
Infrared Spectroscopic Imaging: Label-Free Biochemical 
Analysis of Stroma and Tissue Fibrosis

Shaiju S Nazeer1,#, Hari Sreedhar1,#, Vishal K. Varma2, David Martinez-Marin1, Christine 
Massie1, and Michael J. Walsh1,2,*

1Department of Pathology, University of Illinois at Chicago, 840 S Wood St. 130 CSN, Chicago, IL 
60612, USA

2Department of Bioengineering, University of Illinois at Chicago, 851 S. Morgan St. 218 SEO, 
Chicago, IL 60607, USA

Abstract

Infrared spectroscopic tissue imaging is a potentially powerful adjunct tool to current 

histopathology techniques. By coupling the biochemical signature obtained through infrared 

spectroscopy to the spatial information offered by microscopy, this technique can selectively 

analyze the chemical composition of different features of unlabeled, unstained tissue sections. In 

the past, the tissue features that have received the most interest were parenchymal and epithelial 

cells, chiefly due to their involvement in dysplasia and progression to carcinoma; however, the 

field has recently turned its focus toward stroma and areas of fibrotic change. These components 

of tissue present an untapped source of biochemical information that can shed light on many 

diverse disease processes, and potentially hold useful predictive markers for these same 

pathologies. Here we review the recent applications of infrared spectroscopic imaging to stromal 

and fibrotic regions of diseased tissue, and explore the potential of this technique to advancing 

current capabilities for tissue analysis.
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1. Introduction

Histopathological analysis of tissue biopsy is the gold standard in disease diagnosis, relying 

on tissue staining to enhance contrast for light microscopy, followed by morphological 

pattern recognition by a trained observer (Fig. 1). While it is essential in clinical and 

research activities, histopathologic identification is limited by inherent operator variability 

and the currently available dyes and immunohistochemical techniques. Mid-infrared (IR) 
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spectroscopic imaging (Fig. 1), an analytical modality based on the evaluation of variations 

in molecular vibrations, is an emerging technique that can complement current techniques 

for tissue analysis to offer new diagnostically-relevant information (Baker et al., 2014; 

Fernandez et al., 2005; Martin et al., 2010).

IR imaging is a label-free chemical imaging technique that is non-destructive, and 

compatible with the standard clinical workflow for tissue sample preparation (Fernandez et 

al., 2005). Protocols have been well established for both frozen and formalin-fixed paraffin-

embedded specimens. These sections must be placed onto IR-compatible slides, but may be 

stained following imaging and used for conventional histopathology (Baker et al., 2014).

The basis of IR spectroscopy is the measurement of varied absorption across the IR 

spectrum as a function of the vibrational modes of the biomolecules present within a sample. 

This allows for study of the molecular composition of a specimen, which will vary with 

tissue identity and disease state, without perturbing or altering the sample itself. In tissue, 

the spectral regions of interest are the fingerprint region (600–1,450 cm−1), the amide I and 

amide II (amide I/II) region (1,500–1,700 cm−1) and the higher-wavenumber region (2,550–

3,500 cm−1). The lower-wavenumber region is associated with bending and carbon skeleton 

fingerprint vibrations such as C-H, C-N, N-H, O-H and P-O, while the higher-wavenumber 

region is associated with stretching vibrations (Baker et al., 2014).

2. Instrumentation and imaging

IR imaging combines the chemical analysis capabilities of IR spectroscopy with the 

appropriate optical apparatus to provide a microscopy technique that couples spatial 

information to the spectral data. Developing this capacity in a benchtop setting required 

advances in infrared sources, detectors and sampling techniques, which together 

revolutionized IR microspectroscopic imaging. At present, IR imaging is capable of wide-

field scanning of a sample in seconds, generating tens of thousands of spectra associated 

with each pixel in the resulting dataset (Baker et al., 2014; Martin et al., 2010).

Multiple mid-IR imaging modalities are now available, differing in their illumination 

sources, detectors, and imaging modes. Traditional Fourier transform infrared (FT-IR) 

systems utilize a broadband source and a Michaelson interferometer to obtain data that is 

mathematically converted into a spectrum via the Fourier transform. Commercially-available 

FT-IR systems relying on a low-intensity thermal globar wire source and utilize highly 

sensitive infrared sensitive detectors. Liquid nitrogen-cooled focal plane array (FPA) 

detectors are now widely available for rapid imaging (Baker et al., 2014). Synchrotrons offer 

high-intensity broadband sources for FT-IR imaging, but are rendered impractical for 

clinical applications by size constraints (Nasse et al., 2011). Quantum cascade lasers (QCL) 

provide a new high-intensity source for IR imaging, and these QCL-IR systems have unique 

features as compared to FT-IR because of their capacity for discrete-frequency imaging 

(Bird and Rowlette, 2017; Pilling et al., 2017; Sreedhar et al., 2016; Tiwari et al., 2016).

Each of these systems has its own advantages and limitations, but all serve to facilitate IR 

imaging of tissue samples. Samples can be interrogated through transmission imaging (on 
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expensive CaF2 or BaF2 slides), reflection imaging (on inexpensive IR-reflective low-

emissivity glass slides), or attenuated total reflection (ATR) imaging (Baker et al., 2014). 

These modalities can acquire IR images that can approach one micron in resolution 

depending on wavelength and optics (Nasse et al., 2011; Reddy et al., 2013). Whatever the 

system and imaging modality used, the product of IR imaging of a tissue sample is a data 

cube, consisting of the absorption profile at every wavenumber tied to the 2-dimensional 

spatial information of the sample. The spatial information can be correlated to 

histopathology information from adjacent serial sections, or from the IR sample itself if it is 

stained following imaging. This dataset can then be analyzed through a diverse array of 

techniques, by selectively extracting spectra from features of interest within the tissue being 

studied (Bird and Rowlette, 2017; Martinez-Marin et al., 2016; Sreedhar et al., 2016).

3. Fibrosis as the target region

One such tissue feature that has recently attracted interest in the IR imaging community is 

areas of stroma or fibrosis (Bird and Rowlette, 2017; Pilling et al., 2017; Sreedhar et al., 

2016; Tiwari et al., 2016). Early IR investigations of tissue samples tended to focus on 

cancers and other disease processes that centered on epithelia and parenchyma. However, the 

surrounding regions of stroma, or the reactive areas of fibrosis that accompany many disease 

processes have now begun to attract attention, both as pathologically significant areas in 

their own right and as interdependent partners in complex disease processes.

The first step in analyzing these regions of stroma and fibrosis lies in characterizing one of 

their chief components: collagen. This ubiquitous protein-based structural element of tissue 

would naturally contribute greatly to the IR absorption signatures of connective tissue 

regions. Differences in the collagen composition (and collagen types) would be expected to 

contribute to differences in spectroscopic characteristics, which would translate to 

pathology-specific differences between areas of stroma and fibrosis (Belbachir et al., 2009; 

Bird and Rowlette, 2017; Tiwari et al., 2016).

Early work in this area focused on characterizing bovine and human collagen spectra, and 

showed that several different collagen types could be distinguished on the basis of FT-IR 

data (Belbachir et al., 2009; Petibois et al., 2006). Other investigations have searched for the 

spectral signatures of collagen within human tissues in such diverse contexts as gliomas 

(Noreen et al., 2012), cardiomyopathy (Gough et al., 2003; Wang et al., 2005), myocardial 

infarction (Cheheltani et al., 2012), wound healing (Wiens et al., 2007), and articular 

cartilage (Saarakkala et al., 2010). It has also been suggested that serum can be measured 

using FT-IR as a surrogate for hepatic fibrosis (Scaglia et al., 2011).

The influence of collagen in these tissue components means that regions of stroma and 

fibrosis have very different IR signatures than other features such as epithelia. As a result, 

this facilitates the segmentation of such regions from other tissue components. An example 

is seen in the virtual reproduction of the Masson trichrome stain (Fig. 2A) to highlight 

collagen-rich regions on the basis of FT-IR data alone. In a similar capacity, applications of 

IR imaging toward assessing cardiac transplant rejection (Fig. 2B) have also used the 

segmentation of fibrosis as part of their approach (Tiwari et al., 2016). The distribution of 
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collagen deposition could also be visualized in cardiac tissue using the 1338cm−1 

wavenumber (Cheheltani et al., 2012). Recent advances in high resolution IR imaging have 

also allowed access to stromal compartments that could previously not be visualized using 

IR imaging such as intralobular stroma in breast tissues (Nasse et al., 2011; Walsh et al., 

2012).

Identifying and isolating these regions allows for their spectral characteristics to be 

individually analyzed in tissue samples, leading to the next step, of using these data to find 

fibrotic changes that relate to disease processes of interest. One such connection between 

alterations in IR signatures and disease processes is found in diabetic changes in regions of 

fibrous scarring in the liver. Fibrosis is commonly seen in the progression of liver disease 

following multiple repeated injuries to the tissue, and QCL-IR imaging has demonstrated a 

robust capacity to isolate and analyze such regions on the basis of a few wavenumbers, as 

illustrated in Fig. 2A (Bird and Rowlette, 2017). As diabetes mellitus is a disease with 

metabolic implications that lead to changes in multiple organ systems, it is not surprising 

that some of these alterations are found in liver fibrosis. QCL-IR data has demonstrated 

differences between fibrotic spectra in liver samples from diabetic and nondiabetic patients 

spanning the range of hepatic pathology from cirrhosis to hepatocellular carcinoma 

(Sreedhar et al., 2016). In the context of renal pathology, FT-IR has been able to accurately 

detect and classify fibrosis, which is a hallmark of kidney damage (Vuiblet et al., 2015).

In addition to offering indications of systemic disease processes, the IR signatures of fibrotic 

regions can also offer information about what is occurring in other components of the same 

tissue sample, such as epithelium. These relationships arise from the fact that stromal or 

abnormal fibrotic regions are often the surrounding environment in which pathologic 

processes of the epithelium take place. For example, FT-IR investigations of co-culture of 

fibroblasts with breast cancer cell lines highlight the interaction between the former and the 

latter (Holton, S. et al., 2011; Holton et al., 2014; Holton, S.E. et al., 2011). QCL 

investigation of liver biopsies suggested that the spectral signatures from fibrotic regions 

varied between patients with no dysplasia or low grade dysplasia, and those with high-grade 

dysplasia or hepatocellular carcinoma (Sreedhar et al., 2016). The chemistry of the stroma in 

breast tissue was shown to be altered in the presence of cancer using both FT-IR imaging 

(Kumar et al., 2013) and more recently with QCL imaging (Pilling et al., 2017).

Ultimately, the goal of exploring areas of fibrosis with IR imaging is to obtain new 

information which was unavailable through current histopathology methods. For example, 

stromal IR features, rather than epithelium, may offer improved prediction of prostate cancer 

recurrence over clinical tools such as the CAPRA-S score or Kattan nomograms (Kwak et 

al., 2015). This finding represents novel information, with potential clinical impact, derived 

through stromal FT-IR analysis which is not known to be accessible to any other modality 

(Kwak et al., 2015).

4. Challenges and future directions

IR imaging is an attractive technique that can give additional information about the 

biochemical status of tissues without the need for stains or labels. There is a wealth of 
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literature on using these techniques for extracting biomarkers from cell types directly 

implicated in diseases processes, principally epithelial cells. Emerging evidence 

demonstrates the crucial role of the adjacent stromal and fibrotic regions in cancer 

development (Hanahan and Weinberg, 2011). These areas represent a novel target for IR 

imaging which could provide new insight for patient diagnosis and prognosis.

It has been shown that IR imaging can rapidly map areas of fibrosis (Cheheltani et al., 2012; 

Sreedhar et al., 2016; Vuiblet et al., 2015) but new studies demonstrate that additional 

information also resides within these regions (Kwak et al., 2015). Stromal regions may also 

permit detection of changes distal to the epithelium (Kumar et al., 2013; Pilling et al., 2017) 

that remain unaffected by the heterogeneity in the diseased cells; this is useful as that 

heterogeneity can often interfere with precise diagnosis (Sreedhar et al., 2016). The 

exploration of the biochemistry of stromal regions remains largely untapped with future 

research required to determine whether these areas hold useful and clinically actionable 

information. Recently, it was demonstrated that interrogating regions of fibrosis in the 

setting of thyroid carcinoma was not able to discriminate between two types of cancer 

whereas the epithelial cells could (Martinez-Marin et al., 2016), demonstrating that these 

regions do not always hold diagnostic value. Future work must focus on adapting IR 

imaging technology for clinical implementation to provide useful answers to clinicians, and 

delve deeper into the nature of the precise stromal components contributing to diseased IR 

signatures.
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Highlights

• Infrared (IR) spectroscopy provides chemical information about a sample 

based on how the chemical bonds absorb infrared radiation at different 

wavelengths – an infrared absorption spectrum.

• Infrared spectroscopic tissue imaging combines IR spectroscopy with 

microscopy to yield an image of a tissue sample that is coupled to a 

biochemical signature (the IR spectrum) for each of its pixels.

• Areas of stroma and fibrosis in tissue samples provide new targets for 

acquiring information relevant to disease processes.
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Fig 1. 
Schematic depicting the difference between conventional histopathology and infrared 

spectroscopic imaging of tissue sections. Conventional pathology evaluation requires 

chemical staining (with one tissue section per stain), light microscopy imaging, and manual 

interpretation by a trained pathologist. Infrared spectroscopic imaging evaluates the 

biochemical characteristics of a single tissue section without the need for stains, dyes, or a 

trained observer.
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Fig 2. 
A) Infrared and corresponding histology images of liver (Bird and Rowlette, 2017). (I) 

Bright field images of H&E stained and (II) Masson’s trichrome stained liver biopsy tissue 

sections show the fibrotic area in the tissue. The same fibrotic regions are identified with 

QCL-IR discrete frequency imaging by using (III) an image of peak height ratio of 1232 

cm−1 to 1336 cm−1 and (IV) a k-Means clustering image. B) Heart transplant (Tiwari et al., 

2016) tissue sections with abundant fibrosis showing classification of cardiac tissue into 

myocardium (green or blue) or fibrosis (red) on the basis of FT-IR spectral data (I, V, IX), 

QCL-IR discrete frequency spectral data (II, VI, X), and only the peak height ratio of 1236 

cm−1 to 1542 cm−1 from QCL IR (III, VII, XI). Corresponding H&E stained images with 

red arrows identifying prominent areas of fibrosis (IV, VIII, XII).
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