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The development of new modalities for kidney stone prevention rests upon understanding the progres-
sion of mineralization within the renal pyramid. The progression from small foci of mineralized volumes
within the renal pyramid to larger interstitial plaques that ultimately lead into clinically detectable
calcium-based stones on calcium phosphate stems will be presented through correlative microscopy
approach. High resolution X-ray computed tomography (micro-XCT), electron microscopy, and energy
dispersive X-ray (EDX) compositional analyses of interstitial plaques, stems, and attached stones were
performed. Increase in mineral density progressed with mineralization severity, with the highest mineral
densities detected within mature Randall’s plaque and stems to which kidney stones were attached. EDX
analyses revealed variable elemental composition within interstitial plaque, stems, and stones. Micro-
XCT reconstructions of stones with stems enabled visualization of unoccluded tubules within stems, with
average tubule diameters corresponding to thin limbs of Henle, blood vessels, and collecting ducts.
Correlative microscopy confirmed that the progression of mineralization leading to calcium-based
nephrolithiasis occurs through a continuum involving four anatomically and structurally distinct biomin-
eralization regions: 1) proximal intratubular mineralization within the renal pyramid; 2) interstitial
Randall's plaque near the tip of the papilla; 3) emerging plaque (stems); and, 4) the body of heteroge-
neous stones.

Keywords:

Renal mineralization
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Mineral density
Stone composition

Statement of Significance

Nephrolithiasis is a common condition affecting nearly 1 in 11 Americans. The most common type of
stone, calcium oxalate is known to form on a calcium phosphate deposit on the renal papilla known as
Randall’s plaque. Novel imaging techniques have identified distinct regions of biomineralization not just
at the tip, but throughout the renal papilla. The classic understanding of Randall’s plaque formation is
reformulated using correlative imaging techniques. This study establishes a stepwise progression of
anatomically-specific biomineralization events including, 1) proximal intratubular mineralization within
the renal pyramid; 2) interstitial Randall’s plaque near the tip of the papilla; 3) emerging plaque (stems);
and, 4) the body of heterogeneous stones, and provides insights into the need for plausible site-specific
therapeutic intervention.

© 2018 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

Abbreviations: CaOx, Calcium Oxalate; CaP, Calcium Phosphate; CNP, Calcifying 1. Introduction
Nanoparticle; EDX, Energy-Dispersive X-ray; EM, Electron Microscopy; micro-XCT,

High resolution X-ray micro computed tomography; RP, Randall’'s Plaque; SEM, It has become axiomatic in the study of nephrolithiasis that

Scanning Electron Microscopy.
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particle retention must occur prior to stone formation [1]. Randall’s
plaques (RP), first identified in 1937, are interstitial calcium
phosphate deposits near the tips of renal papillae found in ~20%
of kidneys. RP act as an anchor of outward growth for most
calcium-based stones without involving tubular lumens. Many
stones exhibit a concavity matching the contour of the papillary
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surface [2]. Along the concave portion of isolated stones, a dense
protuberance of calcium phosphate (herein referred to as the stone’s
“stem”) was often found that was similar in appearance and compo-
sition to that found in the interstitial plaque [3,4]. Over the ensuing
decades, others have subsequently detected calcium phosphate
footprints of RP along concavities of calcium-based stones on stems,
believed to have formed in response to emerging RP coming into
contact with the uriniferous space [4-6]. Endoscopic observations
confirm the frequent presence of mineral deposits along the surface
of renal papillae, especially in calcium-based stone formers [7].

Ever since the discovery of RP, innumerable studies have
focused on interstitial plaque, protruding plaque (stems), and soli-
tary stones without necessarily correlating them. Therefore, a
focused, systematic evaluation of mineralization processes occur-
ring before, during, and after the formation of RP is needed. In this
study, we aim to further characterize RP, stems, and attached
stones to better elucidate the structural and compositional charac-
teristics contributing to biomineralization in the human kidney
leading to nephrolithiasis. To do so, we utilize high resolution X-
ray computed tomography (micro-XCT), electron microscopy
(EM), and energy dispersive X-ray (EDX) compositional analyses
of interstitial plaque, protruding stems, and attached stones. We
hypothesize that the typical progression of mineralization result-
ing in calcium-based nephrolithiasis occurs through a continuum
involving four anatomically and structurally distinct biomineral-
ization events: 1) proximal intratubular mineralization within
the renal pyramid; 2) interstitial RP near the tip of the papilla; 3)
emerging RP forming stems bridging RP to stones; and 4) the body
of heterogeneous stones.

2. Materials and Methods
2.1. Specimen collection and mineral density analysis

Institutional review board approval (#14-4533) was obtained to
collect and analyze renal pyramids from consenting patients
undergoing nephrectomy and stones from patients undergoing
percutaneous nephrolithotomy or ureteroscopy, or if found inci-
dentally during nephrectomy. Five representative renal pyramids
were selected for analysis by gross appearance such that increasing
amounts of Randall’'s plaque were exemplified. Four stone speci-
mens, amongst over 500 in our catalogue, were judged to have a
stem based upon the gross appearance of a narrowed spiculated
area, differing in color opposite the smooth surface of the oxalate
portion of the stone, or because they were identified during sur-
gery as stones attached through stem to the renal papilla. Speci-
mens were sterilized using 0.31 Mrad of gamma radiation [8]. All
specimens were scanned under wet conditions at 4X and 10X mag-
nifications using a micro-XCT scanner (MicroXCT-200, Carl Zeiss
Microscopy, Pleasanton, CA) with a #2 source filter, at 40 kVp,
and a beam hardening constant of 2. Mineral densities were deter-
mined following a detailed calibration protocol of the micro-XCT
[9]. An average distribution of lower and higher mineral densities
over five specimens also was obtained and compared to lower
and higher mineral densities segmented by fitting a Gaussian curve
to the average mineral density profile for all five specimens.

2.2. Identification and measurement of patent tubules within stem-
stones

After CT scan of the stones, three-dimensional (3D) reconstruc-
tion was performed and tubules were visualized by taking an
inverse of the reconstructed image (negative Hounsfield units
(consistent with empty space)). Customized MATLAB (R2013b,
MathWorks Inc., Natick, MA, see appendix) codes were used to

analyze diameter of tubules; the path of each tubule could be
traced along its length without interruption. A histogram of the
tubule diameters showed several peaks and Gaussian functions
were generated to best fit the distribution with the peak as a rep-
resentative value tubule diameter. Significant differences in peak
values were considered if the absolute difference between peak
values was at least the sum of two half-widths at the half-
maximum of the peaks, which in essence is same as full width at
half maximum should it be only one peak [10].

2.3. Field emission scanning electron microscopy and compositional
analyses of stems and stones

After micro-XCT, all stone specimens were embedded in LR-
white resin (Electron Microscopy Sciences, Hatfield, PA), cut along
the midline with a slow-speed saw (Isomet, Buehler, Lake Bluff, IL),
and polished using basic metallography polishing techniques (ser-
ies of silicon carbide grit paper with sizes 240, 320, 400, 600, 800,
1200 (Carbimet Paper Strips, Buehler Ltd, Lake Bluff, IL, USA; dia-
mond suspension slurry of grades 6, 3, 1, 0.25 um (Metadi, Dia-
mond Suspension, H,O base, Buehler Ltd., Lake Bluff, IL, USA) on
polishing cloth (Texmet 1000, Buehler Ltd., Lake Bluff, IL, USA))
[11]. Light (BX51, Olympus Scientific Solutions Americas Corp.
Waltham, MA) and field emission scanning electron microscopy
(SEM) (SIGMA VP500, Carl Zeiss Microscopy, Pleasanton, CA) tech-
niques were performed on, uncoated, polished surfaces at various
magnifications for structural evaluations at multiple length scales
at an energy of 0.8 keV. Corresponding elemental information
was mapped with an EDX detector at an energy of 10 keV (Bruker
AXS, Madison, WI). The detector was calibrated for gain and offset.
The error for elemental concentration analysis results were “1-3%",
“2-15%" and “~100%" for concentration ranges “>10%", “1-10%,”
and “<1%” respectively.

2.4. Statistics

Variation in mineral density was assessed through two differ-
ent approaches: segmentation with the post-processing AVIZO
software (9.0.1, FEI, Hillsboro, Oregon) using water-shed algo-
rithm and via a histogram based on intensity differences within
each stone. Peak value estimation was obtained through a Gaus-
sian fit [12,13]. The water-shed method utilizes an iterative com-
putational process to segment regions of distinct composition
based upon Hounsfield units (HU). In short, a ‘seed’ region is
manually selected, and the algorithm segments the specimen
through comparison of HU between adjacent voxels. When suffi-
cient difference in HU are identified (based upon user specifica-
tions and comparison to the mean HU value of the region) the
computer will delineate boundaries within the specimen. Gaus-
sian fits were used to identify tubular structures as described in
methods Section 2.2.

3. Results

3.1. Multiscale mapping to reveal contextual information of structure,
elemental composition of interstitial renal tissues, stems of stones, and
stones

Within the renal pyramid of calcium-based stone formers,
emerging RP with stems and attached stones are often observed
at the tip of papilla (Fig. 1A, panels a and b). Stones develop as an
extension of plaque that emerges through the mucosa of the papilla
and is exposed to the urinary space within a renal calyx. Higher up
in the renal pyramid, intratubular mineral aggregates were present
while denser interstitial mineralization (RP) was observed distally
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Fig. 1. 1A. A multiscale depiction to provide contextual information for tissue, stem, and stone regions characterized in this study. Intact human renal pyramids (a) were
analyzed to identify mineralized regions within zones 1 through 4 (Z1-Z4). Panel b correlates renal pyramid with Randall’s plaque (i) in the distal (D) part of the pyramid with an
associated stem (ii) and stone (iii). Under higher magnification (c), Randall’s plaque at the distal part of the pyramid contains mineralized interstitium and lumen walls, with plaque
emerging into collecting ducts (asterisks). Note: Panel b is a virtual overlay of an intact stem with stone extending from a renal pyramid. This image was created to provide
contextual information of the stem and stone as a downstream progression of interstitial/Randall’s plaque. 1B. Comparison of mineral density values of specific regions within
distal interstitial mineralized matrix, Randall’s plaque, stem and stone. Mineralization in RP- specimens (green) was mainly seen in zones 1 and 2 of the renal pyramid. In RP+
specimens (orange), mineralization progressed to more distal location within zones 3 and 4. In specimens with advanced RP and stems, mineralized volumes of both lower (blue)
and higher (red) mineral densities were observed. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. 2A. Mineral density analyses of Randall’s plaque in the renal pyramid at the tissue level. Volumes (row a) and virtual sections (row b) of biominerals identified in
the distal part (Zone 4 in Fig. 1) of various renal pyramids illustrate lower and higher X-ray absorption intensities. Digitally segmented volumes due to different absorption
intensities are shown in row c. d. Histograms illustrate distribution of mineral density (mgfcc) within each specimen (I-V) in addition to background, and average
distribution. e. Bar plot illustrates average values for lower (blue) and higher (red) MD regions in Randall's plaque delineated by watershed algorithm. f. Average and
normalized distribution of mineral density in each specimen. g. A Gaussian fit illustrates average lower and higher mineral densities within Randall’s plaque. A logarithmic
plot of normalized mineral distribution is shown as an inset. 2B. Energy dispersive X-ray (EDX) analyses of interstitial mineralized regions of a renal pyramid. a.
Representative micrograph of Randall’s plaque obtained using a scanning electron microscope (SEM). b. Elemental overlay and individual distribution of calcium, phosphorus,
and magnesium. c. EDX spectra of representative mineralized region of RP (labelled by a red box in a). d. Table illustrates elemental content as a percentage of atomic mass.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2 (continued)

(Fig. 1A, panel b). Imaging at a higher magnification with micro-XCT papilla depicted in Fig. 1A were placed together for the purposes
illustrated mineralization within walls of lumens and dense miner- of illustrating stones with stems relative to mineralization in the
alization within the interstitium (Fig. 1A, panel c). The stone and medullo-papillary complex and the renal tip.
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Fig. 3. 3A. Mineral density distributions within stems and stones. a. Various structures and colors in stones were observed using a light microscope at 1X and 1.5X
magnifications (row a). Digitally reconstructed volumes of stones with intact stems (row b) and representative virtual sections (row c) illustrated regions of lower and higher
X-ray absorption intensities. Digitally segmented regions based on lower and higher X-ray absorption intensities are shown in row d. e. Histograms of mineral densities (mg/
cc) and average distributions within each specimen (I-IV) in addition to background are shown. f. Average values for lower and higher MD regions in stems and stones are
shown. Significant differences between lower mineral densities within stones (blue) and higher mineral densities within stems (red) are delineated based on water-shed
algorithm. g. Average and normalized distribution of mineral density in each stem-stone, and (h) a Gaussian fit was used to extract on average the lower and higher mineral
densities within stem-stones. Logarithmic plots of normalized distribution shown in the inset illustrates a smaller but significant peak in mineral density. 3B. Elemental
distributions within stones with stems. a. Representative virtual micro-CT sections from each stone with intact stems illustrate lower and higher X-ray attenuating regions.
b. SEM of stem stone interfaces (delineated by white boxes in row a). c. Correlative elemental map (Ca: calcium; P: phosphorus; Mg: magnesium; Na: sodium; C: carbon; O:
oxygen; N: nitrogen; F: Fluorine) of the same region on the sectioned surface shown in row b. Rows following row C are individual distributions of elements localized in the
same regions. 3C. Energy dispersive X-ray (EDX) analyses of stones with stems. Column a depicts the same regions of interest (stem-stone interfaces) evaluated in 3B. EDX
was performed on the numbered regions within the stem-stone interface delineated in Column a. Corresponding EDX data is depicted in column b. Ca: calcium, P:
phosphorus, Mg: magnesium, Na: sodium, C: carbon, O: oxygen, N: nitrogen, F: fluorine; Elemental contents as percent atomic mass are displayed in tables. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3 (continued)
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Fig. 3 (continued)

3.2. Mineral density and elemental distribution

3.2.1. Randall’s plaque

Average mineral density in milligram per centimeter cube
(mgjcm?) in the proximal aspect (Zones 1 and 2) of a “healthy”
renal pyramid with scattered intratubular minerals but without
distal RP (RP—) was compared to tissue within the same level of
a “diseased” renal pyramid containing RP (RP+). Specimens with
distal RP had higher mineral densities in the proximal regions

(Zones 1 and 2) of the renal pyramid. The progressive spectrum
of mineral densities from a normal renal pyramid (RP-) to those
containing early RP (RP+, orange) and advanced RP and subse-
quent stones is shown in Fig. 1B. Average mineral density of the
specimens continued to increase from proximal (higher up in
the renal pyramid) to distal (within RP, stem, and stone). Micro-
XCT of five separate RP (Fig. 2A, rows a-c) revealed anatomically
distinct volumes with significantly different mineral densities
(Fig. 2A, rows b and c; Fig. 2A-d, 2A-e). A lower mineral density
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Fig. 4. Light and ing electron micr of stones with stems. a. Light micrographs of cross sections of stones with intact stems taken at 1X-1.5X magnifications
illustrate various structural features, layers, and color variation within stems and stones. b. SEM micrographs of the regions of interest (white rectangles in row a). The areas
labeled with numbers in row b are shown at higher magnifications in subsequent rows 1 through 6. Rows 1-6: SEM figures of specific regions of stones with stems at a higher
resolution. Figures chosen from locations out of the field of view are not labeled in b. Note: Fibrillar collagen within the stem-stone interface (asterisk); tubule-like casts
within stems (arrows).
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with an average value at 531 mg/cc was observed in early plaque
formation (Specimens I-II) and higher mineral density aggregates
with an average value of 1330 mg/cc were seen in plaque as the
volume fraction of mineral increased (Specimens IlI-V) (Fig. 2A,
row ¢, and Fig. 2A-d and 2A-e). An average of normalized distribu-
tions of mineral density for all five specimens (Fig. 2A-f) con-
firmed by a Gaussian fit, illustrated two distinct peaks at 600
and 1488 mg/cc (Fig. 2A-g). This was consistent (within error)
with the segmentation result obtained using water-shed algo-
rithm (Fig. 2A-e). Mineralized interstitium and lumen walls
within RP were observed at higher magnification micro-XCT scans
and electron microscopy micrographs (Fig. 1A, panel c; Fig. 2B-a).
EDX analyses on RP and intratubular concretions within the
tubules illustrated the presence of calcium (Ca), phosphorus (P),
and magnesium (Mg) (Fig. 2B-b) supporting that the identified
structure was indeed mineralized and were of calcium phosphate
composition. Oxygen (0), sodium (Na), nitrogen (N) and carbon
(C) were also detected, indicating the presence of organic matter
within RP (Fig. 2B-d).

3.2.2. Stone and stems

Micro-XCT of stones with stems illustrated variable mineral
density volumes, with higher mineral densities (white on recon-
structed volumes and virtual sections) seen within stems and along
the stem-stone interface (Fig. 3A, rows a-d). For all specimens, the
average mineral density calculated through intensity based
(water-shed algorithm) segmentation of the stems (1182 mgjcc)
was statistically higher compared to average mineral density
(710 mgjfcc) of the stones (Fig. 3A-e, 3A-f). The normalized distri-
bution of the mineral density values within each stone is shown
in Fig. 3A-g. As a control, Gaussian curve fit to the average normal-
ized distribution of mineral density illustrated two peaks; the
peaks were at 695 mg/cc and 1500 mg/cc (Fig. 3A-h), consistent
(within error) with the mineral density values obtained using
water-shed algorithm (Fig. 3A-f).

In addition, EDX analyses (Fig. 3B, 3C) performed on regions
containing stem-stone interfaces illustrated the elemental distri-
bution within stems as they transitioned into the body of stones.
Calcium and fluorine were observed in both stem and stone, while
phosphorus was mainly located within stems (which correlated to
regions of higher mineral density). Sodium and nitrogen were also
observed at the interface between stem and stone. Trace amounts
of magnesium were detected within stems, while oxygen was
mainly concentrated within stones.

3.3. Structural features of stem and stones, and tubule dimensions
within stems

Light microscopy of stones with stems (Fig. 4, row a) revealed
heterogeneity in stone appearance, color, and laminar growth pat-
terns. All stems were visibly intact on their respective stones. SEM
micrographs of regions along the stem-stone interface illustrated
evidence of granular architecture and spherical bodies of calcium
phosphate (Fig. 4, row b). At a higher magnification, the presence
of patent lumens and collagen fibrils within stems were observed.
Moving from stem toward the body of stones, a shift from granular
to more organized plate-like mineralization was observed (Fig. 4,
rows 1-6). Additional features of each stem-stone complex are
shown in Supplemental Fig. S1-4. Micro-XCT reconstructions
(Fig. 5, rows a-c) of stones with stems illustrated hollow columnar
structures indicative of patent tubules, with an average tubule
diameter of approximately 18 mm (consistent with vessels and/or
thin limbs and loops of Henle) (Fig. 5, rows d and e) and an addi-
tional peak at around 65 mm (consistent with collecting ducts).

4. Discussion
4.1. Importance of interstitial plaque in stone formation

Calcium-based stones predominant in calcium oxalate composi-
tion, account for approximately 70% of all kidney stones diagnosed
in the United States [14]. It is now widely accepted that idiopathic
calcium oxalate stones tend to form on stems emerging into the
collecting system [15]. Visualization and analyses of the whole
papilla in non-stone formers with correlative imaging has identi-
fied detectable mineral deposits within the renal pyramid in over
70% of human kidneys [16,17]. Furthermore, patients with higher
proportions of RP tend to have low urine volume, high urine cal-
cium, and a heightened subsequent risk of stone events [18,19].

Microscopic medullary and papillary spherical mineral
“droplets” in the majority of specimens were identified in hun-
dreds of cadaveric renal units in 1940 s and 1950 s by Anderson
and Carr [20,21]. Similarly, calcification within 43 of 62 otherwise
normal kidneys, most frequently in the basement membrane of the
thin loops of Henle and extending into the surrounding intersti-
tium were identified in 1970 s by Cooke [22]. Laminated spherical
bodies of mineral (hereby referred to as calcified nanoparticles
[CNP’s]) within the interstitium and along basement membranes
of tubules within the papilla were observed in 1971 by Haggittus-
ing [23]. An association between small foci of mineralization
occurring higher up and rolling toward the medulla to form down-
stream RP in the papilla was proposed by Bruwer in 1979 [24].
More recently, earliest evidence of mineralization occurring as
CNP’s near and within the basement membrane of the thin loops
of Henle was reported by Evan and colleagues [25]. CNP'’s are the
foci for subsequent interstitial plaque, a finding that is in congru-
ence with many forms of biomineralization prompted by the coa-
lescence of individual calcium phosphate spheres that are 200 nm
or less in size [26]. More recently, other groups have identified
CNP’s at various locations within the interstitium and distally
located tubule walls, including vasa recta but not typically near
collecting ducts [17,27,28].

4.2. Characterization of mineral in the renal pyramid

Many studies evaluating “early” stone formation within the
papilla have been limited to examining endoscopic biopsies of
the distal tips of papilla (Fig. 1, Zone 4) [4,6,25]. Micro-XCT and his-
tologic analyses of entire human renal pyramids revealing
intratubular mineralization occurring more proximally (Zones 2
and 3) in the papilla, even in specimens without visible RP, sug-
gested that the earliest sites of mineralization are upstream than
previously appreciated [16]. Calcium phosphate supersaturation
occurs within the thin limbs of the loops of Henle and the collect-
ing ducts, which could allow for calcium phosphate precipitation
[29]. Visualization through correlative microscopy provides evi-
dence for the development of nephrolithiasis as interstitial miner-
alization progresses from small foci of CNPs within the renal
pyramid to large interstitial plaque that ultimately leads to clini-
cally detectable emerging RP and subsequently calcium-based
stones on calcium phosphate stems.

We postulate that mineralization progresses temporally from
medulla toward the tip of the papilla and that there is a shift from
intraluminal mineralization in the proximal renal pyramid to
extraluminal (within the tubule wall) and interstitial mineraliza-
tion in the distal papilla (Fig. 1c¢). The progression of this process
is demonstrated on micro-XCT when comparing papilla with
increasing amounts of RP (Fig. 2A). Analysis of renal pyramid min-
eral deposits in RP— and RP+ patients revealed a step-wise, pro-
gressive increase in volume and mineral density of concretions
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(Fig. 1B, Fig. 2A). In contrast to traditional thinking that RP is uni-
form in composition and structure, our analyses, revealed hetero-
geneity in mineral density within individual plaques.

4.3. Composition of interstitial mineral

In recent years, the traditional view of RP as composed of pure
calcium phosphate has been challenged with the discovery of whit-
lockite (Cag(MgFe)(PO4)sPOsOH) and amorphous calcium phos-
phate within RP [17,30]. In physiologic systems, there is a pH and
concentration driven competition between anions (such as phos-
phates and oxalates) to calcium as it accumulates in the renal
papilla. Within tissues and cells, phosphate binding to calcium tends
to stoichiometrically dominate over oxalates, which may explain
why RP is predominantly calcium phosphate in composition [31].

The progression of calcium phosphate biomineralization
involves various compositional phases, including metastable pre-
cursors that subsequently dissolve as precipitation reactions pro-
gress. Carbonated apatite, the most predominant component of
RP is the least soluble phase of calcium phosphate and tends to
form under alkaline conditions. In supersaturated solutions, apatite
formation is always associated with a precursor phase [32]. Brushite
(CaHPO42H,0) and octacalcium phosphate (CagH,(PO4)s5H,0) are
possible precursors to hydroxyl apatite (Cas(PO4)3(OH)) formation,
but tend to form in more acidic solutions [32,33]. Amorphous cal-
cium phosphate is the most common precursor of apatite in basic
conditions and often consists of spherical calcium phosphate clus-
ters that can aggregate and form larger spheres [34,35]. These
structures appear to be analogous to CNP’s that have been
observed as precursors to RP in the distal papilla. As more CNP’s
accumulate, they aggregate and fuse to form larger deposits result-
ing in a plaque within a network of collagen and other proteins
[36]. SEM and EDX analyses of plaque and stems (Fig. 3) consis-
tently revealed a central uniform appearance of apatite with lower
mineral density, as well as CNPs at the periphery of the expanding
plaque. While these structurally and physically distinct entities
were observed in various forms of biominerals, the mechanisms
by which CNP’s aggregate to apatite concretions remain poorly
understood [35].

Compositionally, in addition to calcium and phosphate, EDX
analysis also revealed detectable presence of oxygen, carbon,
sodium, magnesium and fluorine within RP. The presence of fluo-
rine and magnesium in RP and stems may be important for miner-
alization patterns. The interaction between fluorine, magnesium
and calcium is thought to be pH dependent and is a determining
factor in the formation of stable calcium phosphate. This may reg-
ulate calcium phosphate phase transformation and ultimately the
type of calcium phosphate formed [37]. Magnesium is present in
a variety of mineralization processes, but does not readily incorpo-
rate into the lattice of calcium phosphate salts. However, fluorine
reduces the free energy of the apatite. Under conditions of
fluctuating pH, reprecipitating apatite can have a higher content
of fluorine and could be less soluble than the original apatite
[38]. On the other hand, adsorption of magnesium at active surface
sites may temporarily block these sites from further mineralization
[39]. We propose that RP formation is a coalescence of CNPs,
and that magnesium could prevent phase transformation of apatite
from amorphous calcium phosphate to a crystalline insoluble phase.

4.4. Characterization of stems and the stone-stem interface

As RP mineralization progresses within the interstitial matrix of
the renal pyramid, it emerges through the epithelial lining into the
urinary space. It is likely that mature RP (higher mineral density,
Fig. 1B) could serve as a stem, sequestering ions from the urine.
Striking similarities between RP and stems include higher central

mineral density (Fig. 1B), structural patterns, and elemental con-
centrations of calcium, phosphorus, and magnesium (Fig. 2B, 3B).
Furthermore, collagen detected in both stems and RP, confirms
their shared interstitial origin. Large fields of type I collagen are
frequently observed in proximity to RP and are present in the base-
ment membrane of the thin loops of Henle. These may present an
ideal matrix to attract calcium and phosphate specifically in the
presence of non collagenous proteins such as osteocalcin [40,41].
Others have identified banding patterns along calcifying strands
of plaque in line with interstitial collagen [36].

All stems and stem-stone interfaces evaluated with micro-XCT
demonstrated the presence of unoccluded tubules (vessels and
thin limbs/loops of Henle), and/or collecting ducts within stems.
This may allow unobstructed urinary excretion in the setting of
RP and stems despite overlying dense mineralization (Fig. 3). If
so, early stones on stems are constantly bathed in supersaturated
urine flowing through collecting ducts within interstitial mineral.
As mineralization progresses, focal filtration capacity is likely to
be reduced leading to higher local concentrations of supersatu-
rated urine. Other experts have postulated that in states of poor
hydration and hypercalciuria, calcium and phosphate supersatura-
tion can be routinely expected in the renal pyramid [42]. Further-
more, mineralization in the distal papilla also involves calcium
phosphate supersaturation in the setting of high interstitial pH dri-
ven by vasa recta [17].

4.5. Structural and compositional shifts from stem to stone

As calcium phosphate stems are exposed to urine within a renal
calyx, a shift from an ionically uniform and alkaline interstitial
environment to a relatively acidic and variable uriniferous environ-
ment may drive mineralization. Although transtubular permeabil-
ities of calcium and phosphates are low in the thin limbs of Henle,
they are in close association with vasa recta and collecting ducts
that can create a hypertonic and alkaline interstitial environment,
allowing calcium phosphate mineralization [41]. Analysis of stems
and the stem-stone interface revealed marked heterogeneity in
structural and compositional patterns as mineralization transi-
tioned from RP to stems with attached stones. In the formation
of calcium oxalate stones, there is an abrupt shift from predomi-
nantly calcium phosphate to predominantly calcium oxalate min-
eralization along the stem-stone interface. Amorphous patterns
of minerals, voids, patent lumens, and the presence of collagen
were often observed within stems but not within the body of
stones. Within stones, mineralization was more uniform and
demonstrated classic features of calcium oxalate mineralization
including layering and twinning (Fig. 4, Fig. S1-S4). Previous stud-
ies have illustrated that early COM layers in stones are interspersed
with variable amounts of calcium phosphate, suggesting an inter-
play between calcium phosphate-supersaturated interstitial fluid
and calcium oxalate supersaturated urine [43].

Prior analyses of stems on hundreds of stone specimens
revealed that, while stems are predominantly calcium phosphate
in ~90% of cases, they may also contain other compositions includ-
ing whewellite (CaC;04H,0), proteins, glycosaminoglycans, and
lipids [44]. The presence of small peptides, proteins, and inorganic
ions other than calcium and phosphate can have strong influence
on crystallization [33]. In some unique stone formers, stems have
even been found to contain significant amounts of sodium hydro-
gen urate, and uric acid [44]. As expected, EDX analysis revealed
calcium to be widely distributed throughout stem and stone
(Fig. 3B, 3C) while calcium phosphate was localized to interstitial
plaque and stems only, confirming that stems on calcium oxalate
stones are a downstream manifestation of RP. Interestingly, mag-
nesium was detected in RP up to the stem-stone interface with
minimal magnesium detectable within the body of stones
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(Fig. 3B, 3C). Similarly, sodium was routinely detected within
stems (especially predominant in stone II, Fig. 3B), but not in the
body of stones (Fig. 3b). The role of sodium and magnesium in
the progression of stem to the genesis of stones remains unclear,
but provide insights into plausible ways to mitigate stems. Not sur-
prisingly, stems were found to have distinct mineral densities and
composition similar to RP, but different from their attached stones.
Mineral density differences are easily distinguishable on micro-
XCT, and can be used to distinguish calcium phosphate (higher
mineral density) from calcium oxalate (lower mineral density) by
correlating variable mineral density regions with elemental analy-
ses (Fig. 3A, B).

4.6. Limitations

While analyses focused on specimens obtained from idiopathic
calcium oxalate stone formers, not all stones form from interstitial
plaque. For example, patients with distal tubular acidosis and sev-
ere hyperoxaluria (as is seen after intestinal bypass surgery) have
been observed to form calcium phosphate stones off of collecting
duct “plugs” rather than interstitial plaques [45,46]. Findings from
all specimens were consistent, and the power of this study can be
increased with more specimens subjected to similar methodolo-
gies and analyses.

5. Conclusions

In this study, data acquired from microscopy and spectroscopy
techniques are accurate within the resolution limits of the instru-
mentation. Mineralization within kidneys of common calcium-
based stone formers occurs as a continuum starting with proximal
mineral deposits that preempt RP formation in the interstitium of
the distal renal papilla. Following interaction between anions and
cations, early calcium phosphate pre-clusters form CNPs which
seem to agglomerate into more complex, higher ordered aggregates
resulting in dense interstitial RP near the tip of the papilla (Fig. 6).
Additionally, data corroborate with the traditional viewpoint that
RP emerges through papillary epithelium and become exposed to
the urinary space, allowing a fixed interface (stem) on which
calcium-based stones form (Fig. 6). We postulate that partially
cell-mediated mineralization processes within the tissue of the
papilla convert to a physical chemistry based mineralization pro-
cess within the urinary space along the stem-stone interface (Fig. 6).

Understanding the earliest sites of mineralization in this contin-
uum is paramount in developing targeted stone prevention thera-
pies. However, as this search is ongoing, we are learning that
multiple mechanisms are at play in the heterogeneous environ-
ment consisting of various proteins within the renal pyramid. Is
RP preventable or reversible? If not, perhaps stone prevention rests
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at the stem-stone interface, where targeted therapies could miti-
gate further mineralization in a uriniferous environment. The
uriniferous environment allows calcium oxalate deposition on cal-
cium phosphate nidi emerging from the renal epithelium. The ear-
liest inciting mechanisms in the formation of RP and the transition
from calcium phosphate in RP to predominantly calcium oxalate
stones continue as a major focus and is an ongoing investigation.
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