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Abstract

Human calcium phosphate calculi: two sialoliths, a
urolith, a rhinolith, and a tonsillolith were investigated
by scanning electron microscopy (SEM) and energy-dis-
persive X-ray analysis (EDX). The sialoliths and urolith
had appositional shells with thick cortices, respectively,
around several nuclei composed of calcospherulites and
a rubber-film fragment. The rhinolith had a thin cortex
with appositional laminations around a glomerulus-like
mass of calcified cotton-like strings. The tonsillolith had
a rough cortex with appositional laminations. Its porous
interior was composed of numerous calcified conglomer-
ates with microorganisms and calcified masses with fine
appositional laminations around the conglomerates. The
major crystals were identified as biological apatites (AP)
with a sand-grain rather than a needle-like shape, and
plate-shaped octacalcium phosphate (OCP). The AP de-
posits of the rhinolith probably were associated with
magnesium (Mg) phosphates or contained Mg. No OCP
was found in the rhinolith. The AP deposits were main-
ly formed by extracellular calcification. Hexahedral
crystals, identified as Mg-containing whitlockite (WH),
were precipitated in the internal spaces of the AP and
OCP deposits. The rhinolith nucleus consisted of WH
crystal deposits only.

Key Words: Scanning electron microscopy, backscatter-
ed electron imaging, energy-dispersive X-ray microanal-
ysis, sialolith, urolith, rhinolith, tonsillolith, calcium
phosphates, crystal habits, formation.
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Introduction

Among human calcium phosphate calculi or stones,
there exist dental calculus [19, 26, 28, 32, 33, 35, 45,
52-55, 57, 60, 66, 71, 80, 81, 84-86, 88], sialoliths or
salivary stones [3, 7, 10, 19, 24, 25, 31, 42, 60, 69,
82], and uroliths including renal [16, 74] and urinary
stones [15, 27, 39, 42-44, 58, 67, 78, 83, 89, 94]. In
addition, rhinoliths or nasal stones [1, 4, 15, 75, 76],
tonsilloliths or tonsillar stones [12, 17, 21], pancreatic
calculus [78], uterine stones [15, 39, 40], gallstones [36,
95], and other stones [42, 50] are also known.

In calcium phosphate crystals of these stones, there
exist biological apatites (AP) including Ca-deficient and
carbonate apatites [3, 7, 10, 15, 17, 19, 23, 39-45, 48,
50, 57, 58, 60, 66, 69, 78, 82, 83, 89, 94] or hydroxy-
apatite (HAP) [Ca;y(PO4)s(OH),; 1, 16, 17, 26, 28, 31,
32, 35, 41, 42, 55, 71, 80, 81, 85-88, 89], brushite or
dicalcium phosphate dihydrate (DCPD) [CaHPO4-2H,O;
10, 16, 19, 28, 35, 39, 42-44, 57, 60, 66, 76, 78-80,
82, 85, 86, 88, 89], octacalcium phosphate (OCP)
[Cag(PO,4)4(HPO,),-5H,0; 10, 19, 28, 35, 42, 48, 54,
55, 57, 60, 66, 80, 84-86, 88, 89], and (-tricalcium
phosphate or whitlockite (WH) [Ca;((HPO4)(POy); 3,
7, 10, 19, 28; 31,.32, 35, 42, 43, 69, 80, 82, 83, 85,
86, 88, 89]. The WH crystals of dental calculus usually
contain magnesium and they are called Mg-substrate or
Mg-containing WH [CagMg(HPO4)(PO,)s; 19, 29, 45,
48, 52, 53, 55, 60, 66, 71].

From the chemical formulas given above, the ideal
Ca/P molar ratios for different calcium phosphate crys-
tals are as follows; 1.67 for HAP (less than 1.67 for
AP), 1.00 for DCPD, 1.33 for OCP, and 1.50 for WH;
while the Ca/P molar ratio of Mg-containing WH ranges
from 1.29 to 1.43 [11, 19, 25, 38].

Their native and synthetic crystal habits are as
follows; HAP and AP are hexagonal dipyramidal, nee-
dle, and rod-like in shape [9, 19, 22, 26, 37, 44, 48,
57, 60, 62, 70-72, 81, 83, 85, 87, 90]; DCPD is a tri-
angular plate, polygonal column, and rhombohedral in
shape [5, 6, 15, 19, 44, 57, 60, 64-66, 70, 78, 79, 85];
and OCP is ribbon, flake, and plate-like in shape [9, 13,
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19, 48, 54, 55, 57, 59, 60, 62, 63, 66, 70, 72, 84]; WH
and Mg-containing WH are rhombohedral and cuboidal
(hexahedrally based) in shape [11, 18, 19, 25, 38, 48,
52, 53, 55, 56, 60, 61, 66, 71, 72, 83]. On the other
hand, the fine crystals of AP under scanning electron
microscopy (SEM) may show a sand-grain rather than a
needle-like shape [48, 50, 51, 55, 57], because the sur-
faces, usually, must be coated with a thin metal layer in
order to prevent electrostatic charging during the
observations.

Such crystal shapes and Ca/P molar ratios can be
used as indicators of biological calcium phosphate crys-
tals as reported in dental calculus [48, 52-55, 58, 66,
71]. In this study, the structure and calcified compo-
nents of several human stones and their calcium phos-
phate crystals were investigated by SEM, including the
secondary electron (SE) and the backscattered electron
(BSE) signals, and energy-dispersive X-ray (EDX)
microanalysis. Thus, the crystal compositions and fine
structure were compared with those of previous studies;
in addition, the formation patterns were discussed since
their distribution patterns were observed.

Materials and Methods

Large and smaller sialoliths (about 7 x 8 x 14 mm
and 3 x 4 x 9 mm in size) were removed from the parot-
id gland duct of a female aged 34 years or, respectively,
from the submandibular gland duct of a female aged 32
years. A large oval-shaped urolith (about 18 g in dry
weight, 19 x 26 x 34 mm in size) was collected from the
urinary bladder of a male aged 66 years. A rhinolith
(about 1 g, 8 x 13 x 19 mm) was obtained from the infe-
rior nasal meatus of a female aged 23 years and a tonsil-
lolith (about 0.8 g, 8 x 10 x 22 mm) from the palatine
tonsil of a female aged 56 years.

These stones (two sialoliths, an urolith, a rhinolith,
and a tonsillolith: Figs. 1a-4a) were fixed'in 10 % neutral
formaldehyde for a few days and then preserved in 70 %
ethanol. After rinsing in running water and drying in
the air, they were cut into several slices with a diamond
wheel or fractured into several pieces with a bone chisel
and a hammer. One slice or piece of each stone was
embedded in epoxy resin (Epo-Mix Epoxide; Buehler,
U.S.A.). The resin-embedded samples were ground
with grinding stones and polished with 5 and 0.3 pm
alumina on polishing cloths. For observation of calci-
fied structures [8, 34, 36, 49, 51], the composite images
by the BSE were photographed with a Hitachi S-2500CX
SEM operated at an accelerating voltage of 25 kV and
a specimen irradiation current of 5 x 100 mA, after
carbon coating in a high vacuum evaporator (HUS-5GB;
Hitachi, Japan).

The samples of the sialoliths and tonsillolith were

polished again in order to remove a carbon membrane,
and the exposed surfaces were treated with about 10%
sodium hypochlorite (NaOCl) for 30 minutes and then
2% ethylenediamine tetra-acetic acid (EDTA) at pH 7.2
for 1 minute; this combined treatment of NaOCIl and
EDTA was repeated 3 times in order to make a strong
relief. Such a method has been useful for SEM observa-
tions of laminar and globular calcified deposition in
human dentin [46], and appositional laminations and
nuclei in human pineal calcareous concretions [50].
This was followed by rinsing in running water, drying
in the air, and coating with a 10-15 nm thick platinum-
palladium (Pt-Pd) layer in an ion sputtering apparatus
(IB-5; Eiko, Japan). The SE images were observed with
a Hitachi S-430 SEM at 20 kV. We call this the
NaOCI-EDTA/SEM method.

The remaining untreated samples were fractured into
several small pieces. About half of them were coated
with carbon so that the principal elements of Ca, P, and
Mg in a mass which involved much the same crystals in
shape and size were quantitatively analyzed at 10 points
using a Hitachi X-560 SEM fitted with a Kevex 7000Q
EDX detection system at an accelerating voltage of 15
kV, a beam current 1 x 107 mA, and 150 seconds
counting time. The standard samples were native fluor-
apatite and magnesium oxide. The remaining fractured
pieces were treated with about 10% NaOCI for 30 min-
utes in order to remove organic substances [30, 34, 46,
48, 51-55, 57]. The SE images of all the fractured sam-
ples were observed with a Hitachi S-430 SEM after
coating with a Pt-Pd layer.

Results

The EDX analysis detected mainly Ca and P with or
without traces of Mg from crystal deposits in these
stones treated with no NaOCl nor EDTA. Table 1
shows the concentrations of Ca, P, and Mg (percent by
weight), and their molar ratios in three types of crystals
such as: sand-grain or larger granule, plate, and hexa-
hedron in shape (Figs. 1-4).

Figure 1a shows the entire view of two sialoliths.
In the BSE-SEM (Figs. 1b and 1c), the large and small-
er stones showed a rhythmical apposition of alternating
shells around the several nuclei (Fig. 1b). The hyper-
calcified shells measured 2-12 um in thickness and the
un- or hypocalcified sites between the shells showed
2-14 ym (Fig. 1c). In the calcified nuclei, numerous
calcospherulites measuring 3-5 um in diameter were
clearly exposed with the NaOCI-EDTA/SEM method
(Fig. 1d). When observed with the SE-SEM after
NaOCl treatment, the shells showed a dense layer of fine
sand-grain shaped crystals without microorganisms (Fig.
le), a relatively loose layer of larger granule-shaped
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Table 1. The concentrations of Ca, P, and Mg, and their molar ratios of three crystal types observed in human stones.

Human Crystal Percent by weight Molar ratio
stone type Ca P Mg Ca/P Ca+Mg/P Mg/Ca
Sialoliths AP  32.27+0.82 17.73+0.23 - 1.44+0.03 - -
(Fig. 1) OCP 29.68+0.90 16.72+0.43 - 1.3740.03 - -

WH 27.35+1.07 15.38+0.49 1.06+0.04  1.384+0.04 1.47+0.02 0.06+0.02
Urolith AP  31.56+0.83 17.254+0.98 1.67+0.50 1.42+0.05 1.54+0.03 0.09+0.02
(Fig. 2) OCP 29.36+1.66 17.68+2.32 - 1.30+0.15 - -

WH 29.36+0.43 19.494+0.69  3.73+0.47 1.184+0.63 1.41+0.01 0.21+0.02
Rhinolith AP  30.97+0.53 14.47+0.32 - 1.65+0.03 - -
(Fig. 3) WH 27.93+0.53 16.27+0.43 1.50+0.23 1.33+0.02 1.45+0.01 0.09+0.01
Tonsillolith AP  31.25+1.43 16.02+0.86 - 1.51+0.09 E -
(Fig. 4) OCP 30.79+0.72 17.32+0.62 - 1.38+0.03 - -

WH 27.92+1.86 17.40+0.94 2.72+0.29 1.24+40.02 1.44+0.02 0.16+0.02
Dental AP  31.20+0.86 14.7840.47 - 1.6440.04 - -
calculus” OCP 27.86+1.57 16.53+0.77 - 1.30+0.03 - -

WH 31.71+0.41 19.19+0.41 1.98+0.13 1.28+0.02 1.42+0.03 0.10+0.01

AP: sand-grain or granule-shaped crystals;
*cited from reference [48].

OCP: plate-shaped crystals;

WH: hexahedral crystals.
Mean + standard deviation (n = 10)

crystals with bacterial molds (Fig. 1f), and a layer of
plate-shaped crystals arranged vertically to the shells
(Fig. 1g). Hexahedral crystals were present between the
shells (Fig. 1h).

Figure 2a shows the entire view of an urolith taken
from an urinary bladder. The stone consisted of apposi-
tional shells with a thick cortex concentrically around the
central nucleus consisting of a fragment of a rubber
film, visible in the fractured surface with the naked eye
(Fig. 2b). The BSE image showed that the shells which
were occasionally penetrated by the radial arrangement
of plate-shaped crystals were loosely calcified (Fig. 2c),
and that the thin calcified shells measured about 20 um
(Fig. 2d). When observed with the SE-SEM after
NaOCl treatment, the shells were composed of sand-
grain or larger granule-shaped crystals with micro-
organisms and bacterial molds (Figs. 2e and 2f). The
radial arrangement was composed of plate-shaped crys-
tals in various shapes and sizes (Fig. 2g). Hexahedral
crystals were found between the shells and with the
plate-shaped crystals (Fig. 2h).

243

Figure 3a shows the entire view of a rhinolith. In
the BSE, the calcified cortex measuring 40-250 um in
thickness had appositional laminations of 5-10 um in pe-
riodicity (Fig. 3b). The SE-SEM after NaOCI treatment
showed that the cortex was composed of sand-grain-
shaped crystals with microorganisms and bacterial molds
(Fig. 3c), and that the interior or large nucleus showed
a glomerulus-like structure of calcified strings measuring
10-30 pum in diameter (Fig. 3d). The BSE images indi-
cated that the strings showed a tubular structure and a
lower calcification than the surrounding deposits in the
outer nucleus layer (Fig. 3e). Some of the strings had
hypercalcified grains attached to the outer and inner
walls of the tubules. In the inner nucleus, the tubular
strings were occupied with the grains and some of the
grains filled the tubular lumens (Fig. 3f). Among the
strings, calcified masses of grain-shaped deposits were
scattered. When observed with the SE-SEM, numerous
hexahedral crystals were found among the tubular strings
(Fig. 3g), and on the outer surfaces (Fig. 3h with inset)
and in the lumens (Fig. 3h). Such crystals agreed with




T. Kodaka, K. Debari, T. Sano, and M. Yamada

Figure 1 (a-d, above; e-h, on the facing page 245).
Sialoliths.

(a) A macrophotograph of the entire view of large
and smaller stones taken from the parotid gland duct of
a middle-aged female and the submandibular gland duct
of a middle-aged female.

(b-d) The ground surfaces: the BSE images showing
the appositional laminations (b, ¢) and the SE image
with the NaOCI-EDTA/SEM method showing the calco-
spherulites in one of the nuclei (d).

(e-h, on the facing page) The SE images of crystals
on the fractured surfaces treated with NaOCI: sand-
grain-shaped crystals with no microorganisms (e) and
larger granule-shaped crystals with bacterial molds (f),
plate-shaped crystals in several shells (g), and hexa-
hedral crystals between shells (h).

NC = nucleus of the stone. Arrow = bacterial mold.

the grain-shaped deposits observed with the BSE (Figs.
3e and 3f). No plate-shaped crystals could be found in
the stone.

Figure 4a shows the entire view of a tonsillolith.
The BSE image indicated that the rough cortex had
many calcified projections with poor appositional lamina-
tions in the outermost layer (Fig. 4b). The cortex thick-
ness ranged from 20 to 200 um. Under the SE-SEM
images, the porous interior was divided into two differ-
ent structures; calcified masses connected with each
other (Fig. 4c), and roughly aggregated structures of a
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large number of calcified conglomerate bodies measuring
5-20 um in diameter (Fig. 4d). In the masses, the con-
glomerates were occasionally embedded and the apposi-
tional laminations were concentrically arranged around
the conglomerates as nuclei in the BSE (Fig. 4e). The
appositional laminations showed intervals of 2-9 um in
the BSE, but the minimum intervals were about 0.5 ym
in the NaOCI-EDTA/SEM method (Fig. 4f). The aggre-
gated conglomerates were loosely and concentrically ar-
ranged as seen in the BSE image (Fig. 4g), and the
larger conglomerates showed a few concentric lamina-

245

tions (Fig. 4g inset). In the SE-SEM with non-treatmeni
(Fig. 4h) and in the NaOCI-EDTA/SEM method (Fig.
4i), microorganisms and bacterial molds were observed
on and in the conglomerates, respectively. The cortex
and interior were mainly composed of sand-grain-shaped
crystals with bacterial molds (Fig. 4j). In some parts of
the cortex, elongated plate-shaped crystals were arranged
vertically to the natural surface (Fig. 4k). Hexahedral
crystals were observed in the intra-spaces of the stone
(Fig. 41).
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Table 2. The concentrations of Ca and P, and the
molar ratio of the sialolith and tonsillolith nuclei (mean
+ standard deviation; n = 5). These basic structures
are shown in Figure 1d, and Figures 4d and 4g-4i,
respectively.

Calcified Percent by weight Molar ratio
structures Ca P Ca/P
Spherulites 31.57 14.90 1.64
(Sialolith) +0.05 +0.37 +0.03
Glomerates 33.78 16.22 1.61
(Tonsillolith) +0.52 +0.69 +0.07

Figure 2 (a-d, above; e-h, on the facing page 247).
Urolith: taken from the urinary bladder of an old male.
NS = natural surface of the stone.

(a, b) Macrophotographs of the entire view (a) and
the fractured surface (b): concentric shells are seen
around a nucleus (NC) where a rubber fragment was
found.

(c, d) The BSE images of the ground surface.

(e-h, on the facing page) The SE-SEM images of
the fractured surfaces treated with NaOCl: sand-grain (e)
and larger granule-shaped crystals (f) with micro-
organisms (double arrows) and bacterial molds (arrow),
plate-shaped crystals (g), and hexahedral crystals
between shells (h).
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Table 1 shows, that the sand-grain and larger gran-
ule-shaped crystal deposits in the sialoliths (Figs. le and
1f), rhinolith (Figs. 3b and 3c), and tonsillolith (Fig. 4j)
showed a Ca/P molar ratio ranging from 1.44 to 1.65,
while the urolith crystal deposits (Figs. 2e and 2f) con-
tained low Mg and the Ca/P molar ratio was 1.42. The
plate-shaped crystals (Figs. 1g, 2g, and 4k) showed a
Ca/P molar ratio ranging from 1.30 to 1.38. The hexa-
hedral crystals (Figs. 1h, 2h, 3g, and 4l) always con-
tained low Mg as well as high Ca and P. The Ca/P,
(Ca+Mg)/P, and Mg/Ca molar ratios were, respec-

tively, 1.18-1.38, 1.41-1.47, and 0.06-0.21. The nuclei
of the sialolith spherulites (Fig. 1d) and the tonsillolith
conglomerates (Figs. 4d, 4g-41), in which high Ca and
P but no Mg was detected, showed Ca/P molar ratios of
1.64 and 1.61, respectively (Table 2).

Discussion
Sialoliths [2, 3, 7, 23, 42, 69] and large uroliths

[39, 42, 44, 67] show concentric shells with alternating
zones of hyper- and non- or hypocalcifications around
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Figure 3 (a-d, above; e-h on the facing page 249).
Rhinolith: taken from the inferior nasal meatus of a
young female.

(a) A macrophotograph of the entire view.

(b, ¢) The cortex: the BSE image of the ground
surface (b) and the SE-SEM image of the fractured sur-
face treated with NaOCl showing sand-grain-shaped
crystals (c).

(d-h; e-h on the facing page) = The interior: the
SE images after NaOClI treatment of the central nucleus
(d), the BSE images of the outer nucleus layer (e) and
the central nucleus (f), and the SE images of hexahedral
crystals (WH) among the tubular strings (g) and on (h,
h inset) and in them (h).

NS = natural surface of the stone. Arrow =
bacterial mold. Double arrows = microorganism. TS
= tubular string. TL = tubular lumen. OS = outer
surface of a string. For Figure 3h inset, bar = 0.5 ym.

248

their nuclei similar to a large uterine stone [41]. The
sialoliths and urolith in this study were formed by
rhythmical deposition of minerals around their nuclei
(Figs. 1b; 2b, and 2c) as reported previously. However,
we revealed, using BSE imaging (Figs. 1c and 2d) that
the shells were thin compared with those in previous
studies. The calcified nuclei of the sialoliths contained
many calcospherulites (Fig. 1d), although the initial
materials, which may be of native origin [2, 7], could
not be identified. The urolith nucleus was a rubber
film. It may be a fragment of a catheter, which is one
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of the possible foreign nuclei other than intrauterine
contraceptive devises, suture materials, and surgical
staple fibers [15, 40, 41].

In rhinoliths and tonsilloliths, no rhythmical
deposition of minerals has been reported. However, we
found appositional laminations in their thin cortices
(Figs. 3c and 4b); in addition, the tonsillolith also
showed fine laminated structures in its interior (Figs. 4e
and 4f). In the rhinolith, the large glomerulus-shaped
nucleus of the calcified tubular strings (Figs. 3d-3f) is
probably cotton strings crumpled into a ball; pressed

249

paper [76], a nut [15], and a pink bead [4] have previ-
ously been reported as foreign nuclei. The calcified
nuclei of the tonsillolith are probably numerous con-
glomerates with microorganisms (Figs. 4h and 4;j); how-
ever, the initial materials which may be of native origin
[17, 68] could not be identified in this study. The for-
mation patterns of these stones will be discussed in the
last paragraphs of this Discussion.

As noted in the Introduction, fine crystals of bio-
logical apatites under the SE-SEM were generally sand-
grain-shaped rather than needle-shaped [48, 50, 51, 55,
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Figure 4 (a-d above, e-h on page 251, and i-l on page
252). Tonsillolith: taken from the palatine tonsil of an
o]d female. (a) A macrophotograph of the entire view.
(b) The BSE image of the ground surface: the rough
cortex with the porous interior. (¢, d) The SE-SEM
images of the fractured surfaces treated with NaOCI: the
calcified masses (¢) and the conglomerates in the interior
(d). (e, f) The calcified masses with the appositional
laminations in the interior: the BSE (e) and the SE im-
age with the NaOCI-EDTA/SEM method (f). (g-i) The
conglomerates in the interior: the BSE image (g, g inset)
and the SE images with non-treatment (h) and the
NaOCI-EDTA/SEM method (i). (j-1) The SE images
after NaOCl (j, 1) and non-treatment (k): sand-grain-
shaped crystals with bacterial molds (j), plate-shaped
crystals in the cortex (k), and hexahedral crystals (1).
NS = natural surface of the stone. GB = glomerate
body. Arrow = bacterial mold. Double arrows
microorganism. For Figure 4g inset, bar = 5 um.

250

57], because the surfaces had been coated with a metal
layer before the observations. From our SE-SEM im-
ages with a metal-coated layer (Figs. 1-4) and EDX data
(Table 1), and a large number of previous studies [1, 3,
5-7, 10, 11, 13, 15-19, 22, 25, 26, 28,29, 31, 32435,
37-45, 48, 50-66, 69-72, 75, 76, 78-90, 94], the sand-
grain and larger granule-shaped crystals, except for
those in the urolith, were identified as biological apatites
(AP) including Ca-deficient or carbonate apatites; while
the plate-shaped and the hexahedral crystals, respective-
ly, were identified as octacalcium phosphate (OCP) and
Mg-containing whitlockite (WH). The sialolith spheru-
lites and the tonsillolith conglomerates in their nuclei
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(Figs. 1d; 4d, 4g-4i) were identified as masses of AP
from their Ca/P molar ratios (Table 2) and the structures
similar to them composed of AP [39, 40, 42, 44, 78].
The sand-grain and larger granule-shaped crystal de-
posits in the urolith contained low Mg as well as high
Ca and P (Figs. 2e and 2f; Table 1). They are probably
composed of AP crystals with magnesium phosphates, as
reported previously in uroliths [16, 39, 43, 87] or Mg-
containing AP [14, 19, 20, 60, 61, 73, 91]; in addition,
some magnesium phosphates may include struvite [78,
94]. On the other hand, most of the dense deposits of

251

sand grain-shaped crystals in all the stones used in this
study were mainly formed by extracellular calcification
with microorganisms (Figs. 1f, 2f, 3c, and 4;j) as those
in dental calculus [26, 48, 55, 57, 81, 85, 87]; in addi-
tion, such crystals have been reported as AP or hydroxy-
apatite (HAP). The same calcification was also reported
in uroliths [42, 67, 83] and in a uterine stone [41].
The calcium phosphate crystals identified in this
study were compared with those in previous reports. In
sialoliths, AP and WH [3, 7, 31, 69]; and AP, dical-
cium phosphate dihydrate (DCPD), and WH [82] were
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Figures 4i-4l: see page 250 for legends.

reported. We showed AP, OCP, and Mg-containing
WH in accordance with the results by Burstein e al.
[10]. Uroliths contained calcium phosphate crystals such
as: AP [39, 67, 94]; DCPD [76]; AP and DCPD [16,
44, 78]; AP, DCPD, and WH [43]; and AP, DCPD,
OCP, and WH [88]. We suggested AP with magnesium
phosphates [16, 39, 43, 88] including struvite [78, 94]
or Mg-containing AP, and showed OCP, and Mg-con-
taining WH, but no DCPD was found. In rhinoliths,
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HAP or AP [1, 15, 75]; and WH [77] were reported,
while we detected both AP and Mg-containing WH. In
a tonsillolith, AP and HAP were reported [17], but we
found OCP and Mg-containing WH as well as AP.
According to Schroeder’s studies of human dental
calculus [85, 86] and our previous SEM and EDX data
[48, 53, 57], DCPD was characteristic in early calculus,
while WH or Mg-containing WH appeared in older than
young calculus. From the absence of DCPD and the
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presence of WH, and their stone sizes (Figs. 1a-4a), all
the samples in this study must be old stones. In dental
calculus, WH crystals were not formed on the surfaces
exposed to saliva [52, 53, 55, 71], although the crystals
were formed on the subgingival calculus exposed to
body fluid [53, 55]. The formation sites were the crev-
ices of the tufts and lamellae of sound enamel in human
old teeth [47], and in the subjacent dentinal tubules of
attrited [56, 92, 93] and caries-arrested dentin [18]. In
our SE-SEM observations of these stones, no WH crys-
tals were found on their free surfaces.

Based on the later formation stages and sites of WH
crystals in dental calculus and in human teeth, we sug-
gest that the initial deposition of minerals in the rhinolith
began from the periphery of the glomerulus-like nucleus
of cotton strings by intra- and extracellular calcifications
(Fig. 3c). After the nucleus was entirely sealed with the
cortex of AP deposits, WH crystals were precipitated
among the tubular strings, and on the outer surfaces and
in the lumens (Figs. 3d-3h). Finally, the strings were
replaced by WH deposits (Fig. 3f), similar to oral mi-
croorganisms in dental calculus [53] and collagen fibers
in the subjacent dentinal tubules of attrited dentin [56].

We could not clarify the formation pattern of the
tonsillolith; however, the formation might occur as fol-
lows. First, the conglomerates with microorganisms as
the initial nuclei are formed mainly by the extracellular
calcification in the degenerated palatine tonsil (Figs. 4d,
4h-4j), while in some internal areas, the conglomerates
are semi-concentrically arranged (Fig. 4g). Secondly,
the rhythmical deposition occurs around these initial nu-
clei by the extracellular calcification (Figs. 4c, 4e, and
4f). At almost the same time, AP and OCP deposition
forms a rough cortex surrounding the interior (Figs. 4b,
4j, and 4k). Finally, WH crystals are precipitated in the
internal spaces of the stone (Fig. 41).
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Discussion with Reviewers

R.Z. ReGeros: Do you have any experimental evidence
to support the presence of HA, Ca;y(PO4)4(OH), in
biological system? We find that all the biological apa-
tites we have investigated are carbonate apatites con-
taining varying amounts of carbonate and magnesium.
Authors: No, we have no evidence other than the
SEM-EDX data. Certainly, biological apatites will be
Ca-deficient or carbonate apatites, and we believe your
previous data [60-63, 66]; however, previous investiga-
tors had often called biological apatites hydroxyapatite as
reviewed in the Introduction.

R.Z. ReGeros: We believe that some of the calcium
phosphate phases (OCP, 3-TCMP, CO;-AP) present in
the *mature’ human dental calculi may have formed by
the hydrolysis of DCPD which are observed in ’young’
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but not in *mature’ calculi. Do you agree? Do you think
that calcium phosphate phases found in the other patho-
logical calcifications form in a similar manner?
Authors: Yes, we think this is the case in dental calcu-
lus [48, 57, 97] and the stones used in this study, while
calcareous concretions or brain sands in the pineal body
may start at the calcified pinealocytes in apatite phases
[50, 96, 98].

H. Mishima: Were other elements except Ca, P and
Mg detected in human calculi by SEM-EDX?

Authors: We did not detect any trace elements except
Mg in this EDX analysis. However, wavelength-disper-
sive (WDX) analysis might have detected Na, S, and
other elements [50].

H. Mishima: I think that non-collagenous proteins may
have some function in the initial formation of human cal-
culi. Could you comment on that?

Authors: We think so, but we have not discussed this
because we have not investigated such an organic sub-
stance in this study.

A.L. Rodgers: I am surprised that struvite was not pre-
sent in the urolith, particularly since microorganisms and
bacterial molds were detected. Was the patient suffering
from a urinary tract infection? Can you suggest why
struvite was not present in this stone?

Authors: First, this study was aimed at investigating
the compositions of calcium phosphate crystals and their
distributions. We did not show any struvite reported by
you [78] and Weirich et al. [94]. Usually, a chemical
formula such as Mg(NH,)PO4-6H,O cannot be identified
by conventional SEM-EDX, because no nitrogen (N) is
detected. On the other hand, the existence of mag-
nesium phosphates with apatites was suggested; there-
fore, struvite may be co-existent with apatites in the
urolith. Secondly, no records of the patient were retain-
ed, other than that the stone was from a Japanese male
aged 66 years who died of non-urinary disease. He
underwent routine anatomical dissection at the School of
Medicine, Showa University.

A.L. Rodgers: Aetiological theories of human calculi
(urinary, prostatic, salivary, biliary, pancreatic) all in-
voke the concept of an organic matrix in some or other
form. Did you find any evidence in support of this in
the calculi which you investigated in the present study?
Authors: No, we did not find any organic matrix in
this study, but we agree that the problem is interesting.

A.L. Rodgers: X-ray diffraction analysis should be
performed, if possible.
Authors: We analyzed hexahedral crystals in dental cal-
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culus with electron-beam diffraction [53]. The aim of
the present study was to investigate the composition of
calcium phosphate crystals and their distribution pat-
terns, although the identification by SEM-EDX may be
less definitive than by electron beam and X-ray diffrac-
tion. When the distribution of calcium phosphate is
investigated in small areas, X-ray diffraction may not be
useful since its resolution is not good enough. On the
other hand, we think that numerous reports using X-ray
and electron beam diffraction (see References) support
our previous EDX data.

K.M. Kim: The major weakness of the paper lies on
the method of crystal identification. The Ca/P ratio has
been known not to be a reliable method of crystal identi-
fication mainly for the following reasons. Biological
crystals are seldom ideal. Intimate coexistence of crys-
tals with different Ca/P ratios may affect the ratio of
each of them. Angular relations of the crystal surfaces
to the incidental and reflected beams can significantly
alter the elemental ratio obtained by EDX. In view of
the small number of stones analyzed, it would have been
possible to isolate crystals of different habits and con-
clusively identify them by crystallography.

Authors: We agree with your comment. However, this
study was aimed at investigating the composition of cal-
cium phosphate crystals and their distribution patterns in
several calculi. In addition, we believe that numerous
reports by using X-ray and electron-beam diffractions
(see References) fully support our SEM-EDX data. The
areas of SEM-EDX analysis are smaller than those of
X-ray diffraction, while wider and deeper than those of
transmission electron microscopy (TEM)-EDX analysis.
In our present and previous studies [47, 48, 53-55, 57],
a mass which involved much the same crystals in shape
and size was quantitatively analyzed with SEM-EDX.
According to our previous study [53], the TEM-EDX
and SEM-EDX data of whitlockite crystals identified
with electron-beam diffraction in dental calculus were
similar in the amounts of Ca, P, and Mg amounts, re-
spectively. Therefore, we think that the three-dimen-
sional structure of small biological crystals does not
influence the SEM-EDX analysis.

S.R. Khan: I am not sure which role stone processing
has played in the appearance of various types of crystals
the authors have examined. Processing has involved fix-
ation, rinsing in water, air drying, treatment with sodi-
um hypochlorite and EDTA. Many of these may pro-
duce artifacts.

Authors: NaOCI treatment and chemical fixation did
not change the shapes of calcium phosphate crystals al-
though NaOCI removed organic substances on the sur-
faces [30, 34, 46, 48, 51-55, 57], while EDTA, natural-
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ly, etched the surfaces. The combined treatment of
NaOCl and EDTA, on the other hand, made a strong re-
lief to calcified tissues and calculi [46, 50]. Certainly,
the appearance cannot show a natural structure, but the
difference between organic-rich and mineral-rich struc-
tures will be remarkable. The effects may be similar to
those of the BSE images.

S.R. Khan: Tomazic et al. (J Biomed Mat Res 27:
217, 1993) have recently shown that treatment with sodi-
um hypochlorite may even change the elemental compo-
sition of calcium phosphate crystals and may result in a
higher Ca/P ratio.

Authors: We have reported that human cementum
treated with NaOCl showed higher Ca and P amounts
than the cementum treated without NaOCIl, while there
were no differences in human tooth enamel [46]. These
results indicate that SEM-EDX analysis cannot detect the
internal spaces removed with NaOCl among the crystals.
In our present and previous studies [47, 48, 50-55, 57],
the calcified samples were neither treated with NaOCl
nor with EDTA when analyzed quantitatively with SEM-
EDX.
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