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ABSTRACT

Objectives. To describe the papillary pathology found in uric acid (UA) stone formers, and

to investigate the mineral form of tissue deposits.

Materials and Methods. We studied 8 UA stone formers treated with percutaneous
nephrolithotomy. Papillae were imaged intra-operatively using digital endoscopy and
cortical and papillary biopsies were taken. Biopsies were analyzed by light microscopy,

micro-CT, and micro-infrared spectroscopy.

Results. As expected, urine pH was generally low. UA supersaturation exceeded 1 in all but
one case, compatible with the stone material. By intraoperative imaging, the renal papillae
displayed a heterogeneous mixture of plaque and plugging, ranging from normal to severe.
All patients had mineral in ducts of Bellini and inner medullary collecting ducts, which was
mainly apatite with lesser amounts of urate and/or calcium oxalate in some specimens.
Papillary and cortical interstitial tissue injury was modest despite the tubule plugging. No

instance was found of a stone growing attached to either plaque or plugs.

Conclusions. UA stone formers resemble those with ileostomy in having rather low urine
pH while forming tubule plugs that contain crystals that can only form at pH values above
those of their bulk urine. This discrepancy between tissue mineral deposits and stone type
suggests that local tubular pH exceeds that of the bulk urine, perhaps because of localized
tubule injury. The manner in which UA stones form, and the discordance between tubule

crystals and stone type, remain open research questions.
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INTRODUCTION

We have described the renal papillary appearance and histopathology of idiopathic
calcium oxalate (CaOx) stone formers (ICSF)' whose renal papillae contain interstitial
deposits of apatite (Randall’s plaque), appearing as white patches on papillae. CaOx stones
may form as overgrowths on plaque. In contrast, idiopathic calcium phosphate (CaP) stone
formers commonly plug inner medullary collecting ducts (IMCD) with deposits of apatite
crystals, and produce modest amounts of plaque®. Stones may form as overgrowths on
ductal deposits®. Most other types of stone formers display various mixtures of ductal

plugging and plaque®”.

Patient with ileostomy may form uric acid (UA) stones, and both plaque and plugs
(composed of apatite and monosodium urate) are found®. The mechanism of plugging is
unclear given that ileostomy patients with highly acidic urine produce plugs of apatite and

urates that are not stable at the urine pH.

We present here 8 patients who made idiopathic UA stones, including their surgical
anatomy, papillary biopsy histopathology, micro-infrared spectroscopy of papillary
deposits, and micro CT analysis of tissue deposits, and show that their papillary mineral

deposits resemble those of ileostomy patients who make UA stones.
MATERIALS AND METHODS
Subjects

We report all eight patients from our series of over 300 biopsied patients with
intraoperative imaging who formed stones containing greater than 40% UA and lacked any

bowel disease to account for it (Table 1).
Clinical Laboratory Studies

All subjects collected two 24-hour urine samples post-operatively while eating a
free choice diet and off medications that could affect stone formation. Stone risk analytes

were measured and urine supersaturation (SS) calculated using methods detailed
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5
elsewhere’. The mean of the two samples is reported in Table 2. Routine blood

measurements were made for clinical purposes.
Tissue Analysis

Papillary mapping and biopsy protocol. During percutaneous nephrolithotomy all
accessible papillae were mapped and graded after stone removal by the surgeon for four
papillary characteristics (tubular deposits, pitting, papillary contour, and Randall’s plague),
each on a 0-2 scale as previously described®. The scores for each characteristic were
averaged for all papillae graded (Table 3). Biopsies were taken from the upper pole, inter-
polar, and lower pole papillae, and from cortex when possible’. Papillae were digitally
imaged intra-operatively, and total surface area of each papilla was measured using the
images. One of us outlined areas of white (Randall’s) and yellow (visible tubule deposits)
plague as well as the entire papilla on one set of prints to obtain the percentage of
coverage with each type of plaque®. The study was approved by the Institutional Review

Board Committee for Indiana University Health Partners (#98-073).

Light microscopy. All specimens were immersed in 100% alcohol and fixed for a
minimum of one week. After fixation and prior to tissue embedment, whole biopsies were
analyzed by micro-CT. All biopsies were embedded in a 50/50 mixture of Paraplast Xtra
(Fisher) and Peel-away Micro-Cut (Polysciences). A total of 21 papillary biopsies and 8

cortical biopsies were examined.

Papillary histopathology. Twelve serial sections were cut at 4y and stained with
the Yasue metal substitution method for calcium histochemistrylo, hematoxalin & eosin for
routine histological examination, or the Masson Trichrome stain to determine sites of
interstitial fibrosis at the light microscopic level. Sections were examined for the presence

or absence of tubule plugs, interstitial Randall’s plaque, and interstitial fibrosis (Table 4)

Cortical histopathology. A renal pathologist blinded to patient information
performed a semi-quantitative analysis’ using Jones’ silver stained cortical sections.
Tubular atrophy and interstitial fibrosis were independently scored on a scale of 0to 3 (0 =
none, 1 = mild or < 34% of sample, 2 = moderate or 34-66%, and 3 = severe or >66%).

Glomerulosclerosis was defined as increased mesangial matrix with or without wrinkling,
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6
thickening and/or collapse of glomerular basement membranes. The total number of

glomeruli observed and the number of glomeruli with any degree of sclerosis were

recorded (Table 4).

Micro-CT. All papillary biopsies underwent UCT analysis with the SkyScan 1172
(Kontich, Belgium) high-resolution desktop UCT system allowing non-destructive mapping
of the location and size of the crystalline deposits within a biopsy specimen, as in our prior
publication’. Sizes of mineral regions were measured in shadow images as previously

described®. Mineral types were judged from relative values of X-ray attenuation?

Micro-FTIR. Biopsies were cut (~5 pum thick) and mounted on low-E glass slides
(Kevley Technologies, Chesterland, Ohio) for attenuated total internal reflection (ATR)
imaging analysis. A serial section stained with Yasue silver replacement was employed as a
control section. Prior to infrared analysis, the control was examined to determine the

areas of interest. Sections employed for ATR-FTIR imaging were not stained.

ATR infrared images were obtained with a PerkinElmer Spectrum Spotlight 400

infrared imaging system as previously described®>.
RESULTS
Patients

Eight patients, all males, with UA stones were studied (Table 1). Prior stone
episodes varied from none (2 patients), 1 (1 patient), to 5 or more. In six cases, analyzed
stones were virtually pure UA, the rest were mixtures of UA with CaOx. Patient 1 was
exceptional in that he converted from UA to brushite stones during a period of potassium

citrate treatment (Footnote to Table 1).

Two of the patients had undergone alkalization therapy in an attempt to dissolve
their stones, but both were unsuccessful. One patient was offered dissolution therapy but
declined; the other 5 patients had either acute pain or large stone burdens, such that

dissolution therapy was not a good choice.
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Clinical Laboratory Findings

As expected, urine pH was generally low (Table 2) with the exception of patient 4.
The high pH in this patient is not likely due to treatment artifact as urine ammonia is not
suppressed. Inadequate urine ammonia production may contribute to the pathogenesis of
UA stones™, but only patients 5 and 7 seem low compared to the urine sulfate. UA SS
exceeded 1 in all but one case, compatible with the stone material. Hypercalciuria was

evident in 5 patients, 4 of whom had CaOx in stones (Table 1).
Intraoperative Imaging and papillary grading

Renal papillae displayed a mixture of plague and plugging (Figure 1, Tables 3 and
4). One papillum of patient 5 (Figure 1, panel A) was completely normal, consistent with
his general lack of findings on papillary grading (Table 3) or histopathology (Table 4).
Patient 8 (Figure 1, panel B) showed modest amounts of plaque (arrows) and dilated
Bellini ducts (BD) (arrowhead). His papillary grading and histopathology corresponded well
in showing plugs, plaque and fibrosis (Tables 3 and 4). Patient 4 displayed large amounts
of plaque (Figure 1, panel C, arrows) on many papillae, as shown by a high score for
plague on both papillary grading and surface area measurement (Table 3). Patient 7, by
contrast, illustrates very dense plaque on one papilla (Figure 1, panel D) but less abundant

plague on others, as noted by the discrepancy between the two measurements (Table 3).

In general, intraoperative papillary grading of Randall’s plaque correlated with
quantitative plaque surface area measurement (Table 3). The Pearson correlation was
0.46, p=0.26, not significant. But the Spearman rank order correlation was 0.86, which is
highly significant (p<0.001). Case 7 is an outlier because almost all the plaque was on one
papillum, so the scoring system, by averaging, differed from the quantitation. Papillary
grading of tubule deposits also corresponded with measured plug surface area, with a

Spearman’s correlation of 0.52 (p=0.21).
Papillary Histopathology and Mineral Analysis

Biopsies from all 8 patients showed IMCD deposits either by micro-CT (7 cases,

Table 3) or by histopathology (7 cases, Table 4), consistent with intra-operative
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measurements (Table 3). We found plaque in 5 patients (Table 4); of the 3 patients with

no plaque on histopathology, 2 also lacked plaque by papillary surface measurements, and
the third had very minimal plaque seen during intra-operative grading (Table 3). Interstitial

fibrosis was noted in only two patients.

Figure 2, panel A illustrates apatite plugging without dilation in patient 7 (arrows).
A different plug in this patient (Figure 2, panel B) was composed of sodium acid urate
(Table 3). In patient 6 (Figure 2, panel C) tubules are dilated, with epithelial cell loss. The
deposit itself was apatite. Panel D shows the most extensive tubule dilation and deposits
we found (patient 8), accompanied by interstitial fibrosis. The crystals in the deposits were
mixtures of CaOx and UA, or urate and apatite (Table 3). Finally, panels E and F illustrate
two different patterns of plaque in patient 6. In panel E plaque is plate-like and dense in
appearance, an appearance we have described previously in CaP stone formers and called
novel interstitial plaque structures (NIPS)% In panel F plaque is scattered small deposits

ringing thin limbs, as typically seen.
Detailed Composition of Deposits

Micro - FTIR. Plaque deposits (Table 4) were apatite (not illustrated). The spectra

correspond exactly to those we have obtained before.

Six patients had plugs that were studied by FTIR (Table 3; Figure 3, panel a
illustrates patient 3). Five plugs contained only apatite (patients 1, 3, 4, 6, 7). Patient 7
(Figure 3, panel b) had another plug composed of sodium acid urate (Table 3). In patient 8
(Figure 3, panel c) we identified UA and CaOx in one plug, and apatite and urate in another

(not shown).

Micro CT Analysis. Micro-CT can also identify mineral content of plugs (Table 3). In
patient 8 we could visualize the complex topology of crystal deposits (Figure 4). Arrows
point to deposits with x ray attenuation of purine crystals - UA or urate salts. Double
arrows point to presumed apatite. Arrowheads show presumed CaOx within purine

deposits. Thus various crystal forms (urate species and apatite) may coexist within plugs
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Cortical Histopathology

We obtained glomeruli in 5 of the 6 cases from whom we obtained cortical tissue.
Of those, global sclerosis was absent in 2 patients, found in <10% of glomeruli in 2 other
patients, and found in 50% of glomeruli in the final patient. Tubule atrophy and interstitial

fibrosis were absent in 4 patients, and mild in 2 others (Table 4).
DISCUSSION

UA stone formers form plaque and have crystal deposits in IMCD and BD, like most
stone forming phenotypes we have described®. Similar to other types of stone formers,
tubule deposits consisted mainly of apatite, sometimes accompanied by urate salts or
CaOx, despite the low pH of urine and, presumably, tubule fluid in the late nephron.
Apatite is not stable at pH values below 6, which raises the question of how these tubule
deposits formed. Only one patient had urine with CaP SS > 1, due to severe hypercalciuria,

and he had made stones containing CaP and CaOx in addition to UA (Tables 1 and 2).

We previously observed this discrepancy between urine SS and tubule deposits
among ileostomy patients who formed UA stones®. We suspect nephron heterogeneity
with respect to urine pH regulation so that some terminal BD fluids have a pH above that
of the bulk urine. Using intraoperative micro-electrode pH measurements in humans we
have preliminary evidence that dilated BD may in fact contain high pH fluid in ileostomy
patients™. Shock wave lithotripsy can cause significant transient high urine pH in
experimental settings'®, but only two of the seven patients with apatite plugs had that

modality, so the cause of tubule cell injury in the other patients is unclear.

We can compare the amount of papillary mineral in UA stone formers to that in
other stone forming phenotypes that we have described (Figure 5). We have previously
shown that Randall’s plaque papillary surface area is related to urine volume, calcium and
pH, and to a multivariable score describing the combined effects of these parameters’. UA
stone formers have relatively high amounts of papillary plaque (Figure 5, left panel). From
the micro CT analysis we can obtain quantitative measurements of number of tubule plugs
per mm? and size of deposits in mm in papillary tissue biopsies (Table 3, and Figure 5, right

panel). UA stone formers appear to have relatively small tubule deposit mass (Figure 5,
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right panel); they fall into a group with cystinuria, obesity bypass, and small bowel

resection patients in having scanty and small deposits. The modest mass of crystal
plugging correlates well with the very mild interstitial fibrosis in the papilla and cortex of

this group of patients.

The two cases (1 and 8) that display any interstitial fibrosis on papillary
histopathology are also the patients with the longest duration of stone disease, and they
had the largest and most numerous tubule deposits, by micro-CT. This suggests that a
longer duration of stones seems related to increasing tissue mineral deposition and

fibrosis.

Despite the presence of plaque and plugs we did not find any anchored stones in
this series. Others have noted that UA stones are generally round and lack any kind of
polar differentiation suggesting formation on an anchored site’’. The mechanism of

formation and retention of UA stones in the kidney is presently unknown.

Our results compare well with the one other study in the literature. Lieske et al
studied 23 patients whose stones contained UA'. Of them, only 6 had stones with >80%
UA so their population was mainly mixed calcium UA stones. The most pertinent
comparison is between their 6 cases and our 6 cases with over 80% UA in their stones.
Both groups reported plugging (5/6 and 6/6) and plaque (2/6 and 4/6, Lieske and ourselves
respectively). Unlike us they found interstitial fibrosis in 3/6 cases whereas we found it
only in one case who had a very long stone history (patient 8). They describe common
polarizing crystals. We employed a more powerful and discriminating method and found
apatite that does not exhibit birefringence. One patient did have a very large plug with
CaOx in it along with UA and urate species, and this would have exhibited birefringence.
Overall, we are in general agreement except for the crystal species and perhaps amount of
inflammation. The fact that both this study and ours found ductal plugging in uric acid
stone formers suggests that tissue damage from mineral plugging is common in this type
of stone former. Such plugging might be avoided with stone preventive therapy in uric acid

stone formers, but further study will be required to determine this.
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This is our first opportunity to compare the assessment of papillary mineral

deposits using several modalities — intra-operative papillary grading, percent surface area
coverage on papillary films, micro-CT of papillary biopsies, and histopathology of papillary
biopsies. The number of subjects is, of course, small, but we include these data to provide
as complete a picture as possible. In general, these different assessment tools agree about
the presence and abundance of plugs and plaque in patients, although they offer differing
types of information. The first two methods allow an assessment of features apparent on
all visualized papillae, while the latter two offer a detailed look at biopsies taken from
individual papillae. It is not surprising that these different tools produce somewhat
different answers about the amount and type of papillary mineral, but they appear to be

complementary.

CONCLUSIONS

UA stone formers resemble those with ileostomy in forming tubule plugs that often
contain crystals that form and are stable at pH values above those of their bulk urine. This
suggests that there are localized tubular acidification defects permitting locally elevated
pH in tubules which can support apatite crystal formation. However, the mechanism of
the acidification defect is still unclear. It is notable that we saw little UA in tubule deposits,
despite presumed UA SS in the distal nephron. It emphasizes our general observation that
tubule mineral deposits often differ from stone composition in patients, and suggests that
processes leading to tissue mineralization may differ from those that produce stones. We
did not find direct evidence that UA stones form on anchored sites, leaving the mechanism

of their formation an open question.

For the first time, this work permitted direct comparison between tubule plug and
plague abundance measured directly in tissue with grading estimates made during
surgery. In general, grading predicted plaque and plug abundance well at the extremes -
low scores went with the lowest abundances, and the obverse. Further work on more

patients is needed to see how this applies to other stone phenotypes.

Overall, many findings in these patients appear to overlap with the features found

in other stone phenotypes. Production of UA stones occurs when urine pH is quite low,
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and CaOx stone formation may also occur if hypercalciuria is present. The reason for the

. - . 14;19;2
low urine pH has been very well defined experimentally***%%°.
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Key for abbreviations

CaP, calcium phosphate

CT, computed tomography

ICSF, idiopathic calcium oxalate stone formers
eGFR, estimated glomerular filtration rate
FTIR, Fourier transform infrared spectroscopy

CaOx, calcium oxalate
SS, supersaturation
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TABLE 1. Clinical Characteristics of Uric Acid Stone Formers
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6 |M 51 | 59 2 e 20
1 man 8
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daily
7 |M |48 | 55 | 55 1 No 57 | 43 -
8 |M |41 |34 | 54 8 Yes 99 | 1 -

FH, family history of stones; ESWL, number of extracorporeal shock wave lithotripsies;

URS, number of ureteroscopies; PNL, number of percutaneous nephrolithotomies; CaOx,

calcium oxalate; DM, diabetes mellitus; HTN, hypertension. *This patient’s history

includes a very old analysis showing uric acid stones which was followed by treatment with

potassium citrate; a subsequent procedure removed stones that included the significant

presence of brushite, at which point the patient was taken off of citrate therapy. This

brushite history was 15 years before the study procedure described here, and there was

no sign by micro CT or by infrared spectroscopy of brushite in the stone specim
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TABLE 3. Papillary grading, deposit quantification and mineral type
Tubular
Measured
Intra-operative Papillary Grading deposits Mineral type in
Surface
Scores (scale= 0-2) by micro- tubular deposits
Area
CcT
Pati Tub
#
ent ular Plug | RP Siz
Papil
Dep | Pitti | Cont | Plag | % % | #/m| e
lae 5 FTIR Micro-CT
osit | ng our ue | surf | surf | m (m
grad
(plu ace | ace m)
ed
gs)
8 0.45 | 1.65 2.5 Apatite,
1 1.25 | 1.13 | 0.75 | 1.13 6 Apatite
1 purine
5 0.66 | 0.09 0.2
2 1.00 | 0.40 0 0 2 - -
3
5 0.22 | 0.08 0.2
3 1.20 0 0.60 | 0.20 1 Apatite Apatite
0
4 6 080 | O 0.70 | 2.00 | 0.17 | 4.08 | ND | ND | Apatite -
4 0.09 | 0.05 0.3 Apatite,
5 050 | O 0.75 0 1 -
2 purine
4 0.06 | 4.15 0.2 Apatite,
6 1.00 | 0.50 0 1.20 1 Apatite
2 purine
1)
Apatite
0.3 2) Na
7 5 080 | O 0.20 | 1.20 | 0.24 | 18.6 6 Apatite
6 acid
urate
mono
1.3 1) Ca 1) Ca
8 6 0.70 | 0.20| 1.00 | 0.70 | 0.15 | 2.63 7
6 | oxalate/ | oxalate/p
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uric acid | urine, 2)
2) Apatite/p
Apatite/ urine
urate

SS, supersaturation; CaOx, calcium oxalate; CaP, calcium phosphate; eGFR, estimated

glomerular filtration rate; RP, Randall’s plaque; FTIR, Fourier transform infrared

spectroscopy; micro-CT, micro computed tomography.
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TABLE 4. Papillary and Cortical Histopathology
Papillary Histopathology Cortical Histopathology
Glomeruli
Patient | Tubule Interstitial Tubular Interstitial
Plaque Total | # with
Plugs fibrosis atrophy fibrosis
# sclerosis

1 + + + - - - -

2 + 0 0 0 NA 1 1

3 + 0 0 13 1 0 0

4 + + 0 - - - -

5 0 0 0 6 0 0 0

6 + + 0 14 0 0 0

7 + + 0 22 2 1 1

8 + + + 8 4 0 0

Papillary histopathology: +, present; 0, absent. Cortical histopathology, Glomeruli: NA, not

applicable; # with sclerosis, number of glomeruli present with global sclerosis. Cortical

histopathology, Tubular atrophy and Interstitial fibrosis: 0, none; 1, mild or < 34% of

sample.
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Legends to Figures

Figure 1. Endoscopic images of papilla from uric acid stone formers. The papillary surface
of uric acid stone formers varied from normal (panel A, patient 5) to increasing area of
interstitial (Randall’s) plaque (panels B-D, patients 8, 4 and 7; arrows) and an occasional

dilated opening of a duct of Bellini (panel B, arrowhead).
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Figure 2. Histopathologic images of papillary biopsies from uric acid stone formers. The
primary histologic change seen in the papillary biopsies was intraluminal plugs in IMCD
without (panel A, patient 7, arrows and insert; panel B, patient 7, seen in insert) or with
extensive tubular dilation (panels C and D, patients 6 and 8), labeled with a ‘C’ in panel C or
marked with arrows in panel D). Most dilated IMCD were completely filled with mineral
while a few like the IMCD labeled ‘C’ in panel C is partially filled. Mineral content varied
from apatite (panel A, plugs seen in insert), to sodium acid urate monohydrate (panel B
seen in polarizing optics, insert) to urate/apatite mix (panel D, Yasue stain) or uric
acid/oxalate mix (not shown). Also seen in the interstitium were small regions of NIPS

(panel E, patient 6, arrowheads) and Randall’s plaque (panel F, patient 6, arrow).
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Figure 3. Micro-FTIR spectra of crystal deposits in uric acid stone formers. This figure
illustrates a series of infrared spectra obtained for a set of standards (hydroxyapatite,
panel a; sodium acid urate monohydrate, panel b; uric acid and calcium oxalate, panel c)
and for three sites of IMCD intraluminal deposits analyzed in the papillary tissue of three
different uric acid stone formers. The deposit in patient 3 has apatite, patient 7 has sodium
acid urate monohydrate and patient 8 has a mixed deposit of uric acid and calcium

oxalate.
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Figure 4. Micro CT image slice from papillary biopsy of uric acid stone former (patient 8).
Objects brighter than tissue indicate mineral. Arrows point to mineral matching the X-ray
attenuation of purine crystals (urate or uric acid). Small double arrows mark mineral with
the high X-ray attenuation matching apatite. Arrowheads delineate a layer within purine

mineral with X-ray attenuation consistent with calcium oxalate.
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Figure 5. Comparison of papillary calcifications in UA stone formers with other stone
phenotypes. Plaque surface area coverage is plotted against a multivariate score reflecting
the combined effect of urine volume, calcium excretion and pH for UA, normal subjects,
and eight other stone phenotypes (left panel). UA stone formers have relatively high
amounts of plaque, comparable to patients with primary hyperparathyroidism (HPT) and
ileostomy. Tubule deposit size and number (right panel) are plotted for the same groups.
UA stone formers have modest amounts of tubule deposits and cluster with stone formers
with small bowel resection (SBR), cystinuria (Cystine), and obesity bypass surgery (Bypass).

Note log scale on x axis. ICSF, idiopathic calcium oxalate stone formers; RTA, renal tubular





