumor, tumor core, and tumor rime), one background ROI, as well as a superficial and deep artery using a two-dimensional Gaussian kernel (standard deviation: 50 µm). 
The data was published in a previous publication, in which the study procedure and data processing are explained in detail [4]. 
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Fig. 1. Multispectral Optoacoustic Tomography (MSOT) spectra of breast tissue (adapted from Bader et. al. (2025) [4] with permission from SPIE). (a,b) MSOT spectra distribution (gray shading), median (blue dashed line), and mean MSOT spectra (orange dashed line) of a superficial artery under the skin and an artery deep inside tissue next to the tumor. (f-i) MSOT spectra distributions of the tumor (c), the background (d), the tumor core (e), and the tumor rim (f). Abbreviations: p0–initial pressure, a.u.–arbitrary unit, perc.–percentile.
3. Results
Fig. 1 showcases the MSOT spectra distributions of different ROIs of a single patient with a solid papillary carcinoma (malignant). For arteries at different depths, the MSOT spectra are stable, and spectral coloring effects can be observed. For the tumor and background, generally large ROIs, the MSOT spectra are broadly distributed. No qualitative differences between tumor and background can be observed consistently in the spectra distribution or the average mean and median spectra. 
Fig. 1a,b display the MSOT spectra distribution in terms of inter-percentile range (gray shading, increasing darkness–decreasing inter-percentile range), as well as average median (blue) and mean spectra (orange) of arteries 1 superficially under the skin and artery 2 at tumor depth respectively. For both arteries, the spectra distribution is very narrow, manifesting the stability of MSOT spectra across different depths. In comparison, the spectra distribution of artery 2 has generally lower amplitude than the distribution of artery 1. Moreover, a distinctive notch appears at 930 nm, and the spectra decay stronger for wavelengths larger than 850 nm. All trends are observable in the spectra distribution and the average mean and median spectra. Overall amplitude reduction, decay for wavelengths beyond 850 nm, and the notch at 930 nm can all be regarded as spectral variations triggered by spectral coloring because the chromophore absorption spectra of both arteries are expected to be constant. 
Fig. 1c,d display the MSOT spectra distribution (gray shading) of the tumor and background ROI, respectively, as well as average median (blue) and mean (orange) MSOT spectra. The MSOT spectra distribution is extensive for both ROIs, and there are no qualitative differences between tumor and background. While the mean and median spectra of the background showcase higher amplitude at 980 nm than the tumor mean and median spectra, the amplitude increase is not consistently visible in the MSOT spectra distribution. Analyzing the MSOT spectra distribution of tumor core and tumor rim in Fig. 1e,f respectively, the MSOT spectra distribution remains vast, and no variations compared to the background spectra can be observed consistently across the distribution.
Because the MSOT spectra of arteries are stable and show depth variations consistently across pixels, MSOT spectra can be utilized to infer reliable breast cancer biomarkers. However, averaging across the entire tumor ROI does not allow us to reliably assess spectral variations due to the generally broad spectra distribution. 
4. Discussion
We demonstrated that MSOT spectra are stable over wavelengths ranging from 680 nm to 1100 nm. and can be reliably analyzed. In arteries, the spectra of neighboring pixels are very similar, and with depth, spectral coloring effects can be observed consistently. The overall amplitude decay can be attributed to generally decaying fluence [13]. The distinctive notch at 930 nm could be related to spectral coloring by lipids, one of the main absorbers in breast tissue with an absorption peak at 930 nm [14]. For larger ROIs, like the tumor or the background, the spectra distributions showed substantial variability such that no consistent qualitative differences could be observed in the distribution. Breast cancer might manifest in subtle spectral variations, masked by the average mean or median spectra and not visible in the overall spectra distribution. Therefore, it is not reliable to infer breast cancer biomarkers from the mean spectrum alone [5].
Our analysis is limited to only a single patient and hence cannot be representative of the broad range of breast cancer types. Future studies must be extended to a larger dataset to confirm the findings. Moreover, to reliably infer breast cancer biomarkers from MSOT spectra, it will be necessary to either develop accurate fluence correction algorithms [7] or extend the analysis to methods that can identify pixel-wise spectral correlations [6].
Our work provides a first thorough analysis of MSOT spectra of healthy and cancerous breast tissue and thus aids the interpretation of MSOT spectra-based breast cancer biomarkers necessary for clinical translation.
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