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Histopathology protocols often require sectioning and processing of numerous microscopy slides to
survey a sample. Trade-offs between workload and sampling density means that small features can
be missed. Aiming to reduce the workload of routine histology protocols and the concern over missed
pathology in skipped sections, we developed a prototype x-ray tomographic scanner dedicated to

. rapid scouting and identification of regions of interest in pathology specimens, thereby allowing

: targeted histopathology analysis to replace blanket searches. In coronary artery samples of a deceased
HIV patient, the scanner, called Tomopath, obtained depth-resolved cross-sectional images at 15 um

. resolution in a 15-minute scan, which guided the subsequent histological sectioning and microscopy.

: When compared to a commercial tabletop micro-CT scanner, the prototype provided several-fold

© contrast-to-noise ratio in 1/11% the scan time. Correlated tomographic and histological images revealed

. two types of micro calcifications: scattered loose calcifications typically found in atherosclerotic lesions;

. isolated focal calcifications in one or several cells in the internal elastic lamina and occasionally in the

. tunica media, which we speculate were the initiation of medial calcification linked to kidney disease,
but rarely detected at this early stage due to their similarity to particle contaminants introduced during
histological processing, if not for the evidence from the tomography scan prior to sectioning. Thus,
in addition to its utility as a scouting tool, in this study it provided complementary information to
histological microscopy. Overall, the prototype scanner represents a step toward a dedicated scouting
and complementary imaging tool for routine use in pathology labs.

In histopathology protocols, the process of serial sectioning, slide staining and microscopy are often laborious and
involve trade-offs between workload and the sampling density of the sections!~. Therefore, tabletop micro-CT
systems have been used to obtain 3D scouting images to guide the sectioning and microscopy to regions of
interest®. Micro-CT has been a valuable imaging tool in pathology studies, as exemplified by a few examples of
a vast literature®-2%. However, the scan time is on the order of several hours with commercial micro-CT systems
unless the bright x-ray beams of synchrotron facilities are used, which is illustrated by a few examples of a mul-
. titude of high-quality studies from synchrotron beamlines?*-%*. Therefore, the long scans required by benchtop
systems make routine use difficult. As a solution to this problem we investigated a prototype x-ray tomographic
. scanner dedicated to histopathology (Tomopath), which obtained depth-resolved cross-sectional images of
. paraffin-embedded samples in 15-minute scans.

INational Heart, Lung and Blood Institute, National Institutes of Health, Bethesda, MD, 20892, USA. ?Department
of Bioengineering, University of California, Berkeley, CA, 94720, USA. 3National Institute of Diabetic and Digestive
and Kidney Diseases, National Institutes of Health, Bethesda, MD, 20892, USA. Correspondence and requests for
materials should be addressed to H.W. (email: wenh@nhlbi.nih.gov)

SCIENTIFICREPORTS| (2018) 8:10978 | DOI:10.1038/541598-018-29379-6 1


mailto:wenh@nhlbi.nih.gov

www.nature.com/scientificreports/

Figure 1. Comparing a prototype tomographic scanner dedicated to histopathology (Tomopath) with a
commercial tabletop micro-CT scanner. (A) Cross-sectional image at 1.3 mm level below the surface of a
paraffin block from the Tomopath scanner. Left-anterior-descending (LAD) coronary artery segments of a
deceased HIV patient are embedded in the block. The vessel walls appear bright against a dark background
from the x-ray absorption contrast between tissue and paraffin medium. The grid-like shadows are cast by the
plastic grid of the embedding cassette. (B) Cross-sectional image at the same level from the commercial tabletop
micro-CT scanner. (C) Zoomed-in view of the top left LAD segment outlined in A from the Tomopath scanner.
The layers of the vessel wall are visible. The scan times of the micro-CT and the Tomopath scanners were
2.75hours and 15 minutes, respectively. (D) Picture of the intact paraffin block prior to histological sectioning.

This study of the coronary artery samples of a deceased HIV patient was part of an ongoing clinical study of
patients with HIV who develop early coronary artery disease in order to understand the nature of atherosclerosis
in this patient population®. Due to a few design optimizations tailored to histopathology samples, Tomopath
provided sufficient resolution in paraffin-embedded coronary segments to detect micro calcifications as small as
a single cell, and sufficient tissue contrast to show the vessel wall layers in most cases, thereby allowing matching
with the subsequent histological images and placement of the micro calcifications in the layered structure of
the coronary wall. After the Tomopath scan, the paraffin block was sectioned to targeted levels, stained for soft
tissue structure and calcium deposits, and scanned in a digital slide scanner. Correlated findings between the
tomographic and histological images confirmed two forms of micro calcification deposits that were present in the
coronary artery of the patient.

Results

Tomographicimages of the coronary artery samples.  Movies of serial cross-sectional images through
the thickness of a paraffin block are provided as Supplementary Information Movie S1 for the Tomopath scanner
and Movie S2 for the commercial tabletop micro-CT. Image quality from both scanners was assessed visually and
quantitatively by measuring the contrast-to-noise ratio. Figure 1 shows images of matching levels from the two
scanners. In terms of the measured contrast-noise-ratio between the vessel wall and the surrounding paraffin
medium, the Tomopath scanner was 3.9 times the tabletop micro-CT (7.5 £1.9 vs 1.9 £0.3). Figure 1C illustrates

SCIENTIFICREPORTS| (2018) 8:10978 | DOI:10.1038/s41598-018-29379-6 2



www.nature.com/scientificreports/

Figure 2. Correlated findings of loose clusters of micro calcifications in the intima in location-matched pairs
of tomographic and histological images. In x-ray tomographic images calcifications appear as brighter dots and
patches due to their higher mass density; adipose tissue such as foam cells appear as dark patches due to their
lower density. The histological slides were stained with von Kossa stain for calcifications which appear as dark
brown or black color. (A) and (B) Scattered clusters of micro calcifications (solid arrows) of an atherosclerotic
lesion are seen in matching locations of the paired images, together with foam cells in the neo intima (open
arrows). (C) and (D) A second lesion shows scattered intimal micro calcifications (solid arrows) in matching
locations between the x-ray and histological images. Scalebars are 250 pm.

that the image resolution is visibly higher with the Tomopath scanner and allowed differentiation of the layers
within the vessel wall.

Correlative detection of two forms of calcification.  Careful evaluation of the tomographic and histol-
ogy images at the same sectioning levels revealed two forms of micro calcifications. Since calcifications are denser
and more x-ray absorbent than the surrounding tissue, they appear as brighter dots or patches in the tomographic
images. The histology slides were stained with either H&E or von Kossa stains. With von Kossa stain, calcifica-
tions appear as dark-colored (black) silver precipitates, while tissue structures are also stained to a lighter degree.
The first form of calcification was loose clusters of micro deposits in the intima, which typically occur in athero-
sclerotic lesions. Figure 2 shows the correlated images of this type of calcification from tomography and histology.
In the tomographic image of Fig. 2A, dark patches are also seen in the intima around the calcifications, indicating
tissue of lower density. These were identified as the fatty foam cells in the neo intima at the lesion, which are vis-
ible in the histological image of Fig. 2B. Figure 2C,D are another example of scattered clusters of calcifications in
the intima, which are seen in matching locations in the x-ray and histological images.

A second form of calcification observed in the samples were isolated, focal micro calcifications. These were
predominantly in the internal elastic lamina (IEL) and occasionally in the tunica media. The individual micro
calcification particles were larger than the particles in the first form of calcification, ranging from one to several
cells in the histological images (5 to 25 um), and one to several pixels in the x-ray images. Figure 3 is a detailed
example of a focal calcification in the IEL, which was visible at the same location in the tomographic and histolog-
ical images. Its IEL origin was confirmed by the histological image at the highest magnification (Fig. 3E). Figure 4
summarizes 8 examples of correlated detection of focal calcifications in the IEL by tomography and histology.
Histology showed that their sizes ranged from one to several cells in the IEL.

Overall, there were 3 matched locations of extended loose intimal calcifications and 11 matched locations
of IEL calcifications that were seen in both types of images in the coronary segments. However, in an addi-
tional two instances, isolated focal calcifications were seen in the vicinity of other IEL calcifications by either the
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Figure 3. An example of correlated finding of an isolated, focal micro calcification in the internal elastic lamina
(IEL). (A) Tomographic cross-sectional image of the intact coronary segment shows a bright dot in mid-wall as
outlined in square. Scalebar is 1 mm. (B) Histological image of the section at the same level in low magnification
shows a faint brown stain at the same location outlined in square. Scalebar is 1 mm. (C) Magnified view of

the outlined area in panel A shows a bright (high density) dot. Scalebar is 100 pm. (D) Magnified view of the
corresponding area in the histological image shows a focal calcification at the same location, which appears dark
brown by the von Kossa stain. Scalebar is 100 um. (E) Further magnification of the histological image shows the
location of the micro-calcification in the IEL. Scalebar is 25 um.

tomographic scan or histology, but the findings were not correlated (Fig. 5). In one instance (Fig. 5A), near an
IEL calcification seen by both methods, a dark brown stain of 3.8 um size was present in the tunica media in the
histology image, but absent in the tomographic image. Because a residual stain was also seen in the same location
in the adjacent histological slide, it was likely a tissue calcification instead of an introduced contaminant particle
during slide production. In another instance (Fig. 5B), again near an IEL calcification seen by both methods, a
bright dot (15 um) was seen in the tomographic image, while no staining was seen in the histology image at that
location. The location was determined to be in the tunica media at the end of a tear which was visible in both
images. The reason for the mismatch relates to limitations of both methods, which are outlined in the Discussion
section below.
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Figure 4. A collection of 8 examples of correlated findings of focal micro calcification in the IEL of the
coronary artery samples of the patient. Each panel contains a tomographic cross-sectional image on the left
and the matching histological micrograph on the right. Micro calcifications are marked by yellow arrows. The
histological images confirm the locations of the calcifications to be in the IEL. All scalebars are 100 um.

Discussion

In this study of human coronary artery samples, a histopathology-dedicated tomographic scanner provided
scouting and complementary information to standard microscopy and enabled detection of isolated micro calci-
fications down to the cellular level. When compared with a commercial tabletop micro-CT scanner, it provided
substantially better image quality in 1/11™ the scan time (15 minutes vs. 2.75 hours). The tomography scan turned
the histology process from a blanket search to a targeted search. A particular significance of the Tomopath com-
plementary information in this study is that it enabled the detection of isolated and focal micro-calcification in
the IEL which could not be ascertained by histology alone.

In this patient, a prior clinical CT scan had detected coronary artery disease®. The patient also had HIV
related kidney disease. Generally, both intimal and medial calcifications are known to result from chronic kidney
disease’-*. While intimal micro calcification often occurs in occlusive atherosclerotic lesions and contributes to
their instability and rupture, calcification in the internal elastic lamina is thought to be universally associated
with calcification in the medial layer (Monckeberg’s sclerosis) and contributes to the stiffening of the artery in the
absence of atherosclerotic occlusive lesions*!. However, in this patient, isolated and focal micro calcifications were
seen predominantly in the IEL while occasionally in the tunica media. The IEL calcifications did not expand into
the tunica media. Therefore, we speculate that these focal calcifications are the initiation of medial calcification
in this patient.

The examples of mismatched observation between tomography and histology showed limitations of both
methods. With the tomographic scan, the detection threshold of calcification was estimated to be 38 mg/ml of
hydroxyapatite, or 1.2% of the solid crystal density, based on material attenuation values at 23 keV and a detec-
tion threshold equivalent to 4 times the standard deviation of the signal in the vessel wall (P = 3.2E-5). Small or
low-density calcifications that resulted in an average density in a pixel below the threshold would not be detected
with this level of confidence. This was likely the reason for tomography to miss some calcifications seen in his-
tology. On the histology side, it has been documented in the literature that micro calcifications are washed out of
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Figure 5. Two instances of un-correlated finds of micro calcifications in the media layer. (A) and (B) Near an
IEL micro calcification visible in both tomography and histology (solid arrows), an isolated micro calcification
in the media layer is seen in the histological image of panel B (open arrow), but not seen in the tomographic
image of panel A. (C) and (D) Near focal calcifications in the IEL seen in both the tomographic and histological
images (solid arrows), a focal calcification in the media is seen in the tomographic image (open arrow in panel
C) but absent in the histological image panel D. Its location was determined based on a tear in the media visible
in both images. All scalebars are 100 um.

specimens during sectioning and staining, resulting in loss of detection by histology**~**; additionally, dark spots
in the histology images can be particle contaminants introduced during slide processing if they are not corrobo-
rated by the tomography scan of the intact sample.

On the technological front, although tomographic scanners for intraoperative breast specimen imaging are
commercially available (for example, KUB Technologies Inc), they have insufficient resolution for histopathology.
A dedicated scouting scanner for histopathology, which can approach single-cell resolution in minutes, is shown
to be feasible based on a design that optimizes the flux and magnification factor of the sample, coupled with an
efficient x-ray camera. Besides the benefit of time and labor savings, our study showed that it provides useful
complementary information in some cases to standard pathology analysis. The results support a continued effort
to develop a compact device for routine use in pathology labs.

Methods

Preparation of the human coronary artery samples. The left anterior descending (LAD) coronary
artery of a deceased HIV patient who had been suspected of HIV-related cardiovascular disease was dissected
and fixed in 10% buffered formalin and was processed with Leica ASP-300 tissue processor. Eight segments of the
artery were embedded in two paraffin blocks using standard medium-depth embedding cassettes. This process
rendered the specimens innocuous and suitable for storage at room temperature over time.

X-ray tomographic scans. The sample paraffin blocks were first scanned with a prototype imaging device
designed specifically for histopathology samples (Tomopath), and then with a commercial tabletop micro-CT
scanner (Bruker Skyscan 1172). Design features of the Tomopath scanner included close proximity of the sample
to the x-ray focal spot to increase the photon flux through the sample and magnification, and a photon counting
camera to improve detection efficiency. The scanner consists of a commercial micro-focus x-ray source (Oxford
Nova600) operating at 50kV/6 W with a focal spot size of 10 pm and a photon-counting x-ray camera (Dectris
Pilatus 100 k) of 487 by 195 image matrix and 172 um pixel size covering an image area of 83.7 mm wide and
33.5mm tall. The samples were positioned between the source and the detector to provide a projection magnifi-
cation of 10 to 14 over the 5 millimeter thickness of the paraffin block. The camera imaging speed was 30 frames/
second. Given the limited image height of the camera, 7 horizontal bands at incremental vertical positions were
scanned to cover the height of the paraffin block, with 10% overlap between adjacent bands. The total scan time
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was 15 minutes. The raw data were reconstructed into cross-sectional images of 15 um pixel size and 30 um slice
thickness.

The scan parameters on the commercial micro-CT system were x-ray tube setting of 29kV/6 W, camera matrix
of 3000 by 2096, sample rotation step of 0.11°, 1852 projections over 203.72° rotation angle at 1.77 sec exposure
per projection, and total scan time of 2 hours 45 minutes. Image reconstruction included an under-sampling fac-
tor of 5 to improve signal-to-noise ratio. Reconstructed image pixel size was 30.9 um.

Sectioning, staining and optical microscopy of the histological slides. From the cross-sectional
images provided by the Tomopath scan, the locations of micro calcifications were identified and their levels below
the surface of the paraffin block were recorded. The block was then sectioned with a microtome to those levels
of interest. The 5 to 10 micrometer-sections of interest were cut and mounted in positively charged slides. These
slides were stained with either hematoxylin and eosin (H&E) for soft tissue structure, or von Kossa stain to
highlight calcium phosphate deposits while also delineate the structural layers of the wall. The slides were then
scanned in a Hamamatsu digital slide scanner (NanoZoomer Res 2.0) to obtain color microscopy images. The von
Kossa stain was verified in a positive control slide of a mouse embryo section containing bone structures.

Level matching between the Tomopath reconstruction slice thickness of 30 um and slice levels given by the
microtome was verified in a separate calibration procedure that matched the Tomopath images with histological
slides of known levels using visible landmarks. The calibration procedure used a linear regression between the
two methods to obtain a level spacing of 31.16 =+ 0.85 um for adjacent tomographic slices (R?=0.992), which was
in agreement with the Tomopath reconstruction parameter of 30 um.

Data Availability. All data generated or analyzed during this study are included in this published article and
its Supplementary Information files.

Ethical approval and informed consent.  All experimental protocols were approved by the local IRB at
the National Institutes of Health; the methods were carried out in accordance with the relevant guidelines and
regulations; informed consent was obtained from all participants.

References

1. Cserni, G. et al. Discrepancies in current practice of pathological evaluation of sentinel lymph nodes in breast cancer. Results of a
questionnaire based survey by the European Working Group for Breast Screening Pathology. Journal of Clinical Pathology 57,
695-701 (2004).

2. Cserni, G. A model for determining the optimum histology of sentinel lymph nodes in breast cancer. Journal of Clinical Pathology
57, 467-471 (2004).

3. Weaver, D. L. et al. Metastasis Detection in Sentinel Lymph Nodes: Comparison of a Limited Widely Spaced (NSABP Protocol B-32)
and a Comprehensive Narrowly Spaced Paraffin Block Sectioning Strategy. American Journal of Surgical Pathology 33, 1583-1589
(2009).

4. Weaver, D. L. Pathology evaluation of sentinel lymph nodes in breast cancer: protocol recommendations and rationale. Modern
Pathology 23, S26-S32 (2010).

5. Kumaraswamy, V. & Carder, P. J. Examination of breast needle core biopsy specimens performed for screen-detected
microcalcification. Journal of Clinical Pathology 60, 681-684 (2007).

6. Morales, A. G. et al. Micro-CT scouting for transmission electron microscopy of human tissue specimens. Journal of Microscopy 263,
113-117 (2016).

7. Jorgensen, S. M., Demirkaya, O. & Ritman, E. L. Three-dimensional imaging of vasculature and parenchyma in intact rodent organs
with X-ray micro-CT. American Journal of Physiology-Heart and Circulatory Physiology 275, H1103-H1114 (1998).

8. Lerman, A. & Ritman, E. Evaluation of microvascular anatomy by micro-CT. Herz 24, 531-533 (1999).

9. Laib, A., Kumer, J. L., Majumdar, S. & Lane, N. E. The temporal changes of trabecular architecture in ovariectomized rats assessed by
MicroCT. Osteoporosis International 12, 936-941 (2001).

10. Holdsworth, D. W. & Thornton, M. M. Micro-CT in small animal and specimen imaging. Trends in Biotechnology 20, S34-S39
(2002).

11. Marxen, M. et al. MicroCT scanner performance and considerations for vascular specimen imaging. Med. Phys. 31, 305-313 (2004).

12. Mohr, A., Roemer, F. & Genant, H. Analysis of atherosclerosis with micro-CT. Radiology 235, 338-339 (2005).

13. Langheinrich, A. C. et al. Quantification of in-stent restenosis parameters in rabbits by Micro-CT. Rofo-Fortschritte Auf dem Gebiet
der Rontgenstrahlen und der Bildgebenden Verfahren 177, 501-506 (2005).

14. Watz, H., Breithecker, A., Rau, W. S. & Kriete, A. Micro-CT of the human lung: Imaging of alveoli and virtual endoscopy of an
alveolar duct in a normal lung and in a lung with centrilobular emphysema - Initial observations. Radiology 236, 1053-1058 (2005).

15. Litzlbauer, H. D. et al. Three-dimensional imaging and morphometric analysis of alveolar tissue from microfocal X-ray-computed
tomography. American Journal of Physiology-Lung Cellular and Molecular Physiology 291, L535-L545 (2006).

16. Ananda, S. et al. The visualization of hepatic vasculature by X-ray micro-computed tomography. Journal of Electron Microscopy 55,
151-155 (2006).

17. Clauss, S. B., Walker, D. L., Kirby, M. L., Schimel, D. & Lo, C. W. Patterning of coronary arteries in wildtype and connexin43
knockout mice. Developmental Dynamics 235, 2786-2794 (2006).

18. Zhu, X. Y. et al. Early changes in coronary artery wall structure detected by microcomputed tomography in experimental
hypercholesterolemia. American Journal of Physiology-Heart and Circulatory Physiology 293, H1997-H2003 (2007).

19. Savai, R. et al. Evaluation of Angiogenesis Using Micro-Computed Tomography in a Xenograft Mouse Model of Lung Cancer.
Neoplasia 11, 48-56 (2009).

20. Fajardo, R.J. et al. Specimen size and porosity can introduce error into mu CT-based tissue mineral density measurements. Bone 44,
176-184 (2009).

21. Faraj, K. A. et al. Micro-Computed Tomographical Imaging of Soft Biological Materials Using Contrast Techniques. Tissue
Engineering Part C-Methods 15, 493-499 (2009).

22. Metscher, B. D. MicroCT for developmental biology: A versatile tool for high-contrast 3D imaging at histological resolutions.
Developmental Dynamics 238, 632-640 (2009).

23. Degenhardt, K., Wright, A. C., Horng, D., Padmanabhan, A. & Epstein, J. A. Rapid 3D Phenotyping of Cardiovascular Development
in Mouse Embryos by Micro-CT With Iodine Staining. Circulation-Cardiovascular Imaging 3, 314-322 (2010).

24. Zagorchev, L. et al. Micro computed tomography for vascular exploration. ] Angiogenes Res 2, 7 (2010).

25. Vagovic, P. et al. Laboratory-based multi-modal X-ray microscopy and micro-CT with Bragg magnifiers. Opt. Express 23,
18391-18400 (2015).

SCIENTIFICREPORTS| (2018) 8:10978 | DOI:10.1038/s41598-018-29379-6 7



www.nature.com/scientificreports/

26. Silva, J. M. D. E. et al. Three-dimensional non-destructive soft-tissue visualization with X-ray staining micro-tomography. Scientific
Reports 5, 14088 (2015).

27. Dudak, J. et al. High-contrast X-ray micro-radiography and micro-CT of ex-vivo soft tissue murine organs utilizing ethanol fixation
and large area photon-counting detector. Scientific Reports 6, 30385 (2016).

28. Kenkel, D. et al. A Micro CT Study in Patients with Breast Microcalcifications Using a Mathematical Algorithm to Assess 3D
Structure. Plos One 12, 0169349 (2017).

29. Stock, S. R. et al. Multiple microscopy modalities applied to a sea urchin tooth fragment. J. Synchrotron Radiat. 10, 393-397 (2003).

30. Pai, V. M. et al. Coronary artery wall imaging in mice using osmium tetroxide and micro-computed tomography (micro-CT).
Journal of Anatomy 220, 514-524 (2012).

31. Haberthur, D. et al. Visualization and stereological characterization of individual rat lung acini by high-resolution X-ray
tomographic microscopy. ] Appl Physiol 115, 1379-1387 (2013).

32. Holme, M. N. et al. Complementary X-ray tomography techniques for histology-validated 3D imaging of soft and hard tissues using
plaque-containing blood vessels as examples. Nature Protocols 9, 1401-1415 (2014).

33. Mizutani, R. et al. Three-dimensional X-ray visualization of axonal tracts in mouse brain hemisphere. Scientific Reports 6, 35061
(2016).

34. Zhang, M. Q. et al. Ultra-high-resolution 3D digitalized imaging of the cerebral angioarchitecture in rats using synchrotron
radiation. Scientific Reports 5 (2015).

35. Huang, S. et al. In-line phase-contrast and grating-based phase-contrast synchrotron imaging study of brain micrometastasis of
breast cancer. Scientific Reports 5, 9418 (2015).

36. Gharib, A. M., Abd-Elmoniem, K. Z., Pettigrew, R. I. & Hadigan, C. Non-Invasive Coronary Imaging for Atherosclerosis in HIV
Infection. Curr Probl Diagn Radiol 40, 262-267 (2011).

37. Goodman, W. G. et al. Vascular calcification in chronic kidney disease. American Journal of Kidney Diseases 43, 572-579 (2004).

38. Rogers, M., Goettsch, C. & Aikawa, E. Medial and Intimal Calcification in Chronic Kidney Disease: Stressing the Contributions.
Journal of the American Heart Association 2, UNSP e000481 (2013).

39. Liu, W. et al. Current understanding of coronary artery calcification. Journal of Geriatric Cardiology 12, 668-675 (2015).

40. Cardoso, L. & Weinbaum, S. Changing Views of the Biomechanics of Vulnerable Plaque Rupture: A Review. Annals of Biomedical
Engineering 42, 415-431 (2014).

41. Micheletti, R. G., Fishbein, G. A., Currier, J. S. & Fishbein, M. C. Monckeberg sclerosis revisited - A clarification of the histologic
definition of monckeberg sclerosis. Archives of Pathology & Laboratory Medicine 132, 43-47 (2008).

42. Langen, H. J. et al. Microradiography of Microcalcifications in Breast Specimen: A New Histological Correlation Procedure and the
Effect of Improved Resolution on Diagnostic Validity. Radiology Research and Practice 2012, 526293 (2012).

43. Dorsi, C. ], Reale, E. R., Davis, M. A. & Brown, V. ]. Breast Specimen Microcalcifications - Radiographic Validation and Pathological-
Radiologic Correlation. Radiology 180, 397-401 (1991).

44. Liberman, L. et al. Radiography of Microcalcifications in Stereotaxic Mammary Core Biopsy Specimens. Radiology 190, 223-225
(1994).

45. Dahlstrom, J. E., Sutton, S. & Jain, S. Histologic-radiologic correlation of mammographically detected microcalcification in
stereotactic core biopsies. American Journal of Surgical Pathology 22, 256-259 (1998).

Acknowledgements

We are grateful to Danielle Donahue of NIH Mouse Imaging Facility for her assistance with the tabletop micro-CT
scan; We are grateful to Andrew Gomella, Alireza Panna and Dumitru Mazilu for engineering support. This work
was supported by the Intramural Research Program of the National Institutes of Health, including the National
Heart, Lung, and Blood Institute and the National Institute of Diabetic and Digestive and Kidney Diseases.

Author Contributions

H.W. designed the study; A.M.G. and Z.X.Y. provided and prepared the pathology samples; E.E.B. and H.W. built
the dedicated tomo scanner; A.M.M. and H.M. performed the tomo scans; Z.X.Y. performed the histological
protocol and microscopy; A.M.M., H.M., T.C.L., KPM. and H.-W. reconstructed the images; HW,, T.CL., ZX.Y,,
M.B., A.T.R. and A.M.G. analyzed and interpreted the data; H-W.,, T.C.L. and C.P.N. wrote the manuscript with
input from all authors.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-29379-6.

Competing Interests: The authors declare no competing interests.

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

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, 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 Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted 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 license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS| (2018) 8:10978 | DOI:10.1038/s41598-018-29379-6 8


http://dx.doi.org/10.1038/s41598-018-29379-6
http://creativecommons.org/licenses/by/4.0/

	Correlative Detection of Isolated Single and Multi-Cellular Calcifications in the Internal Elastic Lamina of Human Coronary ...
	Results

	Tomographic images of the coronary artery samples. 
	Correlative detection of two forms of calcification. 

	Discussion

	Methods

	Preparation of the human coronary artery samples. 
	X-ray tomographic scans. 
	Sectioning, staining and optical microscopy of the histological slides. 
	Data Availability. 
	Ethical approval and informed consent. 

	Acknowledgements

	Figure 1 Comparing a prototype tomographic scanner dedicated to histopathology (Tomopath) with a commercial tabletop micro-CT scanner.
	Figure 2 Correlated findings of loose clusters of micro calcifications in the intima in location-matched pairs of tomographic and histological images.
	Figure 3 An example of correlated finding of an isolated, focal micro calcification in the internal elastic lamina (IEL).
	Figure 4 A collection of 8 examples of correlated findings of focal micro calcification in the IEL of the coronary artery samples of the patient.
	Figure 5 Two instances of un-correlated finds of micro calcifications in the media layer.




