Optical Frequency Domain Imaging of Ex Vivo Pulmonary Resection Specimens: Obtaining One to One Image to Histopathology Correlation 
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Short Abstract: 

A method to image ex vivo pulmonary resection specimens with optical frequency domain imaging (OFDI) and obtain precise correlation to histopathology is described, which is essential to developing specific OFDI interpretation criteria for pulmonary pathology. This method is applicable to other tissue types to obtain precise imaging to histopathology correlation for accurate image interpretation and assessment.  

Long Abstract: 

Lung cancer is the leading cause of cancer-related deaths7
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. OFDI has been utilized in a variety of applications, including evaluation of coronary artery atherosclerosis
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. Squamous cell and small cell cancers typically arise in association with the conducting airways, whereas adenocarcinomas are typically more peripheral in location. Lung malignancy detection early in the disease process may be difficult due to several limitations: radiological resolution, bronchoscopic limitations in evaluating tissue underlying the airway mucosa and identifying early pathologic changes, and small sample size and/or incomplete sampling in histopathological biopsies. High resolution imaging modalities, such as optical frequency domain imaging (OFDI), provide non-destructive, large area 3-dimensional views of tissue microstructure to depths approaching 2 mm in real time (Fig. 1) HYPERLINK  \l "_ENREF_1" \o "Jemal, 2007 #70" 


 ADDIN EN.CITE ,8
 and esophageal intestinal metaplasia and dysplasia7
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. Bronchoscopic OFDI has been demonstrated in vivo as a safe technique 
Here, we present a method for precise, one to one correlation between high resolution, volumetric optical imaging and histopathology in ex vivo lung resection specimens. We performed airway centered OFDI with a specialized custom built bronchoscopic 2.4 French (0.8 mm diameter) catheter. Tissue samples were marked with tissue dye, visible in both OFDI and histopathology, and used careful orientation procedures to precisely correlate imaging and histological sampling locations. This study is the first demonstration of volumetric OFDI with precise correlation to tissue-based diagnosis for evaluating pulmonary pathology. This straightforward, effective technique may be extended to other tissue types to provide precise imaging to histopathological correlation needed to determine fine imaging features of both normal and diseased tissues.

Protocol Text:  (Video demonstrating methods will be performed on swine tissue due to difficulty in scheduling video with availability of surgical tissue)
1) Imaging System 
The technical details of OFDI have been described previously
2) Imaging System Set-up

2.1) Turn on imaging system
2.2) Set and record imaging parameters (rotational speed, pullback speed, image acquisition rate, etc.).
2.3) Attach catheter to rotary junction and pullback device.

2.4) Spin catheter and check for image quality.  Adjust system alignment, and offset as needed.
3) Tissue Preparation

3.1) Place a table top disposable absorbent pad on your benchtop and set lung specimen on pad.

3.2) If imaging a surgical ex vivo specimen from a patient, be sure to consult the pathology department to ensure that all resection margins (bronchial, vascular, and parenchymal margins) have been assessed, documented, and/or removed by a pathologist.

3.3) Identify the bronchial airway entering the resection specimen at the hilum. Remove any visible mucus within the airway using a syringe bore. If necessary, attach a longer segment of plastic tubing to the syringe bore to suction deeper within the airway.

3.4) Palpate the exterior surface of the specimen to identify the lesion of interest.

3.5) Using a fine metal probe, gingerly navigate through the bronchial tree until near the lesion of interest.

3.6) Open the airway along the probe until the lesion of interest is visible or palpable under the airway mucosa.

3.7) Carefully remove any blood or mucus from the airway mucosa overlying the lesion with a cotton-tipped applicator.

3.8) Place the imaging catheter above the airway mucosa and obtain an image to confirm the lesion is underlying the airway mucosa and to identify a high-quality imaging region of interest for histopathological correlation.

4) Tissue Marking
4.1)  Select the region of interest in the airway based on previous imaging findings in Step 3.8. 
4.2) Choose two points on the tissue along the desired line of imaging. Points may be parallel to either the longitudinal (Fig. 2) or circumferential (Fig. 3) aspect of the airway, depending on desired results. Space dots no more than 1.5 cm apart so that the portion of tissue may fit in one histology block for processing.
4.3) Dip a fine tipped open bore needle (i.e. 25 gauge 7/8" long) into the tissue marking dye. 
4.4) Carefully wipe excess ink off the outside of the needle with gauze, leaving tissue marking ink only within the needle bore.

4.5) Puncture the tissue perpendicular to the airway mucosa at the chosen point along the line of imaging. 

4.6) Repeat steps 3.3 to 3.5 for the second point on the airway mucosa.  

4.7) If the ink runs over the mucosal surface away from the puncture site, use a cotton tipped applicator to carefully remove the excess ink. 
4.8) Remove mucus or blood on the surface of the airway mucosa with a cotton tipped applicator, if present. 
4.9) If the ink dots are placed circumferentially within an airway, it is useful to pin open the two sides of the airway to flatten the tissue in the imaging field (Fig. 3a).

5) Imaging Tissue
5.1) Place the catheter optics over each ink mark and image to ensure the marks are visible on OFDI. Marks should appear as focal disruptions within the tissue structure with overlying highly scattering particles and underlying rapid signal attenuation, which corresponds to the ink particles within the puncture site (Fig. 3b, Fig. 4a, Fig. 4g).

5.2) If ink mark(s) are not visible on OFDI, repeat steps 4.3 to 4.7 for the non-visible marks. If ink marks are visible with OFDI, proceed to step 5.3.

5.3) Place the catheter parallel to the two ink marks on the airway mucosal surface such that the catheter optics overlie the tissue beyond the first ink mark (Fig. 2b). Anchoring the proximal end of the catheter with a light weight object and securing the distal end can help reduce motion artifacts.

5.4) Proceed with collecting an OFDI pullback.

5.5) View the OFDI pullback images to ensure both ink marks are visible in imaging and to check for motion artifacts (Fig. 3 and Figure 4). If the marks are not visible, repeat steps 5.1 to 5.4.
6) Collecting and Processing Tissue

6.1) Place a green ink dot on the airway mucosal tissue to mark the beginning of the imaging scan, 3 mm away from the ink mark that appeared first in the imaging pullback (Fig. 2c).

6.2) Remove a 0.3 cm thick by 1.0 cm deep portion of airway containing the two dots by cutting parallel to the line between dots on both sides. The tissue should include green ink mark as well as both black ink dots. The tissue thickness perpendicular to the dots should be no more than 0.3 cm and tissue depth should be no more than 1.0 cm.
6.3) Place tissue in a histology processing cassette and fix in 10% formalin for at least 48 hours. 

6.4) Process tissue in a tissue processor, available through any histology department.
6.5) Embed tissue in paraffin such that the cut sections will be parallel to the two black ink marks on the airway surface. 

6.6) Use a tissue microtome to face the paraffin block until either an ink mark is visible or the entire tissue section is visible, whichever comes first.

6.7) Once both black ink marks are visible, cut one 5 micron section and mount onto a glass slide.

6.8) Continue to cut and mount 5 micron sections every 50 microns until the black ink marks are no longer visible or the tissue ends, whichever comes first.

6.9) Follow standard hematoxylin and eosin (H&E) staining protocols to stain and coverslip slides.
7) Image Processing

If images were acquired with a benchtop scanner, or other scanning technique where both ink marks were visible in a single cross-sectional image, then the image can be directly correlated with corresponding histology. If volumetric datasets were acquired with a helical scanning catheter, the images will need to be re-interpolated so that a single 2D image bisects both ink marks for correlation with histology. This can be accomplished using ImageJ or other image processing software.
Representative Results: The black ink marks should be between 1 – 1.5 cm apart to indicate the imaging region of interest. The green ink mark should be placed at the beginning of the imaging scan, before the first black ink mark to orient the specimen (Fig. 2 and Fig. 3a). Tissue ink marks should be visible on both OFDI imaging and histopathology (Fig. 3 and 4).  In normal swine (Fig. 3) and human airway (Fig. 4), typical airway layering should be visible. The epithelium (E) is visible as a thin, moderately signal dense, homogeneous layer at the luminal aspect of the airway. The lamina propria in the swine consists of dense elastic and collagenous tissues, which appears as a signal intense band (EL). There is a band of less signal intense smooth muscle (SM) underlying the lamina propria. This layering of the airway is exemplified in the correlated trichrome stain (Fig. 3d and 3g), where the superficial dense elastic and collagenous tissues appear deep blue and the underlying smooth muscle band stains red. In contrast to the swine airway, the lamina propria (LP) of the human airway consists of superficial dense collagen and elastic tissue and deeper loose collagen and elastic tissue, which contains interspersed, discontinuous fascicles of smooth muscle. The superficial dense collagen and elastic tissue appears more signal intense than the deeper loose connective tissue. However, as the smooth muscle fascicles do not form a continuous layer, they are indistinguishable from the adjacent loose connective tissue in OFDI. In the correlated trichrome stain (Fig. 4c and 4f), the lamina propria consists of superficial blue staining dense connective tissue and deeper predominantly loose blue staining collagen and elastin with interspersed red staining smooth muscle fibers (SM). There are salivary-type glands (G) underlying the lamina propria, which appear moderately signal intense with slight, fine scale heterogeneity. There are occasionally visible signal poor tubular ducts (D) traversing the respiratory epithelium to connect with the bronchial lumen. Cartilage rings (C) appear as signal poor crescent-shaped structures with well-defined boundaries, which overlap in the swine airway and do not overlap in the human airway. The perichondrium surrounding the cartilage rings appears as a thin layer of signal intense tissue encompassing the signal poor cartilage rings.  In the peripheral human airways (Fig. 4g and 4h), alveolar attachments (A) are visible as thin, signal intense lattice-like alveolar walls with signal void alveolar spaces. Vascular spaces within the lamina propria are visible as signal void linear or circular structures with mild underlying shadowing artifact (arrows). 
Discussion:  Assessment of early lung malignancies can be extremely challenging due to lack of symptoms and the inability to visualize early neoplastic changes radiologically or bronchoscopically. OFDI provides near histologic resolution, large area 3-dimensional views of tissue microstructure in real time
The tissue dye used to mark the imaging region of interest is clearly visible in both OFDI and histopathology. By using straightforward techniques to orient the tissue, ink marks may be correlated in both imaging and histology to allow one to one comparisons of OFDI features and histopathological findings to determine the identifiable imaging characteristics of the tissue pathology. The technique is inexpensive and practical, thus making it useful in many OFDI applications. 
In this study we have demonstrated volumetric OFDI with precise correlation to tissue-based diagnosis for evaluating pulmonary pathology. This technique is presented as an application to pulmonary resection specimens, but can be applied to almost any tissue type to provide the precise imaging to histopathological correlation needed to determine fine imaging features of both normal and pathological tissues. 
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Table of specific reagents and equipment:

	Name of the reagent
	Company
	Catalogue number
	Comments (optional)

	Tissue marking dye
	Triangle Biomedical
	TMD-BK, TMD-G
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Figure Legend

Figure 1. OFDI of swine airway. In vivo images obtained from a swine airway under mechanical ventilation. (a) ODFI cross-section of proximal airway. (b) OFDI cross-section of distal airway. (c) ODFI longitudinal section of proximal airway, higher magnification image of panel e in red highlighted region. (d) OFDI longitudinal section of distal airway, higher magnification image of panel e in green highlighted region. (e) ODFI longitudinal section of airway from proximal to distal (left to right). Catheter diameter is 0.8 mm and tick marks represent 0.5 mm increments. Although different layers of the airway wall and alveolar attachments are discernible in the OFDI images, it is difficult to precisely interpret the anatomic correlate of the OFDI signals without directly registered histology. e: epithelium, lp: lamina propria, sm: submucosa, c: cartilage, a: alveolar attachments.

Figure 2. Tissue marking of swine airway. (a) Opened airway with two black ink marks on the luminal surface placed parallel to the longitudinal aspect of the airway, 1.5 cm apart. (b) OFDI catheter placed over two black ink marks to include both marks within the OFDI pullback. (c) Airway with additional green ink mark to orient the beginning of the imaging scan on the specimen.
Figure 3. OFDI and histopathology of swine airway demonstrating precise correlation using tissue marking. (a) Opened airway with two black ink marks on the luminal surface placed parallel to the circumferential aspect of the airway. Pins are used to further open the airway.  (b) OFDI of swine airway with both ink marks visible (asterisks) with (c) precisely correlated histology stained with H&E (asterisks: black ink marks visible on respiratory epithelium) and (d) correlated trichrome stain. Scale bar: 2 mm.  (e) Higher magnification view of OFDI image with (f) corresponding histopathology stained with H&E and (g) correlated trichrome stain. E: respiratory epithelium, EL: dense collagen and elastic tissues, SM: smooth muscle, C: cartilage rings (histological artifact has resulted in artificial separation of the cartilage rings), G: salivary gland tissue, D: salivary duct entering epithelium.  Scale bar: 250 µm. In the swine bronchus, the normal layering of the airway is visible in OFDI. The lamina propria consists of dense elastic and collagen tissue, which stains blue on trichrome. There is a deeper layer of continuous smooth muscle, which stains red on trichrome (panels d and g). 
Figure 4. OFDI and histopathology of human airway demonstrating precise correlation using tissue marking. (a) OFDI of human proximal airway with both ink marks visible (asterisks). (b) Precisely correlated histology stained with H&E with black ink marks visible on respiratory epithelium (asterisks) and (c) correlated trichrome stain. Scale bar: 2 mm.  (d) Higher magnification view of OFDI image and (e) corresponding histopathology stained with H&E and (f) trichrome. Scale bar: 250 µm. E: respiratory epithelium, LP: lamina propria, SM: smooth muscle in the lamina propria, G: salivary gland tissue, C: cartilage rings, PC: perichondrium.  In the human airway, typical layering is visible. In contrast to the swine airway, the human lamina propria consists superficial dense collagen and elastin with a deeper layer of loose collagen and elastin, which stain blue on trichrome. Within the loose connective tissue, there are interspersed fascicles of red-staining smooth muscle which do not form a continuous band (panels c and f).  (g) OFDI of human distal airway and (h) precisely correlated H&E histology with black ink marks visible on respiratory epithelium (asterisks). Scale bar: 2 mm.  Alveolar attachments (A) are visible as signal intense lattice-like alveolar walls with signal void alveolar spaces. Vascular spaces within the lamina propria are also visible as signal-void structures with underlying mild shadowing (arrows). 
