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ABSTRACT

Medical questions surrounding the toxicity of “silica” and other silicon-containing materials in-
troduced into the body can be answered only through use of microanalytical techniques that provide
chemical and structural analyses of microscopic and submicroscopic particles. A useful approach to
the study of minerals and other foreign substances associated with silicone breast implants is to use
polarized-light optical microscopy to pinpoint the materials of interest in the tissue and to follow that
observation with analysis by Raman spectroscopy. Silicone breast implants contain both the organic
polymer silicone and particles of amorphous silica. We studied the breast tissue from six women who
had silicone breast implants and from three controls who never had implants to address questions
about post-implant alteration, such as to “crystalline,3iOptical analysis of the mammary tissue
sections revealed a variety of birefringent and non-birefringent, non-cellular materials. Raman spec-
troscopic analyses of those substances identified many similar materials in tissue from women with
and without silicone implants: calcite, apatite, starch, lipid, Bxcdrotene. We also spectroscopi-
cally identified silicone (only in breast tissue from patients recognized to have had ruptured im-
plants) and paraffin (only in one sample that had been embedded in paraffin and subsequently
“deparaffinized”). In tissue sections ofsn thickness (standard thickness of pathology sections), it
is impossible to detect optically the birefringence of quartz (or any other form of crystallie SiO
even though it may be possible to image such thin crystallined®&ns in polarized light due to
light-scattering phenomena. Moreover, neither crystalline nor amorphous silica was identified by
Raman spectroscopy in the tissue sections. Review of the pathology literature on such materials-
based issues as silicosis and calcification revealed some misapplication of the optical microscopy
term “birefringence” and misleading identifications of minerals in tissue sections. Our conclusion is
that useful collaborations can be developed between (1) pathologists who observe foreign materials
in tissue sections and understand the medical context of their findings and (2) mineralogists who
routinely use optical, chemical, and structural analyses to characterize micrometer-sized crystalline
materials and who understand materials properties.

INTRODUCTION et al. 1998) and to the widespread medical and cosmetic use of

The current project illustrates some of the challenges fadepsthetic devices and other implants, pathologists now are also
by both pathologists and mineralogists who attempt to identif!€d upon to recognize foreign materials within human tissue,
and to understand the occurrence of non-cellular materials'#luding the products of interactions between tissue and inhaled
human tissue. Some of those materials are indigenous crys@ticles or implants (e.g., BéruBe et al. 1998). Two questions
line solids, or “biominerals.” The latter are biologically precipi@'® discussed here. (1) What are the compositions and structures
tated phases that, except for their biological genesis, would Hen€ non-cellular materials that are found in human tissue?
called minerals, e.g., apatite in bone and weddellite in kidnd}}iS iS more @ mineralogic and materials-science issue than a
stones. In addition, due to increasing concern about the he&itfdical one. (2) Why are certain crystalline materials found in
effects of inhaled particles (e.g., Guthrie and Mossman 19g%/man tissue? This is a biological and medical issue, but mate-

Goldsmith 1994: Hardy and Weill 1995; Beckett 1997; Murphgjals and earth scientists can provide helpful insights based on
their knowledge of the stability, solubility, and precipitation of

natural inorganic crystalline materials (e.g., Skinner et al. 1988;
Guthrie 1992; Guthrie and Mossman 1993; Werner et al. 1995;
*E-mail: pasteris@levee.wustl.edu Poggi et al. 1998).
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Our mineralogic interest in the medical field was initiated
by repeated reports in the pathology literature about the find-
ing of “crystalline silica” in mammary tissue of women who
had silicone breast implants and the claim that such crystalline
silica had originated from the materials used in the implants
(Shanklin 1991; Shanklin and Smalley 1995; Shanklin and
Smalley 1996a, 1996b, 1996¢; Smalley and Shanklin 1997). In
defense of their conclusions about the presence of silica in breast
tissue, Shanklin and Smalley (see above) relied on well ac-
cepted, but mineralogically misleading, statements in the pa-
thology literature concerning the optical detection of crystal-
line and amorphous silica in lung tissue of patients diagnosed
with silicosis (e.g., Craighead 1988; McDonald and Roggli
1995).

Silica and silicone: Materials issues

The medical and mineralogic communities have crossed
paths a number of times in the past two decades due to mutual
interests in Si-bearing phases, such as “asbestos” (asbhestosis)
and “silica” (silicosis)—admittedly not the terminology that
mineralogists would choose (e.g., Skinner et al. 1988; Guthrie
and Mossman 1993). These medical concerns about the health
effects of exposure to minerals have led to not only an increased
public interest in silicates, but also a public misconception about
silicates. Anxiety about silicosis has led government agencies
to view SiQ as a health hazard (Goldsmith 1994; Hardy and
Weill 1995; Beckett 1997), thus establishing a backdrop for
concern about “silicates” in the body. The extensive use of sili-
cone implants and other medical devices in the body (as in
medical shunts, heart valve poppets, eye implants, insulation
for pacemaker leads, tubing in dialysis pumps, interactive
wound dressings, and the controversial breast implants) and
the discussion about their safety (e.g., Vondkéand Doleel
1984; Sturrock 1998) have brought further attention to Si-bear-
ing compounds.
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FIGURE 1.Chemical-structural formulae of the major components

The specific materials science issue that we address in tled in silicone elastomer shells of silicone breast implants. See text

present study is the contention that crystalline,Si€xurs in
the breast tissue of women who were exposed to silicone im-
plants. Researchers who support this notion have suggested that

for details.

either the amorphous silica within an elastomer shell can Ingdrophobic and compatible with a silicone matrix, is added
released into the body and can transform into crystalline silitaPDMS as a reinforcing agent to increase the tensile strength
or silicone gel can “autoconvert” to silica (Peters 1995; Shankiirf the elastomer. A tenfold increase in the tear-resistance prop-

and Smalley 1996b).

erties of the elastomer occurs through interactions between the

Silicones are organic, synthetic polymers containing a badleémed silica, with its enormous surface area (approximately
bone of repeating O and Si atoms. Different organic group80 nt/g; Cabot Corporation product information), and the host
attached as side groups on the Si atoms provide for a varietgititone (Rochow 1987; Smith 1991; Michael and Ferch 1993).
different types of silicones, whereas variations in chain length The term “amorphous” is used similarly in industry and in
and degree of cross-linking between chains can vary the physineralogic fields, as a descriptive term that indicates the lack
cal properties of a particular silicone from those of a liquid tod crystallinity of the silica, but with no connotation of how the
viscous gel to a stiff elastomer. As this brief description indsilica was produced. In contrast, the industrial terms “fumed”

cates, there are many analogies between silicones and silicatg “precipitated” refer to the process by which the amorphous
minerals and melts (e.g., variable degrees of polymerizatigiljca was produced, whereas the term “colloidal” indicates the
effect of polymerization on viscosity). One of the best-knowimtended end-use of the amorphous product (ller 1979; Michael
silicones, due to its use in the gels and enclosing elastoraad Ferch 1993). Fumed silica is the product of high-tempera-
shells of silicone breast implants, is polydimethylsiloxantire hydrous pyrolysis of Sig(no crystalline material present),
(PDMS), in which methyl (-CE) groups are attached to the Siwhich condenses so rapidly that it forms amorphous particles
atoms (Fig. 1). In silicone elastomers, amorphous (“fumedSgveral to several hundred nanometers in diameter that may clus-
silica, which has been treated with a surface agent to makeeitinto larger aggregates (ller 1979; Michael and Ferch 1993).
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Breast implants are essentially fluid-filled bags. Typical silsues surrounding silicone breast implants therefore involve the
cone gel breast implants consist of two or three silicone-basigtection and identification in human breast tissue of (1) Si-
materials. A low-viscosity PDMS gel with relatively little crossbearing compounds that are either chemically altered or unal-
linking fills the implant and thus is the major component of thered products of silicone implants and (2) crystalline reaction
device. The gel is enclosed in a highly viscous, tough elggoducts related to silicone implants.
tomer shell on the order of several tenths of a millimeter thick, B ) ]
consisting of a strongly cross-linked (Fig. 1) copolymer op!lica and silicone: Microscopy issues
dimethylsiloxane (dominant) and methylvinylsiloxane rein- Pathologists typically view stained, covered sections of tis-
forced with up to ~25 wt% fumed amorphous silica. The ague that are 4+46m thick under Kéhler configuration for illu-
gregated clumps of silica within the elastomer shell typicallyination using a transmitted-light microscope outfitted for
are on the order of 150 A to several thousand angstromspiiarization. In general, attention is focused on the cellular
diameter (Smith 1991; Michael and Ferch 1993; Picard et pbrtions of the tissue sections, which reveal anomalous growth
1997; J. Freeman, unpubl. data). The inside face of the stegltl morphology. It is in part the low relief among various por-
(in contact with the gel) also may be coated with a 5 tprB0 tions of tissue that has led to the standard use of stains, which
thick layer of polytrifluoropropylmethylsiloxane (Fig. 1), aboth enhance internal optical contrasts and selectively tag spe-
fluorosilicone compound that is added to deter the outward défific cellular components. Non-cellular materials commonly
fusion of short-chain silicones from the gel through the shelte distinguished by their inability to be stained and because
and into the body (Smith 1991; Picard et al. 1997). There arthay are “refractile,” meaning that they show optical relief with
number of variations on the above-described implants, but théspect to the surrounding tissue. The application of polarized-
summary is sufficient to indicate the nature of the raw matelight microscopy allows the additional distinction to be made
als that are introduced into the tissue by an implant. ApproXietween so-called “polarizable” and “non-polarizable” mate-
mately two million women in North America had such devicesals. Among the recognized birefringent materials in tissue
implanted up to 1992, when the FDA prohibited additionalections are such non-crystalline substances as anisotropic tis-
implantations for cosmetic purposes pending further health asuk (e.g., collagen) and suture materials. In many cases, how-
safety studies (Noone 1997). Another common type of breaster, the term “birefringent” is equated with “crystalline,” and
implant, which is unaffected by the above ban, consists ofaeign materials that appear polygonal in outline may be called
saline aqueous fluid in a silicone shell. “crystalline” even when they are known to be synthetic elas-

In terms of human tissue, the materials of interest in thismers (Kasper 1994; Kasper and Chandler 1994).
paper are not the major components of breast tissue (protein®©ne of the most significant misuses of polarized-light, op-
and lipids), but rather objects ranging from 1 to 0 in tical microscopy terms, which is found in the silicone breast
diameter that can be either crystalline solids (grains, euhedraplant literature and in the silicosis literature, is the blurring
crystals), amorphous masses, or liquids. Those materials cfnhe distinction betweehirefringenceand simplevisibility
be naturally occurring in healthy human tissue (e.g., crystaiader crossed polarize($o which we apply the term “visual-
of calcite and apatite) or be non-inherent to normal breast tige” or “visualization”). Thus, the term birefringent is applied
sue (e.g., silicone globules). Non-inherent materials foundimcorrectly to everything that looks “bright” under crossed
breast tissue could have come directly from breast prosthepekarizers (Craighead 1988). Various optical effects, however,
or their breakdown products (silicone gel, silicone elastomegn be noted under crossed polarizers, some of which are much
amorphous silica), grown in place as the product of a biologess useful than others as a diagnostic criterion (Chamot and
cal response to the implant, or been introduced artificially duvtason 1958). For instance, the light-scattering off of multiple
ing the course of surgery or subsequent handling of the tisgwain boundaries, as occurs in aggregations of submicrometer
(e.g., suture materials and powders from the latex gloves of {egen optically isotropic) grains, can produce a hazy whiteness
surgeon and technician). under crossed polarizers. For much the same reason, a single

Of interest in breast-implant medicine is a particular kinsimall (less than a few micrometers in diameter) isotropic grain
of tissue that forms around a silicone breast implant and that#&n appear quite bright under crossed polarizers if it has suffi-
in direct contact with the implant. This scar-like tissue, calledent optical relief with respect to its matrix; these “edge ef-
“capsular tissue,” can be up to several millimeters in thicknesscts” from light-scattering dominate the appearance of small
Itis rich in collagen and can become very fibrous and inelastgrains. Such rotations of the plane of polarization that are sim-
(Such capsules form in response to silicone implants of aply due to scattering appear to have been confused with true
type that are placed into soft tissue.) Surgical removal (expldrirefringence in some of the medical literature (e.g., Craighead
tation) of implants that have ruptured, followed by analysis 4988; McDonald and Roggli 1995; touched upon in discus-
the surrounding tissue, shows that most of the released siliceimns of “form birefringence” by Wolman 1970, 1975).
gel has been retained within this capsular structure, althoughAmong the misstatements concerning birefringence in the
small quantities can migrate, especially into lymph nodésstopathology literature is the statement that “polarized light
(Barnard et al. 1997). In numerous cases, macroscopic anidroscopy of various tissues from silicone breast implant pa-
microscopic observations of surgically explanted material hatients often shows birefringent crystals that are morphologi-
revealed solid phases, typically phosphates (especially calcigaily consistent with crystalline silica and identical to those
phosphates), on the surface of the capsular tissue that facesé®n in occupational silicotic tissues...” (Smalley and Shanklin
silicone implant (e.g., Rolland et al. 1991). The materials 14997, p. 1730). First, the optical properties of quartz were mis-
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represented by them. Thepdn thickness of pathology sec-TABLE 1. Il?art]itentstlwwose breast tiSSléeRwas studiedtby polarized-
. . . . . . I optical microsco an aman Spectrosco
tions permits visualization under crossed polarizers of only the- gnt op — by - p_ By
most strongly birefringent materials. Neither quartz (a knowrfien o __ Silicone gel breast implant history

no implant; breast reduction

culprit in silicosis and a phase reported in conjunction with

silicone implants) nor apatite (a mineral very similar to bone 2 no implant; breast reduction
and a phase implicated in several types of pathologic calcifica- 3 no implant; breast reduction
tions) can be recognized by its birefringence in standard pa- 4 silicone-gel implant explanted after 9 years;

. S . . implant ruptured; patient was symptomatic
thology tissue sections, which, as noted above, have a thick- P P P yme

ness of ~jum in contrast to ~3lm for standard petrographic
sections. This limitation of quartz is not widely acknowledged

silicone-gel implant explanted after 21 years;
implant ruptured; patient was asymptomatic

silicone-gel implant explanted after 11 years;

in the pathology literature, in part due to lack of understanding implant was intact; patient was symptomatic
of mineral optics and in part due to the confusion between the ; silicone-gel implant explanted after 10 years:
observations of true birefringence and simple light scattering, implant was intact; patient was symptomatic
as discussed earlier. Second, if the above quotation instead re-s silicone-gel implant explanted after 10 years;
fers to observations of brightness that are not due to birefrin- implant intact; patient was asymptomatic

gence, then there is a different problem: the quotation’s refer-_9 silicone-gel implant explanted after 21 years

ence to silicotic tissue improperly suggests that non-specific,
light-scattering phenomena can be used to specify the phase
that is present. The section-making technique (above) that was used for our
The above points lead to two conclusions. First, quartz heemple preparation is a slight variation on standard cryogenic
not been identified by optical microscopy in breast tissue exectioning technique. We relied on experience with geological
amined in standard pathology sections. This statement doesthaot sections in considering how the tissue-section-making pro-
rule out the possibility that amorphous silica or quartz (neitheess should be optimized for preservation of and microscopic
of which shows observable birefringence in standard tissuisualization of crystalline and other non-cellular materials
sections) occurs in such tissue, but rather only reflects the within human tissue sections. The extreme difference in hard-
ability of optical microscopy to provide support for such idemess and ductility between tissue and crystalline materials calls
tification. Second, particles that appear “bright” under crosséat special preparation of the tissue sample for cutting and care-
polarizers in tissue sections may be either inherently birefriftd selection of the cutting blade. Our concern is that materials
gent or non-birefringent materials that require more than opdiistinctly harder or more viscous than their matrix could be

cal microscopy for their definitive analysis. selectively plucked out during cutting. Of the two typical meth-
ods of tissue preparation, i.e., imbedding of room-temperature
TISSUE SAMPLES AND ANALYTICAL METHODS tissue in paraffin (predominant technique) and freezing of tis-

In this study, we looked at 30 sections of breast tissue fraue to between —20% and —&D, we strongly recommend the
eight different women (Table 1), three that had undergoredter. The cryogenic technique produces a harder tissue block
breast-reduction surgery (with no present or prior implants) amith more homogeneous hardness properties than those of
five whose silicone breast implants had been removed. Tte®m-temperature tissue embedded in and impregnated with
samples were selected to provide tissue representative of a veidestalline paraffin. The reduction in hardness differences be-
range of patient types. As indicated in the table, among the sibeen those two components in the block should lessen the
explants, two of the silicone implants had ruptured prior t@rop-out” or plucking of phases that do not adhere firmly to
explantation; three patients reported health problems. The tiseir matrix, e.g., silicone gel in vacuoles. For study of non-
sue from the reduction patients (never had implants) establisbheBular phases, the tissue sections should be cut thicker (20—
the baseline mineralogy of breast tissue that has been suBfigtm) to allow thicker grains (if they occur) to be visualized
cally removed and prepared for sectioning. From the aboard to aid in the optical testing and identification of such grains.
explant patients, we studied capsular tissue in thin sectionTAicker sections also would increase the sampling volume that
ninth sample (patient no. 9, Table 1) was mineral powder iis-viewed in an individual section and would lessen the selec-
moved from the surface of macroscopically mineral-coatéive plucking of materials whose physical properties contrast
capsular breast tissue, termed “capsular calcification” patheith those of the matrix (Raso et al. 1994; Raso and Greene
logically. 1997).

Immediately after surgery, the breast tissue was frozen andAs with all techniques, it is important to consider artifacts
stored at —80C. The tissue remained frozen at temperature$ processing and analysis. In the tissue-sectioning technique
not exceeding —20C until it was imbedded in OCT (i.e., athat we used, the tissue can become desiccated due to the lack
polyvinyl alcohol-polyethylene glycol solution). The tissue wasf a cover glass. Such desiccation can change the birefringence
cut to the desired thickness using a cryostat, and affixed tofahe tissue, especially collagen. The extreme cooling of the
glass slide using poly-L-Lysine as the tissue adhesive. The ségsue enhances the crystallization of lipid, which could inter-
tions were treated as standard pathology sections except faet with the search for foreign crystalline phases (Wolman
they were not fixed in formalin, embedded in paraffin, stainet975; Wolman and Kasten 1986).
or placed under cover glasses, and that they were cut to eithelhe sections were viewed in transmitted light with an
10 or 20um thickness. Olympus BH-2 optical microscope, outfitted for geological/



PASTERIS ET AL.: MEDICAL MINERALOGY 1001

materials science research (e.g., rotating stage, polarizer #r@non-cellular birefringent materials. One of the most com-
analyzer, strain-free objectives). Both Kéhler and non-Kéhleron non-cellular birefringent materials found in both implant
modes of illumination were used while viewing the sections and reduction patients appears as round, high-relief inclusions
either plane-polarized (P-P) light or cross-polarized (X-N) light few micrometers in diameter that show a Maltese cross under
Most viewing was done in transmitted light, but vertically inerossed polarizers, indicative of spherulitic growth of needle-
cident reflected light was used in some instances. We used lihe crystals (Fig. 2c). Insertion of a first-order compensator
jectives up to 160 magnification and 20oculars. The samples plate shows the individual needles to be length-fast. When such
were photographed using Kodak TMAX 100-ASA, black-andsancake-like grains are rotated on edge and sectioned at a ran-
white film from which high-contrast glossy photographs werdom angle, the Maltese cross is not observed. Without addi-
produced. tional microanalysis, such artifacts could be misidentified as
Optical microscopy permitted the observation of a variestrongly birefringent crystalline mineral grains, such as talc. In
of micrometer-sized phases that distinguish themselves frone tissue sections that we studied, however, all the spherulitic
the unstained tissue by contrasts in refractive index and/ordnanules demonstrating Maltese-cross phenomena were iden-
birefringence. Such phases account for less than 1 vol% of tified via Raman spectroscopy as starch (Fig. 3h). These grains
section. Both the minute size of the phases and the lack(Bfg. 2c) most likely were derived from the powdered gloves
multiple examples (and grain orientations) of them, howevevorn during surgery or during preparation of the tissue section
preclude their unambiguous identification by optical microgeonfirmed by our optical microscopy and Raman spectroscopy
copy alone. Microscopic observation therefore was followeaf particles on the surface of several types of modern surgical
by laser Raman microprobe spectroscopy. The latter providgeves). Raman spectroscopy proved very useful in distinguish-
a pinpoint (1-um in diameter) vibrational spectroscopic analying and identifying these phases because the spectra of starch
sis of the specific volume that is being imaged with the micrand talc are distinctive (Figs. 3g and 3h).
scope. Two other strongly birefringent, and thus highly visible,
Raman microprobe analyses were done (for the most pamterials on the order of several micrometers in length were
non-destructively with a Jobin-Yvon model S3000, triple-mona@ommon in the limited number of tissue sections studied in
chromator, laser Raman microprobe using the 514.5 nm grekis work. In explant patients, we observed shreds of highly
line of an argon-ion laser and about 10 mW power at the samat@ésotropic fibers that in many cases showed feathery extinc-
surface. The instrument configuration and operating conditiotisn along their edges. Such fibers were very heat-sensitive and
are described in Pasteris and Chou (1998). Analyses were doseally burned rapidly under the laser beam, precluding Raman
using an 88 ultra-long-working-distance objective with a nu-analysis. Our interpretation is that these are either suture frag-
merical aperture of 0.75. The analysis of a grain in situ innaents from earlier surgery or cellulose (as from Kimwipes).
tissue section typically took only several minutes. The maknother possible artifact, which is introduced during paraffin-
requirements for such analyses are that the tissue sectioretmbedding, is highly birefringent crystals of paraffin. Paraffin
unstained (typical hematoxylin and eosin stain used in tissingpregnation and embedding are the most commonly used
sections induces unwanted fluorescence) and that a cover giaeans of preparing tissue samples for sectioning; many residual
not be used. The laser power also must be adjusted to awsdue samples are simply stored in their enclosing paraffin
burning the tissue. blocks. There is a long-standing method for the dissolution of
the paraffin once the tissue is sectioned and affixed to a glass
RESULTS slide. We studied tissue from implant patient no. 9 (Table 1)
In response to the recent published reports of birefringahtit was supposed to be “deparaffinized” after its original par-
materials and the suggested possible occurrence of crystaltffen impregnation. However, we observed strongly birefrin-
SiO, in breast tissue (e.g., Shanklin and Smalley 1996a, 1996ent crystals in the tissue that show the Raman spectrum for
Smalley and Shanklin 1997), we focused particular attentiparaffin (Fig. 3d). Potentially, such birefringent paraffin grains,
on the analysis of materials that are visibly bright in tissue sqmarticularly if they are small and polyhedral, could be misin-
tions observed under crossed polarizers. Some birefringent stéopreted as mineral grains. We therefore suggest the avoid-
stances clearly are part of normal tissue, such as the fibramge of paraffin preparation techniques if the non-cellular ma-
protein collagen, which is abundant in the explanted capsularials in the tissue are the focus of investigation.
tissue (Fig. 2a). Crystalline precipitates from fluids (lipids) also Some materials in the sections clearly appeared to have been
may show birefringence (Fig. 2b). Such precipitates, which mggnerated by the tissue. There are polygonal particles on the
occur in obvious globules of fluid, commonly consist of bundlesrder of 1-2um in diameter and probably not much greater in
or clusters of elongated crystals. Under crossed polarizers, atfilickness, which we observed in tissues from both explant and
the core of the cluster, where all the elongated crystals overleggjuction patients. These grains are distinguished in plane-po-
may be bright. The individual elongated crystals typically atarized light by their high relief and under crossed polarizers
too thin to show birefringence. Raman microprobe analysis lof their strong, white, even illumination, which indicates a very
naturally occurring components of human tissue (Fig. 3) prbigh birefringence. Raman analyses of more than a dozen such
duced spectra of proteif;carotene, cholesterol, and lipid (suchgrains identified them as calcite (Fig. 3c), whose spectrum is
as the crystalline lipid cluster described above; Figs. 2b addtinguishable from that of aragonite (which was not found).
3b). We also performed Raman analyses on material scraped from
The items of greatest interest in this study, however, wetemplete, unsectioned portions of the capsular tissue from one
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FIGURE 2.Pairs of photomicrographs of breast tissue in which the left photograph is shown in plane-polarized light, and the ritlet one is
same field of view under crossed polarizers. See Table 1 for patient desc(gtiGollagen (scar-like tissue) in capsular tissue surrounding
silicone breast implant in patient no. 7. Section igidDthick. (b) Birefringent crystals of lipid (identified by Raman spectroscopy) in droplet
of fat within 20um thick section from reduction patient no. 1. Microscopy shows these features to be bundles of radiating needles, in which the
tips of the needles are too thin to show birefringe(meAt least two types of highly birefringent material in 2@ thick tissue section from
implant patient no. 5. High-relief, round particles showing “Maltese cross” under crossed polarizers (hollow arrow) areostenalief
“strands” (filled arrow) that are best seen under crossed polarizers probably are suture fetBirafringent particles within and near the
edge of 20um thick section of collagen-rich tissue from implant patient no. 4. Compare left and right views to observe that some of the
birefringent particles in this tissue section have very low optical relief; their presence is only apparent under crageesl Ralaran microprobe
analysis of the prominent bright grain on the right edge of the tissue revealed only bands for silicone. However, thevgrgihee sensitive
and showed patterns of white and dark bands under crossed polarizers, suggestive of suture fragments.
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FIGURE 3. Representative laser Raman microprobe analyses of microscopic regions in tissue and of laboratory standardg§aps noted.
Polydimethylsiloxane (PDMS, silicone) was detected only in the two implant patients whose implants had ruptured. The asted dand
at 1090 cnt arises from the underlying glass microscope slideSpectrum of lipid crystals like those shown in Figure(2pbMinute calcite
grains were identified by Raman spectroscopy both in implant and reduction pétieRgsaffin was identified spectroscopically only in tissue
from patient no. 9, our only sample that had been embedded previously in péafipatite was identified spectroscopically in both implant
and reduction patient$¢f) Spectrum of certified-grade solid cholesterol from Fisher ScienfgicSpectrum of a flake of talc from a hand
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of the material was round and showed the typical Maltese cross under crossed polarizers, but other material was angwied amatesho
homogeneous extinction.
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patient (no. 9 in Table 1) whose implant period was 21 yearave released either amorphous silica (which subsequently
This material was chosen for study because of the macroscdpimsformed into crystalline silica) or silicone gel/elastomer
observation of solid, apparently crystalline material coatingvhich underwent chemical reactions in the body that caused
most of the capsule (pathologically described as capsular aalystalline silica to precipitate).
cification). The Raman spectrum clearly identified this phase From a geological perspective, the fact that, even after mil-
as apatite (Fig. 3e), but the specific solid-solution chemistlipns of years of residence on the ocean floor, the amorphous
(presence and proportions of hydroxyapatite and carbonaséica shells of diatoms remain non-crystalline (Shero 1994;
apatite) could not be inferred (cf. Rolland et al. 1991). Despitimmel et al. 1996) is very strong evidence against the sug-
their lack of observable birefringence, other apatite grains wegested structural re-ordering of amorphous silica in the human
distinguished due to their optical relief and subsequently idépedy. Indeed, the types of silica dissolution and subsequent
tified spectroscopically in tissue sections from both explant apgecipitation that are required to form quartz from amorphous
reduction patients. silica would call for totally unreasonable variations in the pH
The polymer silicone, in the form of either a gel or an elagf bodily fluids and unrealistic rates of recrystallization (Faure
tomer, is structurally non-crystalline—and therefore outside 998). The pathology community can use these observations
the realm of “mineralogy” as defined here. However, silicorl@ help evaluate the probability that crystalline silica is form-
is a material of extreme interest in these tissue sections &m@ in situ in the body and the types of conditions that would
does represent the linking of a specific chemical compositiBave to pertain for specific silica phases to precipitate.
with a specific structure, analogous to a mineral. Silicone is Our combined optical and Raman spectroscopic study of
optically isotropic and has a refractive index of ~1.4 (exact iRreast tissue from nine patients spectroscopically identified sili-
dex depends on degree of polymerization; Smith 1991), as cdiine as the only Si-containing substance. Optical microscopy
pared to lipids with a refractive index of ~1.46. Fortunateljheory invalidates earlier pathology reports of “crystalline
Raman spectroscopy provides species-specific structural an&filica” as the “birefringent” phase observed iprG thin sec-
sis of a material and thus can be used to distinguish amoncfigit of breast tissue, because these standard tissue sections are
the Si-bearing compounds relevant to the silicone breast if0 thin to reveal the birefringence of quartz. In addition, it is
plant discussion (Fig. 4). Raman spectroscopy provided idefgry difficult to make a unique optical identification of any
tification of silicone (compare Figs. 3a and 4e) in several feWineral in a grain whose largest dimension is only a few mi-
micrometer diameter regions in the capsular tissue from tgEPmeters. Many of the observations of minute bright particles
patients (no. 4 and 5 in Table 1) whose implants had ruptur@&€ due to simple light-scattering from particles in tissue and
Pathology reports of silicone, based solely on brightfield and® not aid in their identification. The most birefringent par-
or darkfield microscopy, typically describe the occurrence §fles that we did analyze proved to be calcite, which was de-
silicone within obvious vacuoles. Our Raman analyses, in cdg¢ted both in patients who had breast reduction surgery and in
trast, identified silicone in few-micrometer spaces between ceff@tients who had a silicone breast implant removed.
One of the questions not answered in our present study is whatl N€ imprecise use of the term “birefringence” (for both true
accounts for the birefringence of some particle-like grains (Figiréfringence and light scattering from minute grains or
2d) whose Raman spectra showed silicone (Fig. 3a). One prg)gcroparticulate aggregates) causes both the discarding of in-
sibility is that these are fragments of siliconized suture maf@rmation that is potentially useful (Chamot and Mason 1958)
rial, a product developed to reduce friction during the emplacd?d the consideration of minerals that could not possibly be
ment of sutures. the unknown substance. The statement that “Silica is weakly
In summary, our Raman analyses confirmed the occurrerfigefringent (weaker than collagen), and exhibits a milky white
of starch, apatite, calcite, and lipid (and, in some cases, ass@BRearance and irregular configuration...” (Craighead 1988, p.
atedB-carotene) in the tissue of both explant and reductidrit®) unfortunately has caused misidentification of particles.
patients. We also identified silicone spectroscopically in aif'® misconception that the “birefringence” of quartz or silica
explant patient, and paraffin in the explant sample that had bé&l§] can be detected in {5m thick samples can lead to the
embedded in paraffin and subsequently deparaffinized. THdsidentification of an observably birefringent mineral as
presence of suture fragments was inferred from their optié&!artz- The incomplete discussion of the fact that fine-grained
properties and heat sensitivity. We found no optical or Ramagdregates of (even amorphous) silica phases look milky white

spectroscopic evidence for quartz or any other crystalline fotfider crossed polarizers has caused investigators to regard
of SiO,. milkiness as a distinct, diagnostic property of silica. Indeed,

very fine-grained aggregates of crystalline calcite (high bire-

DiscussioN fringence), quartz and apatite (low birefringence), fluorite (no
This study is just one example of how mineralogists cairefringence), their amorphous analogs, and almost any trans-
offer concrete, timely information on current “medical minerParent solid would produce a similar milkiness due to light scat-
alogy” issues. In the case of silicone implants, on three diffé®ing. Furthermore, even single individual transparent grains,
ent accounts—optical, spectroscopic, and geologic—the miiggardless of whether they are inherently isotropic or birefrin-
eralogist can counter the assertions (Shanklin 1991; Shani@nt, can appear bright under crossed polarizers due to light
and Smalley 1995; Shanklin and Smalley 1996a, 1996b, 1998gattering off of their faces. This brightness occurs if there is a
Smalley and Shanklin 1997) that crystalline silica has formégsmatch in the refractive indices of the particle and the en-
in human tissue as a result of silicone medical implants tia@sing medium, and itis enhanced for very irregularly shaped
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grains. Particularly pertinent to the pathology literature on sikcope is not outfitted with a rotating stage that would permit
cone breast implants is the fact that minute bright grains (tthe differentiation between truly birefringent materials (which
der crossed polarizers) or milky white clusters of particles negd extinct upon rotation of the stage) and light-scattering off of
not be Si-bearing phases, but also could be microcrystalliaggregates of randomly oriented minute grains (which remain
apatite like the material that we and others (Rolland et al. 19%kzy white regardless of sample orientation).

Poggi et al. 1998) have identified by microchemical and mi- This blurring of the optical distinction between birefringence
crostructural analyses of mammary tissue samples. The diad light-scattering properties of a material may have led to the
tinction between various “brightness effects” under crossednfusion in the literature about the structural difference between
polarizers is hampered because the typical pathology micooystalline and amorphous forms of a compound. Such inappro-
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FIGURE 4.Raman spectra of Si-bearing standafasQuartz from Hot Springs, Arkans#b) Amorphous fumed silica from Cabot Corporation,
like that used to reinforce silicone elastomer shells of breast implants; extremely low-density “fluffy” m@eRalished elemental silicon
wafer, (100) section(d) So-called “fused quartz” tubinge) Silicone gel from Dow Corning, like that used to fill breast implaff}sSilicate
glass slide like that typically used for thin sections; compare to glass band in Figure 3a, which is scaled differently.
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priate terms as “pseudocrystalline” (Barker et al. 1978) and “pahate phase (members of the apatite group, brushite) and which
tially polarizing” occur in the medical literature on silicone breasif the calcium oxalate hydrates, provides further clues to the
implants. However, due to the medical recognition that the statégin of the chemical components and the (bodily) conditions
of crystallinity of inhaled silica particles may strongly affect lungluring precipitation.
response (Craighead 1988; Ross et al. 1993; Corn and Corn 1995Recent pathology research, using a variety of analytical tech-
it is very important to use the most definitive, diagnostic opticalques on materials in breast and other tissue, has had mixed
criteria in examining the affected lung tissue. success. The typical compositional means of distinguishing
Rheumatologists (Freemont and Denton 1991), the Silicofistween calcium oxalate and calcium phosphate compounds
and Silicate Disease Committee (Craighead 1988), and privatgissue sections, for instance, has been to observe whether
analytical companies (McCrone et al. 1979; McCrone 1998) &lnergy-dispersive X-ray spectra show the presence of calcium
ready have addressed many important issues of the optical chad phosphorus, or calcium alone—without regard for the fact
acterization and identification of small particles. Much of th&hat calcium oxalate cannot be distinguished from calcium car-
above work concerns the appearance of free-standing partitiesate this way. Correlative electron microprobe analysis and
not embedded in tissue or embedded particles whose identitgpgical microscopy have shown that the calcium phosphate pre-
assumed based on the medical context (patient’s occupaticipjtates in tissue do not appear birefringent, whereas calcium
symptoms of disease). Table 2 represents information on biosalate deposits do (see Table 2). However, in many cases, the
fringence and refractive index for phases pertinent to the path@ported hydration state of a calcium oxalate phase is not de-
ogy of breast tissue. The birefringence data indicate the “visittitrmined unequivocally, as through X-ray or electron diffrac-
ity” of larger grains under crossed polarizers (observation of ré@n patterns. Moreover, some phase equilibria studies
birefringence). The refractive index data indicate the strength(Bfeganello 1986; Lepage and Tawashi 1982; Tozuka et al. 1986)
the optical relief of a mineral and how readily tiny particles woulaind optical microscopic descriptions raise the question of
be seen as “bright” under crossed polarizers due to light scattehether the hydration state of the calcium oxalate phase may
ing. Such compilations of optical constants of minerals can be changed during the standard pathology processing and stain-
of practical use to medical microscopists. In addition, they illugig of the tissue section (note the large difference in birefrin-
trate that substances with the same composition can have diffemce between weddellite and whewellite; see Table 2).
ent properties (polymorphs calcite and aragonite; phasesThe need to distinguish between a chemical element or com-
weddellite and whewellite, representing different degrees of hyenent and the various compounds that contain it also arises in
dration; quartz and fumed silica). These data also show that the analysis for silicone in the body. Although there are several
specific chemistry of a mineral affects its properties, which &nalytical techniques that can identify and/or quantify the pres-
especially obvious in the cases of hydroxyapatite (reported éyce of silicone in human tissue and blood samples, some re-
pathologists as “non-birefringent;” Surrat et al. 1991) and caearchers have used the presence of elemental Si as a proxy in
bonate-apatite (recognized as birefringent in some dental sttite analysis for silicone—without due consideration of the natu-
ies; Wolman 1975), as well as the calcium oxalate phasa$ abundance of inorganic Si-containing compounds in the
weddellite (birefringence = 0.021) and whewellite (birefringenaanvironment and in the human body (Barnard et al. 1997; Leung
= 0.160; see Table 2). and Edmond 1997). As a consequence, it is impossible to draw
The term “calcification” is used commonly in the medicaflefinitive conclusions about silicone concentration based on
literature to refer to hard, so-called mineralized materials data about Si (Sturrock 1998).
various parts of the body. The pathology of tissues associatedMore (structurally) specific microanalytical techniques, e.g.,
with these “calcifications” frequently is studied as a means efectron microprobe analysis, SEM, TEM, FTIR, and Raman
identifying (pre-)cancerous conditions. In many instances, hogpectroscopy, are needed for the identification of particles in
ever, neither the specific chemistry (is calcium present?) rtggsue section (cf. Marcus 1997). The individual techniques need
structural state of the mineralization is documented (e.g., Woddsbe evaluated for their limitations in the tasks at hand and
et al. 1998), despite the multiple calcium phases possible. Betected for their directness in providing positive (structural
instance, observed microcalcifications in breast tissue have baad chemical) identification of the expected phases. Again, the
reported (Frappart et al. 1986; Fandos-Morera et al. 19&8jcone breast implant literature provides an example of the
Tornos et al. 1990; Surratt et al. 1991; Rolland et al. 199hnge of analytical techniques—each with its inherent limita-
Mihaescu and Burri 1995) to consist of calcite, aragonitépns—that can be applied to characterize completely minute
weddellite (calcium oxalate dihydrate, C#&%-2H,0), volumes of complex materials, including minerals (Silver et
whewellite (calcium oxalate monohydrate, GA¢H,0), apa- al. 1993 Cavic-Viasak et al. 1996). The work of pathologists
tite, and calcium oxalate (structure and hydration state unspedicDonald and Roggli (1995) is a good example of how opti-
fied), but the supporting analyses are not uniformly convincal visualization of particles in (lung) tissue can be followed
ing (see below). Physicians recognized that “[t{jhe composititny electron microprobe (SEM with EDAX) analyses. These
[oxalate vs. phosphate] of breast calcifications may give an ideathors detected the presence of only Siin some particles, and
as to their origin” (Fandos-Morera et al. 1988, p. 325) and thaincluded that they most likely were an §gbase. McDonald
certain compositions may be more strongly associated wiahd Roggli (1995) also appropriately noted that undetected light
cancerous conditions (e.g., Fandos-Morera et al. 1988; Ratliments could be present in the particles, and that X-ray emis-
1989; Frouge et al. 1993). Thus, the identification of the spgion spectra do not provide information on the polymorphic
cific mineralogy of calcifications, e.g., which calcium phosform or state of crystallinity of a substance.
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TABLE 2. Optical constants of some materials that reportedly do or possibly could occur in mammary tissue sections

Min. thickness
(um) to see “Bright” in 5 um

Material* Refractive Indices Birefringence birefringence tissue section?t

Calcite,+ CaCO, w=1.658; ¢ = 1.486 0.172 0.6 YES
Aragonite, ¥ CaCO, o =1.530; B =1.680;y=1.685 0.155 0.7 YES
Hydroxyapatite,§ Cas(PO,);OH w=1.651;£=1.644 0.007 14.3 NO
Carbonate-apatite, 1§ Cas(PO,,CO;3)3(OH,F) w=1.603, 1.628; £ = 1.598, 1.619 0.005 to 0.013% 20.0t0 7.7 NO to MAYBE
Quartz,f SiO, w=1.544; ¢ =1.553 0.009 111 NO
Talc,¥ Mg5Si,010(0OH), o~ 1.54;B~ 1.59;y~ 1.59 ~0.05 2.0 YES
Weddellite,§ CaC,0,-2H,0 (calcium oxalate) w=1.523;e=1.544 0.021 4.8 WEAK
Whewellite,§ CaC,0,-1H,0 (calcium oxalate) w=1.489; B =1.553; y=1.649 0.160 0.6 YES
Starch|| o~1.53 high, unknown biref. very small YES

Silk Suture|| w=154;e=1.59 0.04 25 YES
Vycril Suture unknown birefringent small, unknown YES
Human Lipids (liquid state) n=1.46 0 (isotropic) n/a NO
Fumed Silica# (amorphous) n=1.42 0 (isotropic) n/a NO
Silicone** (polydimethylsiloxane) n =1.37- 1.403** 0 (isotropic) n/a NO
Water n=1.33 0 (isotropic) n/a NO

Note: Crystalline materials such as calcite, weddellite, and apatite have been identified in breast tissue in so-called “micro-calcifications” (Frappart et al.
1986; Fandos-Morera et al. 1988; Mihaescu and Burri 1995). Silicates such as talc and carbohydrates such as starch, are common in powders used in
surgical gloves (Kasper and Chandler 1994). Also after surgery, there is the possibility of finding residual suture material in the tissue, e.qg., Vycril.

* Symbols next to substance names are keyed to reference sources for the listed refractive index and birefringence values.

T Visibility under crossed polarizers (assuming that 100 nm retardation is required to observe brightness). See column 4 for minimum grain thick-
nesses (in micrometers) required to see brightness (i.e., observe inherent birefringence).

¥ Deer et al. 1992.

§ Roberts et al. 1974.

|| Lange et al. 1946.

# Michael and Ferch 1993.

** Smith 1991. Refractive index depends on degree of polymerization, etc.

Raman microprobe spectroscopy has proven to be a vesues. The current study, however, highlights the need for dis-
useful adjunct to the optical microscopy of foreign materials gussions between pathologists and mineralogists to optimize
tissue sections. The Raman spectra of the important phasetheftechniques used in sample-handling, section-preparation,
interest in the silicone breast implant and silicosis debates (Figsd materials analysis.

3 and 4) are unique and readily distinguished from each other.
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