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GeoBioMed perspectives on kidney
stone recurrence from the reactive
surface area of SWL-derived
particles

Lauren G. Todorovl*11, Mayandi Sivaguru*!!, Amy E. Krambeck*®, Matthew S. Lee*,
John C. Lieske®’ & Bruce W. Fouke2/&910,115<

Shock wave lithotripsy (SWL) is an effective and commonly applied clinical treatment for human
kidney stones. Yet the success of SWL is counterbalanced by the risk of retained fragments causing
recurrent stone formation, which may require retreatment. This study has applied GeoBioMed
experimental and analytical approaches to determine the size frequency distribution, fracture
patterns, and reactive surface area of SWL-derived particles within the context of their original
crystal growth structure (crystalline architecture) as revealed by confocal autofluorescence (CAF) and
super-resolution autofluorescence (SRAF) microscopy. Multiple calcium oxalate (CaOx) stones were
removed from a Mayo Clinic patient using standard percutaneous nephrolithotomy (PCNL) and shock
pulse lithotripsy (SPL). This produced approximately 4-12 mm-diameter PCNL-derived fragments
that were experimentally treated ex vivo with SWL to form hundreds of smaller particles. Fractures
propagated through the crystalline architecture of PCNL-derived fragments in a variety of geometric
orientations to form rectangular, pointed, concentrically spalled, and irregular SWL-derived particles.
Size frequency distributions ranged from fine silt (4-8 pm) to very fine pebbles (2-4 mm), according
to the Wentworth grain size scale, with a mean size of fine sand (125-250 pm). Importantly, these
SWL-derived particles are smaller than the 3-4 mm-diameter detection limit of clinical computed
tomography (CT) techniques and can be retained on internal kidney membrane surfaces. This creates
clinically undetectable crystallization seed points with extremely high reactive surface areas,

which dramatically enhance the multiple events of crystallization and dissolution (diagenetic phase
transitions) that may lead to the high rates of CaOx kidney stone recurrence after SWL treatment.

The worldwide prevalence and incidence of kidney stones continues to increase, which can range from asymp-
tomatic incidental findings of limited concern to painful recurrent disorders and even chronic kidney disease'.
This is observed in all cohorts of sex, age, ethnicity, and race, while exhibiting substantial geographic variability
that varies from 3 to 15% in the United States to 1-19% in Asia, 4% in South America, 5-10% in Europe, and
20-25% in the Middle East''*. A significant proportion of the identification of these global increases in kidney
stone incidence result from improved medical imaging using non-contrast computed tomography (NCCT)!>-20.
In addition, the accurate diagnosis of kidney stone disease is further complicated by uncertainties in diagnostic
codes, self-reporting, stone terminology and classification, risk factor identification, and other uncertainties
associated with the prediction and monitoring of stone recurrence'. A definitive diagnosis of symptomatic
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kidney stones therefore still fundamentally depends upon an actual stone being imaged, observed when surgi-
cally removed, or after being voided'.

As aresult of these complex intertwined factors, shock wave lithotripsy (SWL) remains a common non-inva-
sive clinical intervention for kidney stones globally, because it is relatively low-cost and approximately 60% effec-
tive in fragmenting and at least partially eliminating stones less than approximately 11-20 mm in diameter®!62!-2,
Despite clinical CT techniques that currently approach 1 mm resolution, patients with SWL-derived residual
stone particles that are <3-4 mm in diameter are considered to be “clinically insignificant residual fragments”
because they are assumed to be able to spontaneously pass. Therefore, patients with fragments up to this size are
classified as being in a “stone free state” and considered to not require further treatment'*-'%?>. In contrast, post-
SWL treatment patients also commonly experience high stone recurrence rates that reach ~ 78%2%%”, which may
at least partially result from crystallization at sites of SWL-induced tissue damage as observed in renal histology
section?. Post-SWL treatment recurrence has also been postulated, but not yet experimentally proven, to be
caused by crystal regrowth from residual SWL-derived particles that have been found throughout the anatomical
structure of the kidney®!71821,22:29-37,

The present study was undertaken to experimentally quantify SWL-induced kidney stone fragmentation from
the perspective of an integrative geological, biological, and medical approach called GeoBioMed***2. Of direct
relevance for better understanding post-SWL recurrence, GeoBioMed incorporates practical and theoretical
geoscience approaches that characterize grain size and predict resulting chemical reactivity****. Six calcium oxa-
late (CaOx) stone fragments were collected from a patient undergoing standard percutaneous nephrolithotomy
(PCNL) with shock pulse lithotripsy (SPL) (Fig. 1), which is typically applied to stones greater than approximately
11 mm in diameter'®. These PCNL-derived fragments were further broken-down ex vivo on a Dornier Delta’ I11
lithotripter to produce a wide array of smaller SWL-derived particles. Weight loss during SWL experimentation
was determined (defined as [PCNL-derived fragment weight] — [total SWL-derived particle weight]) and size
frequency distributions were measured from reflected light images of loose SWL-derived particles*®¥. A subset of
these SWL-derived particles was embedded in epoxy plugs and the polished surface analyzed using: (1) 250 nm-
resolution microscopy (reflected light—RL; brightfield—BF; ring aperture contrast—RAC; phase contrast—PC;
polarization—POL; transmitted light photomultiplier tube—T-PMT; confocal autofluorescence—CAF); and (2)
140 nm-resolution microscopy (T-PMT; super-resolution auto-fluorescence—SRAF). Each epoxy plug was made
into 25 um-thick doubly polished uncovered thin sections for 140 nm-resolution microscopy (BE POL, RAC,
T-PMT, CAF). Mineralogy was determined with a combination of this high- and super-resolution microscopy
and Raman spectroscopy. Results indicate that: (1) the original crystal growth structure and post-formational
crystallization and dissolution alteration (diagenetic phase transitions) combine to create the crystalline archi-
tecture of CaOx kidney stones; (2) this provides an essential contextual framework within which to identify
and track how SWL fracture patterns develop*’; and (3) small particles (< 3-4 mm-diameter) undetectable with
current clinical CT and ultra sound techniques are produced by SWL treatment, which can be systematically
categorized using the geological Wentworth grain size scale®®. Results suggest that the dramatic increase in
reactive surface area created by these small SWL-derived particles, which become distributed throughout the
kidney, dramatically enhance the multiple events of diagenetic phase transitions that result in high rates of stone
recurrence after SWL treatment.

Results and discussion

Crystalline architecture of PCNL-derived fragments. The high- and super-resolution optical, laser,
X-ray microscopy, and Raman spectroscopy conducted in the present study indicate that the original PCNL-
derived fragments have a crystalline architecture that is consistent with those previously observed in CaOx
kidney stones®*~*2. Following the approaches presented in these previous studies, the term “crystalline archi-
tecture” is herein used to refer to stone structure (crystal size, shape, intergrown morphologies), stratigraphy
(crystal and organic matter layering), diagenetic phase transitions (post-depositional dissolution and recrystalli-
zation), and paragenesis (historical sequence of formational events). Therefore, the approaches and terminology
of GeoBioMed**-*? have been directly adopted and applied in the present study. RL microscopy and X-ray com-
puted tomography (CT) indicate that the original PCNL-derived fragments are irregular 4-12 mm-diameter
crystalline aggregates that exhibit SPL probe impressions and breakage patterns (Figs. 2A,B, SFigs. 1, 2). Each
PCNL-derived and SPL-derived fragment in the present study is primarily a high-density calcium oxalate mono-
hydrate (COM; Whewellite; CaC,0,-H,0) cortex (COM) composed of high-frequency alternations of organic-
matter-rich nanolayers (peptides, proteins, and other cellular molecules) and COM mineral-rich nanolayers
(Fig. 2B-F)*->2, All six of the PCNL-derived fragments were impacted to varying degrees by ultrasonic wave
energy and intermittent shockwaves from use of an SPL probe. This includes breakage surfaces and notch forma-
tion on the exterior of some PCNL-derived fragments (Fig. 2A,B, SFigs. 1, 2), as well as rare occurrences of fine
fracturing within COM that are exclusively observed adjacent to the SPL notches (Fig. 3A).

Individual crystal faces (sector zones) within COM_ are common and form as the result of disequilibrium
precipitation, during which ions and organic matter are differentially incorporated on age-equivalent crystal
growth faces (Fig. 3B,C,H)*~*>%, Free-floating COM crystals (COMy;) are entombed, either individually or
in clusters, on growing COM¢. concentric surfaces that seed the growth of radiating crystal bundles (COMp)
that either truncate or redirect the growth of sector zones (Fig. 3C,F). Additionally, COM commonly exhibits
repeated in vivo events of crystal fracturing (cracking) and faulting (displacement across the fractures) to form
laths with discontinuous layering (Fig. 3D,E). COM_ also exhibits Angstrom-scale dissolution and recrystal-
lization (mimetic replacement, COMy,) (Fig. 3E,G). The outermost margins of the PCNL-derived fragments are
composed of calcium oxalate dihydrate (COD; Weddellite; CaC,0,-2H,0) crystals that were encrusted by COM,
experienced COD dissolution (CODp), and were partially filled with replacement COM (COMy) (Fig. 3H).
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Figure 1. Flow chart of experimental study (see explanation in Supplementary Materials and Methods).
Acronyms include: SWL shock wave lithotripsy, PCNL percutaneous nephrolithotomy, CT, computed
tomography, RL reflected light, BF brightfield, POL polarization, RAC ring aperture contrast, PC phase

contrast, T-PMT transmitted light photomultiplier tube, CAF confocal autofluorescence, SRAF super-resolution
autofluorescence, and x10, x20, x63 microscope objective magnification.

Fracture geometries of SWL-derived particles. The crystalline architecture of the SWL-derived par-
ticles, as revealed by CAF and SRAF microscopy, provides a high-fidelity crystalline framework within which to
characterize SWL-induced fracture geometries (Figs. 5, 6). Importantly, previous studies using scanning elec-
tron microscopy (SEM) on SWL-derived particles provided valuable information on external and internal CaOx
crystal growth and fracturing morphologies®. However, the SEM tool is inherently limited compared to the
detailed information on crystalline architecture that is provided by the CAF and SRAF microscopy***%. SWL-
induced fractures were observed in the present study to propagate in a variety of perpendicular, oblique, and
concentric-parallel trajectories relative to the nanolayered crystalline architecture of the original PCNL-derived
fragments (Figs. 5, 6; SFigs. 6-10). These observations have been integrated to establish a systematic nomen-
clature of fracture morphologies for SWL-derived particles that include: (1) rectangular particles with fracture
margins formed perpendicular to the COM. concentric nanolayer stratigraphy (Fig. 5A), parallel to radiating

Scientific Reports |

(2022) 12:18371 |

https://doi.org/10.1038/s41598-022-23331-5 nature portfolio



www.nature.com/scientificreports/

Figure 2. Three-dimensional (3D) external morphology of kidney stone fragment 106F3 and two-dimensional (2D) internal
crystalline architecture of thin section 106F3-1 and 106F3-2. (A) 3D reflected light (RL) image of the entire stone showing notches
(white arrows) resulting during PCNL SPL procedure. Weight data presented in Supplementary Table S1. Inset is a 3D computed
tomography (CT) external surface rendering of entire stone from a different orientation showing the line of section (white line).

Thin section 106F3-2 was prepared ~ 500 um below the line of section. (B) Brightfield (BF) image of 2D virtual thin section 106F3-1
made at position shown in the line of section show in the inset of (A), exhibiting a complete history of earliest-to-latest stone growth
crystallization. Red boxes indicate the locations of enlargements shown in Fig. 3. Inset is a 2D virtual CT cross-section taken through
line of section shown in (A). White arrows show PCNL and SPL notches that correspond to (A), and red box indicated enlargement
in (B). (C) Polarization (POL) image of (B). Red boxes indicate the location of enlargements shown in Fig. 3. (D) Tiled confocal
autofluorescence (CAF) image of merged pseudo-colored red, green, and blue (RGB) channels indicate that the COM cortex (COMc)
is composed of nano-layering. Red boxes indicate the location of enlargements shown in Fig. 3. (E) T-PMT of thin section 106F3-2
exhibiting the original internal crystalline architecture of the PCNL-derived 106F3 stone fragment. (F) Tiled CAF image of merged
pseudo-colored RGB channels of (E).
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Figure 3. Original crystalline architecture of calcium oxalate (CaOx) PCNL-derived fragments. (A,D,E)
SRAF images. (B,C,F,G,H) CAF images. Labels indicate: FR fracture, FA fault L lath, SZ sector zone, COM;
free-floating COM, COM,: COM cortex, COMj bundles of COM radiating from a COMp, COM),; mimetic
replacement COM, COM;, replacement COM, COD)}, dissolved COD; and E, red AF embedding epoxy. Image
locations shown in Figs. 2B-D and 4C and corresponding T-PMT images presented in Supplementary Fig. S3.

sector zones (Fig. 6B,D), and cross-cutting COM mimetic replacement (COM,,) crystals (Fig. 6G)***-%; (2)
pointed particles that form from fractures perpendicular, oblique, and parallel to the COM. concentric nanolayer
stratigraphy (Fig. 5B-H), which merge at angles of 60°~120° to form arrowhead-like tips (Figs. 5B-H, 6A,D)

Scientific Reports|  (2022)12:18371 | https://doi.org/10.1038/s41598-022-23331-5 nature portfolio



www.nature.com/scientificreports/

that are similar in appearance to Hertzian-cone conchoidal fractures caused by surface radial tensile stress
in silicates and metals®*%; (3) concentrically spalled particles created by inter- and/or intracrystalline fractur-
ing along concentric organic matter-rich COM,, nanolayers via cohesive-zone brittle microfracture spallation
(Fig. 5EG)*>***; and (4) irregular surface particles created by coalescing microfractures that cause irreversible
fatigue damage and little plastic deformation during the application of cyclic tensile stress®* -3¢ at the margins
of original COM crystal bundles that initially grow from COM free floating (COM) crystals after landing on
growing COM¢ surfaces (Fig. 6B—H). These CAF- and SRAF-defined fracture categories enhance and improve
upon observations completed in earlier studies exclusively using SEM*.

SWL-derived particle size distributions. During the course of the 72-h H,O porosity saturation of the
original PCNL-derived fragments®!, the weight of both 106F2 and 106F4 increased approximately 10% (Fig. 7A).
The larger PCNL-derived fragment 106F2 was exposed to six sequential ex vivo 100-shock SWL treatments
with a consistent Level 3 intensity at a rate of 90 shocks per minute (Fig. 7). The smaller PCNL-derived frag-
ment 106F4 was subjected to only two 100-shock treatments at the same shockwave intensity and rate (Fig. 7).
The SWL-derived particles produced by each 100-shock treatment were sieved with the 2 mm-mesh net in the
calibration container of the lithotripter, weighed, and imaged (SFig. 3, STable 1). The weight percent of SWL-
derived particles captured in the 2 mm-mesh net was observed to decrease from approximately 50-85% after
the first 100-shock treatment and eventually reach a 0% decrease after progressive treatments. This is consistent
with previous observations of weight loss with increasing shock wave treatments®. The SWL-derived particle
fractions small enough to pass through the 2 mm-mesh net were trapped on a 0.47 um filter, imaged, quanti-
fied, and classified according to the Wentworth grain size scale (Fig. 7B,C)**$2¢, These analyses indicate that the
SWL-derived particles from both 106F2 and 106F4 that passed through the 2 mm-mesh net are in size classes
that range from very fine silt (4.998 um) to very fine pebbles (2.926 mm) (Fig. 7B,C, STable 2). The SWL-derived
particles from both 106F2 and 106F4 exhibit right-skewed (positive) normal size frequency distributions (after
Garcia, 2008) with size class modes of fine sand (Fig. 7B,C)**. While small clay-sized (<4 pm-diameter) SWL-
derived particles were not detected in the present study despite the use of 0.47 um filters (Fig. 7), it is possible
that some unknown amount of this fine grain size class may have been lost while decanting between sequential
stages of SWL experimentation.

Implications. Experimental results in the present study indicate that each SWL treatment of CaOx PCNL-
derived fragments produced 5 um- to 2 mm-diameter SWL-derived particles that range on the Wentworth grain
size scale from very fine silts through sands and very fine pebbles (mode=125-250 um-diameter fine sands;
Fig. 7). The majority of these SWL-derived particles are significantly below the 3-4 mm-diameter detection limit
of clinical non-contrast computer tomography scans?*®>%. As discussed here, results from the present study,
as well as inference made from previous studies, indicate that these small SWL-derived particles are likely to
increase the chance for post-SWL treatment stone recurrence®~"°. Therefore, the common clinical practice of
using negative computed tomography screens to identify and declare patients as “kidney stone free” with “clini-
cally insignificant residual fragments”!718242%6971-76 should be fundamentally reevaluated.

In natural environmental waters, the primary factors controlling the rate and extent of mineral precipitation
and dissolution reactions include mineralogical stability, fluid saturation state, and the amount of surface area
available per unit mass of mineral grains**-*>””. Furthermore, fine crystalline structure (crystalline architecture)
and crystal aggregate grain size play influential roles in both the primary (original) crystallization and secondary
physical, chemical, and biological alteration (diagenesis)**’®”® of the kidney stone deposits. The increase in total
surface area per gram, as both grain size and volume decrease, can be approximated as (Walter and Morse)*:

_ (B,
=) g

where A =specific surface area (SSA,) of each particle per unit mass (g), 4 = particle surface area (also known
as A,) per unit mass (g), which is approximated as a sphere using a spherical radius (r) derived from grain
size: A, =4m r2, V =volume of each particle (also known as V%) as a function of equivalent spherical radius (r):
v, =%nr3, p = bulk density of material (COM)*=2.12 g/cm’, B = shape factor for sphere or cube, which is 3
based on surface to volume ratios and assumes geometrically equidimensional particles.

These estimates permit the size frequency distributions of the SWL-derived particles, as measured in the
present study (Fig. 7), to be used to quantitatively estimate the impact of effective reactive surface area on post-
SWL recurrence (Fig. 8). This simple approximation dramatically illustrates that a decrease in SWL-derived
particle size is accompanied by an exponential increase in the total surface area available for ensuing sequential
events of crystal growth and/or dissolution (diagenetic phase transitions)*>’®” (Fig. 8). Previous experimental
studies of fine-grained marine carbonate skeletal components (coral, echinoid, and algal skeletons), suggest that
textural microstructure (referred to as crystalline architecture in the present study®®*?), surface roughness, and
grain size combine to influence total reactive surface area®®!. However, the dense relatively non-porous interior
crystalline architecture of the CaOx kidney stone grains observed in the present study (Figs. 2, 3, 4, 5, 6) sug-
gest that the total exterior surface area is a reasonable first-order approximation of reactive surface area in both
PCNL-derived fragments and SWL-derived particles (Fig. 8).

These evaluations permit the effect of SWL-derived particle size and associated surface area to be evaluated in
the context of surface- and transport-control chemical reactivity regimes***. As a result, SWL-derived particles
that are below the size limit of detection by clinical non-contrast computed tomography scanners (Fig. 8) could
still have an extremely high potential to serve as a nidus for crystal growth and stone recurrence®>. In addition,
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Figure 4. PCNL-derived fragments 106F2 (A) and 106F4 (D) that underwent SWL to produce particle groups
106F2-S1 (B,C) and 106F4-S1 (E,F). Particles derived from the first 100 SWL shocks were imaged (B,E) and
embedded in an epoxy plug (C,F). (A,D) RL image of PCNL-derived fragment suspended within a 2 mm-mesh
net basket prior to SWL treatment. Corresponding figures of 3D external stone morphology, 2D internal
crystalline structure, and RL images during experimentation presented in Supplementary Figs. S2 and S4.

(B,E) RL image of loose SWL-derived particles that were hand-traced and artificially colored pink for precise
pixel selection and grain size quantification. (C,F) RF image of SWL-derived particles embedded in epoxy and
polished prior to thin section preparation (red boxes indicate locations of enlargements shown in Figs. 3, 5, 6,
Supplementary Fig. S9).
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Figure 5. Geometries of SWL-derived particles from groups 106F2-S1 and 106F4-S1 (Fig. 4). These detailed
crystal growth structures and fracture patterns, observed in thin section, are analogous to those observed on the
polished epoxy plugs (Figs. 3, 6). Red AF emitted from embedding epoxy has been removed from around, but
not within each fragment, and replaced with a black background. (A-H) CAF images of merged pseudo-colored
RGB channels showing SWL fracture geometries that crosscut the original CaOx crystalline architecture.

SWL shock fractures propagate at perpendicular and oblique angles with respect to the original crystalline
architecture, often converging to form angles of 60°-~120° ((B,C,D,F,H), white arrows). Spalling along concentric
crystalline layering is also observed ((F,G), grey arrows). SWL-derived particle locations shown in Fig. 4 and
Supplementary Fig. S5 and corresponding BF and POL figures presented in Supplementary Figs. S6 and S7.
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Figure 6. Crystalline architecture and fracture patterns of SWL-derived particles from groups 106F2-S1 and
106F4-S1 embedded in the epoxy plug. (A-G) CAF images. (H) SRAF image. Labels indicate: FR fracture,
FM fracture margin, FA fault L lath, SZ sector zone, COM; free-floating COM, COM COM cortex, COMjy
bundles of COM radiating from a COMg, MF microfractures, COM,,;, mimetic replacement COM; and E,
red AF embedding epoxy. Image locations shown in Fig. 4 and corresponding T-PMT figure presented in
Supplementary Fig. S8.

these fine SWL-derived particles (Figs. 7, 8) would have a high affinity for adherence to extracellular mucus
linings on renal tissues such as glycosaminoglycan hyaluronans®. This would serve to reduce the effectiveness

Scientific Reports|  (2022)12:18371 | https://doi.org/10.1038/s41598-022-23331-5 nature portfolio



www.nature.com/scientificreports/

Weight (g)

Weight During Experimentation

PCNL-Derived
Fragments SWL-Derived Particles

< » << >
< >

/—\

0.60

o
15
S

o
IS
<)

o
w
S

o
I )
o

0.00 -
72-HourHO o 100 200 300 400 500 600
Saturation

Number of SWL Shocks o— 106-F2 o 106-F4

Number of Particles

Size Frequency Distribution of SWL-Derived Particles from 106F2

S T

Very Fine Fine Medium Course Very Fine Fine Medium Course Very Very Fine Fine Medium Course Very
Course Course

Oum  4pum 62 pm 2mm 64 mm 256 mm
Clay Silt Sand Pebbles Cobbles
M106F2-S1 M106F2-S2 106F2-S3 106F2-S4 M106F2-S5 M106F2-S6

N
a
o

N
o
o

[
=)

o
[S]

o
o

0|

Number of Particles

Size Frequency Distribution of SWL-Derived Particles from 106F4

120

all,

Very Fine Fine Medium Course  Very Fine Fine Medium Course Very Very Fine Fine Medium Course Very
Course Course

Oopm 4pum 62 ym 2mm 64 mm 256 mm
Clay Silt Sand Pebbles Cobbles
HM106F4-S1 M106F4-S2

Figure 7. Weight changes and size frequency distributions of SWL-derived particle groups 106F2 and 106F4.
(A) Change in weight of PCNL-derived fragments 106F2 and 106F4 after 72-h of H,O saturation prior to

SWL experimentation, and weight changes during experimentation in SWL-derived particles during each
incremental 100-shock treatment. Corresponding RL images and data are presented in Supplementary SFig. 4
and Supplementary STable 1. (B) Wentworth grain size frequency distribution of SWL-derived particles from
106F2 after six 100-shock treatments. (C) Wentworth grain size frequency distribution of SWL-derived particles
from 106F4 after two 100-shock treatments. Corresponding data presented in Supplementary STable 2.
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Diagenetic Phase Transitions: Surface Reaction Control and Transport Control
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Figure 8. Log plot of specific surface area (m?/g) as a function of grain diameter (in microns) following the
Wentworth grain size classification scheme. Surface area calculations (described in detail in the text) were

made from the size frequency distributions of the experimentally measured SWL-derived particles (Fig. 7; red
horizontal line) and assuming geometrically equidimensional particles. The 3-4 mm-diameter detection limit
of clinical CT screening (blue line) and example 250 nm-resolution CAF microscopy images are also shown.
The 3 mm resolution of non-contrast computed tomography images exclude the high-frequency crystalline
architecture and overall SWL-derived particle fracture geometries. Corresponding data found in Supplementary
STable 3.

of post-SWL irrigation’®, as well decrease spontaneous passage under variable infundibulopelvic angles'é. This
also further supports the suggestion by Brain et al. that smaller SWL-derived particle size fractions should not
be discounted when evaluating a patient’s risk for stone recurrence?®. Therefore, as noted earlier, terms such as
“clinically insignificant fragments” should be avoided moving forward.

The results of the present study have important implications for all applications of shock wave lithotripsy,
which has been in clinical use since the 1980s and has spurred extensive controlled experimentation to better
understand mechanisms of fragmentation, improve efficiency of the treatment, and reduce post-SWL stone
recurrence®. The majority of this work has been completed on artificial composites (begostones or phantom
stones) suspended in water®*®-2, Furthermore, other studies have shown that COM is more resistant to SWL-
generated fragmentation than is COD*’. However, this previous work used “physical properties” and did not
consider the influence of original CaOx kidney stone crystalline architecture, size frequency distributions (as
opposed to acoustic comminution that is based on grain averages), fracture geometries, and the influence of
reactive surface area on recurrence.

Regarding fracture patterns, the original CAF- and SRAF-defined crystalline architecture of each of the
PCNL-derived fragments that were subjected to ex vivo SWL treatment in the present study, creates a geometric
framework within which SWL-induced fracture propagation patterns can be identified. These crystalline fabrics
range from large hundreds of pm-diameter single crystals to tens of nm-diameter nanocrystals that form con-
centric nanolayers®*. Further, these SWL-derived particles exhibit rectangular, pointed, concentrically spalled,
and irregular particle geometries. Similar to arrow heads produced from chert (flint)**, these irregular fragments
have razor sharp edges that can pierce, land on to, cut into, and damage sensitive tissues throughout the kidney,
bladder, and urethra, which could further contribute to ensuing stone recurrence?**2.

In conclusion, the influence of SWL-derived particle size frequency distributions, fracture patterns, and
reactive surface area now opens the way for many new directions of experimental research into the development
of therapies meant to reduce post-SWL kidney stone recurrence. For example, factors that influence diagenetic
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phase transitions and reactive surface area for each Wentworth size class of SWL-derived particles can now be
tested using controlled experimentation of urine-stone-microbe-renal tissue interactions within microfluidic
testbeds such as the GeoBioCell®-*27°. Of specific utility is the small size of SWL-derived particles, which fit easily
into GeoBioCell microfluidic flow chambers and channels, and therefore permit real-time quantitative track-
ing of diagenetic phase transitions controlled by a wide variety of interacting physical, chemical, and biological
processes**>%. Potential examples include®”*: (1) real-time systematic analysis of the effect of microbiome- and
host human-derived protein catalysis by promotional and inhibitory macromolecules (i.e., anionic proteins and
glycosaminoglycans) on crystal aggregation and cell attachment'®!!?1:42519%; (2) controls on crystal growth mor-
phology, mineralogy, chemistry, aggregation, layering, dissolution, and recrystallization; and (3) the influence of
organic acids such as citric, oxalic and formic acids excreted by specific bacteria and fungi entombed in CaOx
kidney stones on stone dissolution. Furthermore, new GeoBioCell microfluidic testbeds themselves could be
designed and constructed with 3D chamber printing, silica etching, and renal cell 3D printing of microfluidic
flow channels in multiple configurations to simulate the actual renal hydrology, anatomy, and physiology*"**. In
addition, effects of specific plant extracts and anti-oxidants such as hydroxy citrate can now be systematically
tested with respect to post-SWL diagenetic phase transitions, cellular control, urine supersaturation, and flow
rate, and their effect on CaOx kidney stone recurrence®>?7-101,

Materials and methods

All clinical protocols were approved by the Mayo Clinic Institutional Review Board. The experimental design and
methodology applied in this study are summarized here and described in detail in the Supplementary Materials.
This includes a flow chart of the systematic analyses completed in this study (Fig. 1). Kidney stone fragments
were collected from one patient using standard PCNL and SPL. Medical history, standard serum labs, medica-
tion intake (e.g. citrate, thiazides, allopurinol), and comorbid conditions (e.g. diabetes mellitus, obesity, gout,
hypertension, distal rental tubular acidosis, malabsorption-related conditions and diseases) were assessed from
the medical record of Patient 106. Preoperative data included patient age, sex, BMI, prior surgical history, prior
metabolic stone therapies, stone location based on CT scans, and stone density measurement. Metabolic panels,
which included 24-h urine collection and EQUIL2-calculated supersaturation, were completed one month before
and after PCNL-interventions, as well as one two years after (STab 4-5). Six ~4-12 mm-diameter PCNL-derived
fragments (labelled 106F1-6) were collected and washed in deionized water, air dried, and imaged (SFig. 1A).
Stone mineralogy was determined to be primarily calcium oxalate monohydrate (COM) using FTIR spectroscopy
and CT at the Mayo Clinic Metals Laboratories (SFig. 1B). This was confirmed with high- and super-resolution
microscopy and confocal Raman spectroscopy analyses at the University of Illinois Urbana-Champaign (Illinois),
additionally finding trace amounts of calcium oxalate dihydrate (COD). These PCNL-derived fragments were
immediately placed in a — 80 °C dry shipper dewar and transported to the Carl R. Woese Institute for Genomic
Biology (IGB) at Illinois. At the time of analysis, samples were thawed for 24 h at room temperature.

Six PCNL-derived stone fragments were analyzed from a single patient, four of which were selected for this
study (Fig. 1). Three-dimensional (3D) reflected-light imaging on the Zeiss AxioZoom.V16 and CT scans at 3 um
resolution on a North Star Imaging X5000 were completed on stone fragments 106F1-4 in the IGB at Illinois. The
CT data was subsequently used to select the line of section and strategically orient, cut, and produce a doubly
polished thin section from PCNL-derived fragment 106F3 exhibiting a complete cross-section of earliest-to-
latest crystalline growth. PCNL-derived fragment 106F3 was three-dimensionally oriented, impregnated with
epoxy, and made into ~ 60 um-thick, doubly polished, uncovered thin section (106F3-1) by L. Todorov at Buehler
(Chicago, IL). The remaining epoxy-embedded sample that was cut from the thin section (106F3-2), imaged
on the Zeiss Axio Zoom.V16, and sent to Wagner Petrographic to be prepared into a standard-sized (24 mm
x 46 mm), uncovered (no cover slip), doubly polished thin section (~25 pum). After receiving both 106F3-1
and 106F3-2 thin sections from Wagner Petrographic, microscopy analyses on 106F3-1 were carried out in the
Microscopy and Imaging Core Facility in the Carl R. Woese Institute for Genomic Biology on a Zeiss Axio Zoom.
V16, AxioScan.Z1, Axio Observer, and LSM 880 confocal system.

PCNL-derived fragment 106F1 was sacrificed for experimental standardization and PCNL-derived frag-
ments 106F2 and 106F4 were used for the SWL studiesusing Dornier Delta III lithotripter. In preparation for
SWL, two PCNL-derived fragments (106F2, 106F4) were saturated with 72-h degassed 18.2 MilliQ H,O for 24 h
within a vacuum chamber®'. The lithotripter was set to a rate of 90 shocks/min in increments of 100 shocks per
treatment, with a coupling pressure of 4, and a power level of 3. Samples were placed in a calibration chamber
attached to the SWL instrument. This configuration mimics penetration of the shock waves through human
tissue and focused shockwaves at the center of a 2 mm-mesh net containing the sample. After each 100-shock
treatment, SWL-derived particles sieved within the 2 mm-mesh net and SWL-derived particles that fell through
the 2 mm-mesh net were separately collected and photographed. The water bath containing the fallen SWL-
derived particles was extracted and filtered using a 0.47 pm mixed cellulose ester membrane filter paper within
a vacuum system. The SWL-derived particles within the 2 mm-mesh net were removed, weighed, then returned
for subsequent treatments. The procedure was repeated until all fragments in the 2 mm-mesh net were com-
pletely fragmented. Weight loss during SWL studies was determined ([PCNL-derived fragment weight] — [total
SWL-derived particle weight]) and size frequency distributions were measured from reflected light images of
loose SWL-derived particles.

SWL-derived particles from 106F2 and 106F4 were collected from the calibration container water bath after
each 100-shock treatment, placed into a weigh boat, and imaged on a Zeiss Axio Zoom.V16 microscope. Image
analysis was completed using Adobe Photoshop and RGB false colored (red =210, green =0, blue=255) to ensure
accurate grain size quantification (Fig. 4). Each image was then processed using the Zeiss AxioVision program,
with the total number of fragments and measured diameters converted into XML and XLSX files. Data was
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evaluated on Microsoft Excel and binned according to the Wentworth grain size scale. Size frequency distribu-
tions could only be determined from loose SWL-derived particles because thin sections made from epoxied SWL-
derived particles can significantly under sample the grain sizes due to the polishing-impact on the elevation of the
plane of section. SWL-derived particles from 106F2 and 106F4 collected during the first SWL 100-shock treat-
ment were embedded in epoxy blocks, polished and imaged on Zeiss AxioZoom.V16, Axio Observer, and LSM
880 Confocal microscopes. Impregnated blocks were then shipped to Wagner Petrographic Ltd. (Linden, Utah)
for preparation as ~ 25 um-thick, uncovered, doubly polished thin sections. Received thin sections of 106F2-S1
and 106F4-S1 were then imaged on the Zeiss AxioScan.Z1, LSM 880 confocal microscope with Airyscan Super-
resolution module and LSM 980 microscope with Airyscan Superresolution II microscopes for further analysis.

Both epoxy-embedded plugs and thin sections were imaged on a wide variety of optical modalities. A Zeiss
Axio Zoom.V16 system (Carl Zeiss, Oberkochen, Germany) with a Plan-NeoFluar Z 1.0x objective and Axiocam
512 imaging device for reflective and transmitted light microscopy, including brightfield (BF) and polarization
(POL) images. A Zeiss AxioScan.Z1 system with a Plan-Apochromat (10x/0.45 NA) objective and Hitachi HV-
F202SCL color camera was used to capture BE, POL, and ring aperture contrast (RAC). A Zeiss Axio Observer
system with a Zeiss Axiocam 506 color camera was used to capture BE, POL, and phase contrast (PC) images
across a broad range of magnifications. The objectives used were Plan-Aprochromat (10x/0.45NA) Ph1 M27
DICII, Plan-Aprochromat (20x/0.80 NA) Ph2 DICII, and Plan-Aprochromat (63x/1.40 NA) Oil Ph3. For POL
images, Analyzer DIC Transmitted light polarizer was utilized with the angle set to 0°. The confocal auto-
fluorescence (CAF) and Airyscan super-resolution autofluorescence (SRAF) nanolayers observed in the samples
were investigated and quantified using both the Zeiss LSM 880 and Zeiss LSM 980 Laser Scanning microscopes
with Airyscan Super-Resolution. Tiled CAF images of merged pseudo-colored RGB channels exhibits a complete
history of earliest-to-latest stone growth crystallization. All images were processed using the Zeiss Zen Blue and/
or Black software to display either minimum and maximum or best-fit properties unless otherwise stated in the
figure legends. In addition, red-green-blue (RGB) curves were adjusted individually or together to highlight
all the crystal intensities in individual frames across the whole specimen. Where required, a non-linear gamma
correction of 0.45 or 0.70 was applied to enhance faint AF crystal intensities in the same Zen program under
the spline display mode property and all other corrections are presented in the corresponding figure legends.
Final images were cropped, resized, and assembled using Adobe Photoshop (Adobe Systems Inc., San Jose, CA)
to fit the required format.
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Scientific.

Ethics approval and consent to participate. This basic medical research study was reviewed and
approved by the Institutional Review Board (IRB 09002083) at the Mayo Clinic. Written informed consent was
obtained from all patient participants and are on file with the Mayo Clinic in Rochester, Minnesota.

Data availability
The raw microscope images and processed images are available for download from the following link: https://
uofi.box.com/s/4fb9xfo41xt3r5ucgq96ryol5dtesh2f.

Received: 23 July 2022; Accepted: 29 October 2022
Published online: 01 November 2022

References
1. Thongprayoon, C., Krambeck, A. E. & Rule, A. D. Determining the true burden of kidney stone disease. Nat. Rev. Nephrol. 16,
736-746. https://doi.org/10.1038/s41581-020-0320-7 (2020).
2. Trinchieri, A. et al. Increase in the prevalence of symptomatic upper urinary tract stones during the last ten years. Eur. Urol. 37,
23-25. https://doi.org/10.1159/000020094 (2000).
3. Stamatelou, K. K. E, Mildred, E., Jones, C. A., Nyberg, L. M. & Curhan, G. C. Time trends in reported prevalence of kidney
stones in the United States: 1976-1994. Kidney Int. https://doi.org/10.1046/j.1523-1755.2003.00917.x (2003).
4. Hesse, A, Brandle, E., Wilbert, D., Kéhrmann, K. U. & Alken, P. Study on the prevalence and incidence of urolithiasis in Germany
comparing the years 1979 vs 2000. Eur. Urol. 44, 709-713. https://doi.org/10.1016/s0302-2838(03)00415-9 (2003).
5. Penniston, K. L., McLaren, I. D., Greenlee, R. T. & Nakada, S. Y. Urolithiasis in a rural Wisconsin population from 1992 to 2008:
Narrowing of the male-to-female ratio. J. Urol. 185, 1731-1736. https://doi.org/10.1016/j.juro.2010.12.034 (2011).
6. Scales, C. D, Smith, A. C., Hanley, J. M. & Saigal, C. S. Prevalence of kidney stones in the United States. Eur. Urol. 62, 160-165.
https://doi.org/10.1016/j.eururo.2012.03.052 (2012).
7. Najeeb, Q. et al. Effect of BMI and urinary pH on urolithiasis and its composition. Saudi J. Kidney Dis. Transpl. 24, 60-66. https://
doi.org/10.4103/1319-2442.106243 (2013).
8. Villarroel, M. A. B. & Jen, A. Tables of Summary Health Statistics for U.S. Adults: 2018 National Health Interview Survey (National
Center for Health Statistics, 2019).
9. Khan, S. R. et al. Kidney stones. Nat. Rev. Dis. Primers 2, 16008. https://doi.org/10.1038/nrdp.2016.8 (2016).
10. Pfau, A. & Knauf, F Update on nephrolithiasis: Core curriculum 2016. Am. J. Kidney Dis. 68, 973-985. https://doi.org/10.1053/j.
ajkd.2016.05.016 (2016).
11. Zisman, A. L. Effectiveness of treatment modalities on kidney stone recurrence. Clin. J. Am. Soc. Nephrol. 12, 1699-1708. https://
doi.org/10.2215/c¢jn.11201016 (2017).
12. Liu, Y. et al. Epidemiology of urolithiasis in Asia. Asian J. Urol. 5, 205-214. https://doi.org/10.1016/j.ajur.2018.08.007 (2018).
13. Urological Diseases in America. (U.S. Department of Health and Human Services, Public Health Service, National Institute of
Health, National Institute of Diabetes and Digestive and Kidney Disease, 2012).
14. Abufaraj, M. et al. Prevalence and trends in kidney stone among adults in the USA: Analyses of national health and nutrition
examination survey 2007-2018 data. Eur. Urol. Focus 7, 1468-1475. https://doi.org/10.1016/j.euf.2020.08.011 (2021).

Scientific Reports|  (2022)12:18371 https://doi.org/10.1038/s41598-022-23331-5 nature portfolio


https://uofi.box.com/s/4fb9xfo41xt3r5ucgq96ryol5dtesh2f
https://uofi.box.com/s/4fb9xfo41xt3r5ucgq96ryol5dtesh2f
https://doi.org/10.1038/s41581-020-0320-7
https://doi.org/10.1159/000020094
https://doi.org/10.1046/j.1523-1755.2003.00917.x
https://doi.org/10.1016/s0302-2838(03)00415-9
https://doi.org/10.1016/j.juro.2010.12.034
https://doi.org/10.1016/j.eururo.2012.03.052
https://doi.org/10.4103/1319-2442.106243
https://doi.org/10.4103/1319-2442.106243
https://doi.org/10.1038/nrdp.2016.8
https://doi.org/10.1053/j.ajkd.2016.05.016
https://doi.org/10.1053/j.ajkd.2016.05.016
https://doi.org/10.2215/cjn.11201016
https://doi.org/10.2215/cjn.11201016
https://doi.org/10.1016/j.ajur.2018.08.007
https://doi.org/10.1016/j.euf.2020.08.011

www.nature.com/scientificreports/

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.
36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

51.

52.

53.
54.

55.
56.

Sabnis, R. B., Naik, K., Desai, M. R. & Bapat, S. D. Extracorporeal shock wave lithotripsy for lower calyceal stones: Can clearance
be pre-dicted? Br. J. Urol. 80, 853-857. https://doi.org/10.1046/j.1464-410x.1997.00436.x (1997).

Keeley, J. E. X., Moussa, S. A., Smith, G. & Tolley, D. A. Clearance of lower-pole stones following shock wave lithotripsy: Effect
of the infundibulopelvic angle. Eur. Urol. 36, 371-375. https://doi.org/10.1159/000020016 (1999).

Osman, M. M. et al. 5-year-follow-up of patients with clinically insignificant residual fragments after extracorporeal shockwave
lithotripsy. Eur. Urol. 47, 860-864. https://doi.org/10.1016/j.eururo.2005.01.005 (2005).

Kang, M., Son, H., Jeong, H., Cho, M. C. & Cho, S. Y. Clearance rates of residual stone fragments and dusts after endoscopic
lithotripsy procedures using a holmium laser: 2-year follow-up results. World J. Urol. 34, 1591-1597. https://doi.org/10.1007/
500345-016-1807-5 (2016).

Assmus, M. A. et al. Laser fiber degradation following holmium laser enucleation of the prostate utilizing Moses technology
versus regular mode. World J. Urol. 40, 1203-1209. https://doi.org/10.1007/s00345-022-03951-2 (2022).

Galal, E. M., Fathelbab, T. K. & Abdelhamid, A. M. Non-contrast computed tomography scan as a predictor of shock-wave
lithotripsy outcomes for the treatment of renal stones. UroToday Int. J. https://doi.org/10.3834/uij.1944-5784.2012.10.03 (2012).
Kohrmann, K. U,, Rassweiler, . & Alken, P. The recurrence rate of stones following ESWL. World J. Urol. https://doi.org/10.
1007/bf00182167 (1993).

Miller, N. L. & Lingeman, J. E. Management of kidney stones. BMJ 334, 468-472. https://doi.org/10.1136/bm;j.39113.480185.80
(2007).

Molina, W. R. et al. The S.T.O.N.E. Score: A new assessment tool to predict stone free rates in ureteroscopy from pre-operative
radiological features. Int. Braz. J. Urol. 40, 23-29. https://doi.org/10.1590/s1677-5538.ibju.2014.01.04 (2014).

Brain, E., Geraghty, R. M., Lovegrove, C. E., Yang, B. & Somani, B. K. Natural history of post-treatment kidney stone fragments:
A systematic review and meta-analysis. J. Urol. 206, 526-538. https://doi.org/10.1097/ju.0000000000001836 (2021).

Al-Zubi, M. et al. The effect of stone and patient characteristics in predicting extra-corporal shock wave lithotripsy success rate:
A cross sectional study. Ann. Med. Surg. 70, 102829. https://doi.org/10.1016/j.amsu.2021.102829 (2021).

Beck, E. M. & Riehle, R. A. The fate of residual fragments after extracorporeal shock wave lithotropsy monotherapy of infection
stone. J. Urol. 145, 6-9. https://doi.org/10.1016/S0022-5347(17)38230-7 (1991).

Daudon, M., Jungers, P, Bazin, D. & Williams, J. C. Recurrence rates of urinary calculi according to stone composition and
morphology. Urolithiasis 46, 459-470. https://doi.org/10.1007/s00240-018-1043-0 (2018).

Evan, A. P. C. et al. Mechanism by which shock wave lithotripsy can promote formation of human calcium phosphate stones.
Am. ]. Physiol.-Renal Physiol. 308, F938-F949. https://doi.org/10.1152/ajprenal.00655.2014 (2015).

Streem, S. B., Yost, A. & Mascha, E. Clinical implications of clinically insignificant stone fragments after extracorporeal shock
wave lithotripsy. J. Urol. 155, 1186-1190. https://doi.org/10.1016/s0022-5347(01)66208-6 (1996).

Sun, B.Y.-C. et al. Recurrence rate and risk factors for urinary calculi after extracorporeal shock wave lithotripsy. J. Urol. 156,
903-906. https://doi.org/10.1016/s0022-5347(01)65657-x (1996).

Costa-Bauza, A., Perelld, J., Isern, B. & Grases, F. An experimental study on residual lithiasis after shock wave lithotripsy. Urol.
Res. 33, 51-56. https://doi.org/10.1007/s00240-004-0443-5 (2005).

Giannossi, M. L. & Summa, V. Post-ESWL fragments as core of new kidney stones. Clin. Kidney J. 3, 405-406. https://doi.org/
10.1093/ndtplus/sfq043 (2010).

Dawson, C. H. & Tomson, C. R. Kidney stone disease: Pathophysiology, investigation and medical treatment. Clin. Med. 12,
467-471. https://doi.org/10.7861/clinmedicine.12-5-467 (2012).

Chongruksut, W. et al. Predictors for kidney stones recurrence following extracorporeal shock wave lithotripsy (ESWL) or
percutaneous nephrolithotomy (PCNL). . Med. Assoc. Thai. 95, 342-348 (2012).

Zhong, P. Bubble Dynamics and Shock Waves (Springer, 2013).

Li, X. et al. Medium-term follow-up of clinically insignificant residual fragments after minimal invasive percutaneous nephro-
lithotomy: Prognostic features and risk factors. Int. J. Clin. Exp. Med. 8, 21664 (2015).

El-Assmy, A. et al. Does lithotripsy increase stone recurrence? A comparative study between extracorporeal shockwave litho-
tripsy and non-fragmenting percutaneous nephrolithotomy. Arab. J. Urol. 14, 108-114. https://doi.org/10.1016/j.aju.2016.02.
004 (2016).

Fouke, B. W. & Sivaguru, M. Calcium kidney stones naturally undergo 50% by volume in vivo dissolution and recrystallization
via universal biomineralization. AUA News 26, 16-18 (2021).

Saw, J. J. et al. In vivo entombment of bacteria and fungi during calcium oxalate, brushite, and struvite urolithiasis. Kidney 2,
298-311. https://doi.org/10.34067/kid.0006942020 (2021).

Sivaguru, M., Lieske, J. C., Krambeck, A. E. & Fouke, B. W. GeoBioMed sheds new light on human kidney stone crystallization
and dissolution. Nat. Rev. Urol. 17, 1-2. https://doi.org/10.1038/s41585-019-0256-5 (2020).

Sivaguru, M. et al. Geobiology reveals how human kidney stones dissolve in vivo. Sci. Rep. https://doi.org/10.1038/541598-018-
31890-9 (2018).

Sivaguru, M. et al. Human kidney stones: A natural record of universal biomineralization. Nat. Rev. Urol. https://doi.org/10.
1038/541585-021-00469-x (2021).

Berner, R. A. Early Diagenesis: A Theoretical Approach (Princeton University Press, 1980).

Lasaga, A. C. K., Berner, R. A,, Fisher, G. W. & Anderson, D. E. Kinetics of Geochemical Processes Vol. 8 (De Gruyter, 1981).
Walter, L. M. M. & John, W. Reactive surface area of skeletal carbonates during dissolution: Effect of grain size. SEPM J. Sediment.
Res. https://doi.org/10.1306/212{8562-2b24-11d7-8648000102c1865d (1984).

Poizot, E., Méar, Y. & Biscara, L. Sediment trend analysis through the variation of granulometric parameters: A review of theories
and applications. Earth Sci. Rev. 86, 15-41. https://doi.org/10.1016/j.earscirev.2007.07.004 (2007).

Baux, N. ef al. An innovative geostatistical sediment trend analysis using geochemical data to highlight sediment sources and
transport. Comput. Geosci. 26, 263-278. https://doi.org/10.1007/s10596-021-10123-5 (2022).

Wentworth, C. K. A scale of grade and class terms for clastic sediments. J. Geol. 30, 377-392. https://doi.org/10.2307/30063207
(1922).

Khan, S. R. H., Raymond, L. & Finlayson, B. Morphology of urinary stone particles resulting from ESWL treatment. J. Urol. 136,
1367-1372. https://doi.org/10.1016/50022-5347(17)45340-7 (1986).

Pittomvils, G. V. et al. The influence of internal stone structure upon the fracture behavior of urinary calculi. Ultrasound Med.
Biol. 20, 803-810. https://doi.org/10.1016/0301-5629(94)90037-X (1994).

Roberts, S. D. & Resnick, M. I. Glycosaminoglycans content of stone matrix. J. Urol. 135, 1078-1083. https://doi.org/10.1016/
$0022-5347(17)45979-9 (1986).

McLean, R. J. C. & Nickel, J. C. Glycosaminoglycans and struvite calculi. World J. Urol. https://doi.org/10.1007/bf00182051
(1994).

Dowty, E. Crystal structure and crystal growth: II. Sector zoning in minerals. Am. Miner. 61, 460-469 (1976).

Dugdale, D. S. Yielding of steel sheets containing slits. . Mech. Phys. Solids 8, 100-104. https://doi.org/10.1016/0022-5096(60)
90013-2 (1960).

Barenblatt, G. 1., 55-129 (Elsevier, 1962).

Lokhandwalla, M. & Sturtevant, B. Fracture mechanics model of stone comminution in ESWL and implications for tissue dam-
age. Phys. Med. Biol. 45, 1923-1940. https://doi.org/10.1088/0031-9155/45/7/316 (2000).

Scientific Reports |  (2022) 12:18371

https://doi.org/10.1038/s41598-022-23331-5 nature portfolio


https://doi.org/10.1046/j.1464-410x.1997.00436.x
https://doi.org/10.1159/000020016
https://doi.org/10.1016/j.eururo.2005.01.005
https://doi.org/10.1007/s00345-016-1807-5
https://doi.org/10.1007/s00345-016-1807-5
https://doi.org/10.1007/s00345-022-03951-2
https://doi.org/10.3834/uij.1944-5784.2012.10.03
https://doi.org/10.1007/bf00182167
https://doi.org/10.1007/bf00182167
https://doi.org/10.1136/bmj.39113.480185.80
https://doi.org/10.1590/s1677-5538.ibju.2014.01.04
https://doi.org/10.1097/ju.0000000000001836
https://doi.org/10.1016/j.amsu.2021.102829
https://doi.org/10.1016/S0022-5347(17)38230-7
https://doi.org/10.1007/s00240-018-1043-0
https://doi.org/10.1152/ajprenal.00655.2014
https://doi.org/10.1016/s0022-5347(01)66208-6
https://doi.org/10.1016/s0022-5347(01)65657-x
https://doi.org/10.1007/s00240-004-0443-5
https://doi.org/10.1093/ndtplus/sfq043
https://doi.org/10.1093/ndtplus/sfq043
https://doi.org/10.7861/clinmedicine.12-5-467
https://doi.org/10.1016/j.aju.2016.02.004
https://doi.org/10.1016/j.aju.2016.02.004
https://doi.org/10.34067/kid.0006942020
https://doi.org/10.1038/s41585-019-0256-5
https://doi.org/10.1038/s41598-018-31890-9
https://doi.org/10.1038/s41598-018-31890-9
https://doi.org/10.1038/s41585-021-00469-x
https://doi.org/10.1038/s41585-021-00469-x
https://doi.org/10.1306/212f8562-2b24-11d7-8648000102c1865d
https://doi.org/10.1016/j.earscirev.2007.07.004
https://doi.org/10.1007/s10596-021-10123-5
https://doi.org/10.2307/30063207
https://doi.org/10.1016/S0022-5347(17)45340-7
https://doi.org/10.1016/0301-5629(94)90037-X
https://doi.org/10.1016/s0022-5347(17)45979-9
https://doi.org/10.1016/s0022-5347(17)45979-9
https://doi.org/10.1007/bf00182051
https://doi.org/10.1016/0022-5096(60)90013-2
https://doi.org/10.1016/0022-5096(60)90013-2
https://doi.org/10.1088/0031-9155/45/7/316

www.nature.com/scientificreports/

57.

58.

59.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

Chaudhri, M. M. Dynamic fracture of inorganic glasses by hard spherical and conical projectiles. Philos. Trans. R. Soc. A Math.
Phys. Eng. Sci. 373, 20140135. https://doi.org/10.1098/rsta.2014.0135 (2015).

Bilgen, C., Kopanic¢akova, A., Krause, R. & Weinberg, K. A phase-field approach to conchoidal fracture. Meccanica 53, 1203-1219.
https://doi.org/10.1007/s11012-017-0740-z (2018).

Kachanov, L. M. Introduction to Continuum Damage Mechanics Vol. 10 (Kluwer, 1986).

Rassweiler, J. J. et al. Shock wave technology and application: An update. Eur. Urol. 59, 784-796. https://doi.org/10.1016/j.eururo.
2011.02.033 (2011).

McAteer, J. A. et al. Ultracal-30 gypsum artificial stones for research on the mechanisms of stone breakage in shock wave litho-
tripsy. Urol. Res. 33, 429-434. https://doi.org/10.1007/s00240-005-0503-5 (2005).

Reihle, R. A. C,, Ballantine, H. & Vaughan, E. D. Quantitative and crystallographic analysis of stone fragments voided after
extracorporeal shock wave lithotripsy. J. Endourol. 1, 37-44. https://doi.org/10.1089/end.1987.1.37 (1987).

Maxwell, A. D. et al. Fragmentation of urinary calculi in vitro by burst wave lithotripsy. J. Urol. 193, 338-344. https://doi.org/
10.1016/j.juro.2014.08.009 (2015).

Garcia, M. H. Sedimentation Engineering: Processes, Measurements, Modeling, and Practice (American Society of Civil Engineers,
2008).

Du, L. Y. et al. A quality assurance phantom for the performance evaluation of volumetric micro-CT systems. Phys. Eng. Med.
Biol. 52, 7087. https://doi.org/10.1088/0031-9155/52 (2007).

Duan, X. et al. Differentiation of calcium oxalate monohydrate and calcium oxalate dihydrate stones using quantitative mor-
phological information from micro-computerized and clinical computerized tomography. J. Urol. 189, 2350-2356. https://doi.
0rg/10.1016/j.juro.2012.11.004 (2013).

Uribarri, J. O., Man, S. & Carroll, H. J. The first kidney stone. Ann. Intern. Med. 111, 1006-1009. https://doi.org/10.7326/0003-
4819-111-12-1006 (1989).

Kamihira, O. et al. Long-term stone recurrence rate after extracorporeal shock wave lithotripsy. J. Urol. 156, 1267-1271. https://
doi.org/10.1016/50022-5347(01)65566-6 (1996).

Fialkov, J. M., Hedican, S. P. & Fallon, B. Reassessing the efficacy of the dornier MFL-5000 lithotroptor. J. Urol. 164, 640-643.
https://doi.org/10.1016/s0022-5347(05)67270-9 (2000).

Khaitan, A. et al. Post-ESWL, clinically insignificant residual stones: Reality or myth? Urology 59, 20-24. https://doi.org/10.
1016/50090-4295(01)01494-7 (2002).

Moon, Y. T. & Kim, S. C. Fate of clinically insignificant residual fragments after extracorporeal shock wave lithotripsy with EDAP
LT-01 lithotripter. J. Endourol. 7, 453-456. https://doi.org/10.1089/end.1993.7.453 (1993).

Zanetti, G. et al. Renal stone fragments following shock wave lithotripsy. . Urol. 158, 352-355. https://doi.org/10.1016/s0022-
5347(01)64476-8 (1997).

Shigeta, M. et al. Fate of residual fragments after successful extracorporeal shock wave lithotripsy. Int. J. Urol. 6, 169-172. https://
doi.org/10.1046/j.1442-2042.1999.06443.x (1999).

Tan, Y. H. & Wong, M. How significant are clinically insignificant residual fragments following lithotripsy? Curr. Opin. Urol.
15, 127-131. https://doi.org/10.1097/01.mou.0000160628.43860.9 (2005).

Hyams, E. S., Bruhn, A, Lipkin, M. & Shah, O. Heterogeneity in the reporting of disease characteristics and treatment outcomes
in studies evaluating treatments for nephrolithiasis. J. Endourol. 24, 1411-1414. https://doi.org/10.1089/end.2009.0645 (2010).
Dincel, N. et al. Are small residual stone fragments really insignificant in children? J. Pediatr. Surg. 48, 840-844. https://doi.org/
10.1016/j.jpedsurg.2012.07.061 (2013).

Keenan-Jones, D. et al. Travertine crystal growth ripples record the hydraulic history of ancient Rome’s Anio Novus aqueduct.
Sci. Rep. https://doi.org/10.1038/s41598-022-05158-2 (2022).

Sivaguru, M. et al. Correction factors for §180-derived global sea surface temperature reconstructions from diagenetically
altered intervals of coral skeletal density banding. Front. Mar. Sci. 6, 306. https://doi.org/10.3389/fmars.2019.00306 (2019).
Koeberl, C. et al. (eds) From the Guajira Desert to the Apennines, and from Mediterranean Microplates to the Mexican Killer
Asteroid: Honoring the Career of Walter Alvarez (Geological Society of America, 2022).

Warren, L. M., Mackenzie, A., Dance, D. R. & Young, K. C. Comparison of the X-ray attenuation properties ofbreast calcifica-
tions, aluminium, hydroxyapatiteand calcium oxalate. Phys. Med. Biol. 58, N103-N113. https://doi.org/10.1088/0031-9155/58
(2013).

Walter, L. M. & Morse, J. W. The dissolution kinetics of shallow marine carbonates in seawater: A laboratory study. Geochim.
Cosmochim. Acta 49, 1503-1513. https://doi.org/10.1016/0016-7037(85)90255-8 (1985).

Grover, P. K., Kim, D.-S. & Ryall, R. L. The effect of seed crystals of hydroxyapatite and brushite on the crystallization of calcium
oxalate in undiluted human urine in vitro: Implications for urinary stone pathogenesis. Mol. Med. 8, 200-209. https://doi.org/
10.1007/bf03402012 (2002).

Verkoelen, C. E Crystal retention in renal stone disease: A crucial role for the glycosaminoglycan hyaluronan? J. Am. Soc. Nephrol.
17, 1673-1687. https://doi.org/10.1681/asn.2006010088 (2006).

Wess, O. J. & Mayer, J. Fragmentation of brittle material by shock wave lithotripsy. Momentum transfer and inertia: A novel
view on fragmentation mechanisms. Urolithiasis 48, 137-149. https://doi.org/10.1007/s00240-018-1102-6 (2020).
Eisenmenger, W. The Mechanisms of stone fragmentation in ESWL. Ultrasound Med. Biol. 27, 683-693. https://doi.org/10.1016/
$0301-5629(01)00345-3 (2001).

Liu, Y. & Zhong, P. BegoStone—A new stone phantom for shock wave lithotripsy research (L). J. Acoust. Soc. Am. 112, 1265-1268.
https://doi.org/10.1121/1.1501905 (2002).

Mota, A., Knap, J. & Ortiz, M. Three-dimensional fracture and fragmentation of artifical kidney stones. J. Phys. Conf. Ser. 46,
299-303. https://doi.org/10.1088/1742-6596/46 (2006).

Pishchalnikov, Y. A., McAteer, J. A., Williams, J. C., Pishchalnikova, I. V. & Vonderhaar, R. J. Why stones break better at slow
shockwave rates than at fast rates: In vitro study with a research electrohydraulic lithotripter. J. Endourol. 20, 537-541. https://
doi.org/10.1089/end.2006.20.537 (2006).

Sapozhnikov, O. A., Maxwell, A. D., Macconaghy, B. & Bailey, M. R. A mechanistic analysis of stone fracture in lithotripsy. J.
Acoust. Soc. Am. 121, 1190-1202. https://doi.org/10.1121/1.2404894 (2007).

Qin, J., Simmons, W. N., Sankin, G. & Zhong, P. Effect of lithotripter focal width on stone comminution in shock wave lithotripsy.
J. Acoust. Soc. Am. 127, 2635-2645. https://doi.org/10.1121/1.3308409 (2010).

Smith, N. & Zhong, P. Stone comminution correlates with the average peak pressure incident on a stone during shock wave
lithotripsy. J. Biomech. 45, 2520-2525. https://doi.org/10.1016/j.jbiomech.2012.07.025 (2012).

Lautz, J., Sankin, G. & Zhong, P. Turbulent water coupling in shock wave lithotripsy. Phys. Med. Biol. https://doi.org/10.1088/
0031-9155/58 (2013).

Werner, H., Bapat, S., Schobesberger, M., Segets, D. & Schwaminger, S. P. Calcium oxalate crystallization: Influence of pH, energy
input, and supersaturation ratio on the synthesis of artificial kidney stones. ACS Omega 6, 26566-26574. https://doi.org/10.
1021/acsomega.1c03938 (2021).

Friis-Hansen, J. Mesolithic cutting arrows: Functional analysis of arrows used in the hunting of large game. Antiquity 64, 494-504.
https://doi.org/10.1017/s0003598x0007839x (1990).

Scientific Reports |  (2022) 12:18371

https://doi.org/10.1038/s41598-022-23331-5 nature portfolio


https://doi.org/10.1098/rsta.2014.0135
https://doi.org/10.1007/s11012-017-0740-z
https://doi.org/10.1016/j.eururo.2011.02.033
https://doi.org/10.1016/j.eururo.2011.02.033
https://doi.org/10.1007/s00240-005-0503-5
https://doi.org/10.1089/end.1987.1.37
https://doi.org/10.1016/j.juro.2014.08.009
https://doi.org/10.1016/j.juro.2014.08.009
https://doi.org/10.1088/0031-9155/52
https://doi.org/10.1016/j.juro.2012.11.004
https://doi.org/10.1016/j.juro.2012.11.004
https://doi.org/10.7326/0003-4819-111-12-1006
https://doi.org/10.7326/0003-4819-111-12-1006
https://doi.org/10.1016/s0022-5347(01)65566-6
https://doi.org/10.1016/s0022-5347(01)65566-6
https://doi.org/10.1016/s0022-5347(05)67270-9
https://doi.org/10.1016/s0090-4295(01)01494-7
https://doi.org/10.1016/s0090-4295(01)01494-7
https://doi.org/10.1089/end.1993.7.453
https://doi.org/10.1016/s0022-5347(01)64476-8
https://doi.org/10.1016/s0022-5347(01)64476-8
https://doi.org/10.1046/j.1442-2042.1999.06443.x
https://doi.org/10.1046/j.1442-2042.1999.06443.x
https://doi.org/10.1097/01.mou.0000160628.43860.f9
https://doi.org/10.1089/end.2009.0645
https://doi.org/10.1016/j.jpedsurg.2012.07.061
https://doi.org/10.1016/j.jpedsurg.2012.07.061
https://doi.org/10.1038/s41598-022-05158-2
https://doi.org/10.3389/fmars.2019.00306
https://doi.org/10.1088/0031-9155/58
https://doi.org/10.1016/0016-7037(85)90255-8
https://doi.org/10.1007/bf03402012
https://doi.org/10.1007/bf03402012
https://doi.org/10.1681/asn.2006010088
https://doi.org/10.1007/s00240-018-1102-6
https://doi.org/10.1016/S0301-5629(01)00345-3
https://doi.org/10.1016/S0301-5629(01)00345-3
https://doi.org/10.1121/1.1501905
https://doi.org/10.1088/1742-6596/46
https://doi.org/10.1089/end.2006.20.537
https://doi.org/10.1089/end.2006.20.537
https://doi.org/10.1121/1.2404894
https://doi.org/10.1121/1.3308409
https://doi.org/10.1016/j.jbiomech.2012.07.025
https://doi.org/10.1088/0031-9155/58
https://doi.org/10.1088/0031-9155/58
https://doi.org/10.1021/acsomega.1c03938
https://doi.org/10.1021/acsomega.1c03938
https://doi.org/10.1017/s0003598x0007839x

www.nature.com/scientificreports/

95. Fouke, B. W. et al. Sulfate-reducing bacteria streamers and iron sulfides abruptly occlude porosity and increase hydraulic resist-
ance in proppant-filled shale fractures. AAPG Bull. 106, 179-208. https://doi.org/10.1306/07132120124 (2022).

96. Basavaraj, D. R, Biyani, C. S., Browning, A. J. & Cartledge, J. ]. The role of urinary kidney stone inhibitors and promoters in the
pathogenesis of calcium containing renal stones. EAU-EBU Update Ser. 5, 126-136. https://doi.org/10.1016/j.eeus.2007.03.002
(2007).

97. Sass, W. et al. The mechanisms of stone disintegration by shock waves. Ultrasound Med. Biol. 17, 239-243. https://doi.org/10.
1016/0301-5629(91)90045-X (1991).

98. Micali, S. et al. Can Phyllanthus niruri affect the efficacy of extracorporeal shock wave lithotripsy for renal stones? A randomized,
prospective, long-term study. J. Urol. 176, 1020-1022. https://doi.org/10.1016/j.juro.2006.04.010 (2006).

99. Tang, R., Nancollas, G. H., Giocondi, J. L., Hoyer, J. R. & Orme, C. A. Dual roles of brushite crystals in calcium oxalate crystal-
lization provide physicochemical mechanisms underlying renal stone formation. Kidney Int. 70, 71-78. https://doi.org/10.1038/
sj.ki.5000424 (2006).

100. Costa-Bauzd, A., Perelld, J., Isern, B., Sanchis, P. & Grases, F. Factors affecting calcium oxalate dihydrate fragmented calculi
regrowth. BMC Urol. https://doi.org/10.1186/1471-2490-6-16 (2006).

101. Hsi, R. S, Sanford, T., Goldfarb, D. S. & Stoller, M. L. The role of the 24-hour urine collection in the prevention of kidney stone
recurrence. J. Urol. 197, 1084-1089. https://doi.org/10.1016/j.juro.2016.10.052 (2017).

Acknowledgements

The authors acknowledge the invaluable contributions of the staff of the Buehler Petrographic in Lake Bluff, IL.
The authors also thank Wui Siew Tan, Dornier Inc., Singapore and Brock Faulkner Dornier Inc., USA for their
donation of Dornier Lithotripter III and funding as a Technical Testing Agreement for performing this study.
We also thank Angela Waits, Clinical Research Coordinator at the Mayo Clinic in Rochester, Minnesota, for
assisting in sample collection and obtaining patient consent.

Author contributions

L.G.T.,, M.S., and B.W.E. performed the experiments and analyzed the data, L.G.T., M.S., and B.W.E. prepared
final images and figures. A.E.K. performed the PCNL-isolation of all kidney stones reported in this manuscript
from Mayo Clinic patients in Rochester, MN. L.G.T., M.S., and B.W.E wrote and edited the manuscript. B.W.E
supervised and directed the overall project. L.G.T., M.S., and B.W.E. provided collaborative research support
throughout the study, reviewed, and edited the central parts of the initial manuscript made available by L.G.T.,
M.S., and B.W.E in their respective fields of expertise continuously leading up to the final submission version.
All authors read and approved the final manuscript.

Funding

This research was supported by the Mayo Clinic & Illinois Strategic Alliance for Technology-Based Healthcare,
Mayo Clinic Center for Individualized Medicine, Mayo Clinic O’Brien Urology Research Center (No. NID-
DKU54. DK100227), and the Carle Illinois College of Medicine.

Competing interests

The authors declare the following competing interests with research support from Dornier MedTech and Boston
Scientific Lumenis. The University of Illinois Urbana-Champaign is a Carl Zeiss Labs @ Location Partner. The
Carl R. Woese Institute for Genomic Biology at the University of Illinois Urbana-Champaign is a Carl Zeiss
Labs @ Location Partner.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/s41598-022-23331-5.

Correspondence and requests for materials should be addressed to B.W.E.
Reprints and permissions information is available at www.nature.com/reprints.

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

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

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports |

(2022) 12:18371 | https://doi.org/10.1038/s41598-022-23331-5 nature portfolio


https://doi.org/10.1306/07132120124
https://doi.org/10.1016/j.eeus.2007.03.002
https://doi.org/10.1016/0301-5629(91)90045-X
https://doi.org/10.1016/0301-5629(91)90045-X
https://doi.org/10.1016/j.juro.2006.04.010
https://doi.org/10.1038/sj.ki.5000424
https://doi.org/10.1038/sj.ki.5000424
https://doi.org/10.1186/1471-2490-6-16
https://doi.org/10.1016/j.juro.2016.10.052
https://doi.org/10.1038/s41598-022-23331-5
https://doi.org/10.1038/s41598-022-23331-5
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	GeoBioMed perspectives on kidney stone recurrence from the reactive surface area of SWL-derived particles
	Results and discussion
	Crystalline architecture of PCNL-derived fragments. 
	Fracture geometries of SWL-derived particles. 
	SWL-derived particle size distributions. 
	Implications. 

	Materials and methods
	Disclosures. 
	Ethics approval and consent to participate. 

	References
	Acknowledgements


