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ABSTRACT: 

Introduction: There is evidence that patients with a history of ileostomies who make acidic 

urine and form uric acid or calcium oxalate stones may plug some collecting ducts with 

calcium phosphate (CaP) and urate crystals.  This is a paradoxical finding as such minerals 

should not form at an acid pH. One possible explanation is the presence of acidification 

defects due to focal damage to inner medullary collecting duct and duct of Bellini (BD) 

cells.  We sought to further investigate this hypothesis through direct measurement of 

ductal pH in dilated Bellini ducts in patients with ileostomies undergoing percutaneous 

nephrolithotomy for stone removal. 

Methods: After obtaining IRB approval, we used a fiber-optic pH microsensor with a 140 

µm diameter tip to measure intraluminal pH from the bladder, saline irrigant and dilated 

BD’s of patients undergoing PCNL.   

Results:  Measurements were taken from three patients meeting inclusion criteria.  

Measured pH of bladder urine ranged from 4.97 – 5.58 and pH of saline irrigant used 

during surgery ranged from 5.17 – 5.75.  BD measurements were achieved in 11 different 

BDs.  Mean intraductal BD pH was more than 1 unit higher than bulk urine (6.43 ± 0.22  vs. 

5.31 ± 0.22,  p<0.01).  

Conclusions: This is the first evidence for focal acidification defects within injured/dilated 

BD of human kidneys producing a highly acidic bulk phase urine. These results may help 

explain the paradoxical finding of CaP and urate plugs in dilated ducts of patients with 

stone forming diseases characterized by highly acidic urine. 
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INTRODUCTION 

Although kidney stone formers who have had ileostomy1 or extensive small bowel 

resection2 produce highly acidic urine, they can deposit crystals in their renal papillae that 

form only in alkaline environments. The presence of hydroxyapatite crystals within the 

lumens of inner medullary collecting ducts (IMCD), and urates (sodium acid urate and 

ammonium acid urate) in the Bellini ducts (BD) of such patients has been previously 

demonstrated even though measured bladder urine pH was too low for stability of such 

crystals.  Their presence therefore implies that acidification can become defective in 

individual IMCD and BD of kidneys otherwise intact in that the majority of nephrons 

produce highly acidic urine. 

To prove this conjecture, one needs to measure fluid pH directly in such tubules. 

We sought to further investigate this hypothesis using a pH sensor small enough to enter 

the BD lumens.3    

METHODS 

After IRB approval, three patients with ileostomies undergoing planned 

percutaneous nephrolithotomy (PCNL) for the treatment of large renal stones met 

inclusion criteria for study enrollment.  A fourth patient was also consented, but pH  

readings proved technically impossible to make and therefore he is not further reported. 

Informed consent was obtained from each patient prior to undergoing the planned 

procedure. Percutaneous access, collecting system mapping and stone removal were 

performed by a single surgeon (JEL) as previously described.4  Patients were exclusively 

given intravenous normal saline during surgery to minimize any potential confounding 

effect that lactated ringers solution might have on the serum and urine acid base status.  

Upon completion of stone removal from the collecting system, the kidney was 

meticulously inspected for evidence of dilated ducts of Bellini from which to record 

intraluminal urine pH.  The pH-1 micro system (PreSens, Regensburg, Germany), a fiber-

optic phase detection system with 140-um diameter sensor, was used to measure urine pH 

within these dilated ducts.  This optical pH sensing system has demonstrated success in 

accurately measuring pH values in blood volumes as low as 15 microliters, and has been 
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used previously to measure BD pH in a porcine model.3,5,6 Prior to use, all pH sensors were 

calibrated and then sterilized with ethylene oxide.3  In all cases, pH measurements were 

first taken from catheterized bladder urine collected at the beginning of the procedure 

without the use of irrigant.  Additional measurements were taken from the normal saline 

irrigant itself used to facilitate visualization through the rigid and flexible nephroscope 

used during the procedure.  Once these measurements had been made the standard 

surgical procedure began.  Percutaneous access to the kidney was achieved and flexible 

nephroscopy was performed. Upon identification of an accessible dilated duct of Bellini 

(terminal collecting duct), the pH sensor was advanced through the inner lumen of a 5-

french open ended catheter and directed until the entirety of the fiber-optic tip (3-mm) 

was fully within the duct (Figure 1).  Saline irrigation was suspended prior to and during pH 

measurement in order to minimize confounding of the readings.  Care was taken to ensure 

the sensor did not come into contact with tissue to minimize the likelihood of damage to 

the fragile sensor tip.  Extreme stability was required during each measurement to keep 

the sensor tip within the duct in order to obtain a stable pH reading. To help achieve this, 

patient respirations were suspended during the measurement period.   In the event a 

plateau in pH reading had not been reached prior to the sensor being removed from the 

duct a relatively narrow pH range was still able to be determined.3  In such cases, the 

mean of the range was used for data analysis purposes.   

Papillary biopsy specimens were obtained from accessible papillae after pH 

measurement in each case as approved by the Institutional Review Board Committee for 

Indiana University (#98-073).  There was no significant hemorrhage or other complication 

related to the biopsy itself. Biopsy specimens were then processed and prepared in a 

fashion similar to our prior research on papillary anatomy of ileostomy and short gut 

patients with nephrolithiasis using hematoxylin and eosin for routine histologic analysis 

and Yasue metal substitution for calcium histochemistry.1,2  Biopsy specimens were 

examined to determine the histologic changes of the terminal collecting ducts including 

mineral type, completeness of plugging, alterations of lining cells and level of 

inflammatory changes in the adjacent interstitium in order to determine if they showed 

similar changes to comparable patients from our prior research.1,2  
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All patients underwent routine serum basic metabolic testing as well as two 24-

hour urine collections, the results of which were averaged for all measured values.  The 

exception to this is patient one who suffered from a urinary tract infection with a urease 

splitting bacteria during one of the collections. It was subsequently treated with antibiotics 

leaving results from only one collection suitable for inclusion. Patients were asked to stop 

taking stone preventative medications during the time of metabolic evaluation and 

through surgery.  Stones were collected individually when feasible and analyzed by both 

infrared spectroscopic analysis (Beck Analytical Services , Indianapolis, IN) and micro-CT.7   

Confirmatory analysis was performed to determine whether the physical contact of the pH 

microsensor with a tissue surface interdferes with sensor accuracy. To do this, caps from 2-

ml cryostat plastic vials were filled with either normal saline, pH buffer solutions (pH 5, 6 

or 7) or urine extracted from porcine bladder. The fiber-optic pH microsensor assembly 

was attached to a micromanipulator so that the tip of the microsensor could be moved in 

the x, y and z planes. Papillary tissue was excised from the kidney of euthanized adult farm 

pigs, bathed with saline and blotted dry. These tissue samples were obtained from a 

colleague who had euthanized their pigs as part of a separate study and thus IACUC 

approval was not necessary.  A piece of papillary tissue was subsequently submerged into 

each of the solution-filled caps. The pH microsensor was introduced into the solution 

under microscope guidance and then advanced to contact the papillary tissue with 

sufficient force to compress the sensor’s matrix on the fiber-optic tip. A total of 11 

calibrated microsensors were evaluated with pH readings continuously recorded before, 

during and after the sensor’s contact with the tissue surface. The microsensor tip was 

rinsed with distilled water after pH readings were acquired in a test solution. The average 

pH value recorded by an individual microsensor in each of the test solutions was calculated 

for statistical analysis. 

Statistics 

Statistical analysis was performed using IBM:SPSS Statistics Version 22 (Armonk, 

NY). Continuous measures were compared between groups using Student t-tests and 

categorical measures were compared between groups using Fisher’s exact tests with 

p<0.05 being considered statistically significant. 
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Study Approval 

All participants gave informed consent prior to participation in this study, which 

was approved by the Institutional Review Board of Indiana University.  

RESULTS  

We studied three patients with ileostomies (Table 1), during PCNL for stone 

removal. Patient three had a ureteropelvic junction obstruction on the right side which 

was treated with antegrade endopyelotomy at the time of PCNL.  As expected, stones 

were calcium oxalate and uric acid (Table 1). Measurements of ductal pH were successfully 

obtained in all three cases. Our technique is illustrated in Figure 1.  Papillary appearance 

and retrograde pyelography from each patient is provided as supplementary data. 

Routine laboratory results (Table 1) showed variably reduced renal function, 

remarkably acid bladder urine pH, consistent uric acid supersaturation and no trace of 

calcium phosphate supersaturation. Patient 1 had elevated serum calcium but normal 

parathyroid hormone (PTH).  

Tubule pH values were obtained (Figure 2) for 6 BDs of patient 1. In each BD 

measurement, tubular fluid pH far exceeded the pH of bladder urine. In patient 2, similar 

results were found in 3 BDs (Figure 2). In that patient we could document not only acidic 

urine pH of bladder urine but also in samples of fluid from two renal calyces, including the 

one within which the papillum lay.  Finally, in patient 3 we obtained two BD measurements 

along with bladder urine. Universally, BD pH exceeded bladder urine and, when available, 

calyceal pH.  Bladder urine pH ranged between 4.97 and 5.58, and mean bladder pH for 

the three patients was 5.31 ± 0.22.  BD pH (Figure 2) ranged between 5.97 and 6.72 and 

mean BD pH was 6.43 ± 0.22. 

Renal papillary biopsy histopathology was identical to ileostomy patients we have 

reported elsewhere.1,2 Biopsies from patients 1 and 2 (Figure 3) show collecting duct 

dilation, loss of lining cells, mineral deposits, and surrounding moderate interstitial fibrosis 

(Panel A). Areas of Randall’s plaque were easily identified. A papillum from patient 2 

illustrates the more severe histopathologic changes that can occur in ileostomy patients 

(Panel C) that include extensive dilation of papillary collecting ducts with intraluminal 
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calcium phosphate deposits and loss of lining cells, widespread and severe interstitial 

fibrosis, and multiple sites of Randall’s plaque. 

DISCUSSION 

These are the first reported measurements of pH in lumens of individual human 

collecting ducts. In this group of ileostomy patients with highly acidic urine, we found that 

pH values within damaged/dilated BD were on average >1 pH unit higher than in bulk 

urine. These highly novel measurements demonstrate heterogeneous acidification within 

stone-forming kidneys.  

The results may explain the paradoxical presence of apatite and urate plugs in 

kidneys producing a highly acidic urine. The patients included in our study were similar to 

those in our prior studies of ileostomy stone formers, both in terms of serum and urine 

chemistries as well as histologic tissue analysis.1,2 Additionally, all patients had 

endoscopically demonstrable abnormally dilated terminal collecting ducts scattered about 

their papillae as we have found in larger prior patient series (Supplemental Figures). In 

other words, our findings here may well apply widely to such stone formers.  

Possibly, the ducts we studied were damaged by crystal plugging. But the crystals 

that caused the injury could not have been apatite or urate because before damage, the 

pH would have been too low. We postulate that uric acid crystals formed and damaged 

IMCD and BD cells. The damage led to rising tubule fluid pH. Thereupon, uric acid species 

dissolved and reformed as urate salts, and apatite crystals formed de novo. Our data do 

not permit testing of this proposed scheme beyond the idea that crystal types changed 

between the initial insult and condition in which we made our measurements. 

However, our methods do detect the urates and apatites with high specificity, so we can 

be sure they are indeed present as we have described. 

Another possible cause might be shock wave lithotripsy (SWL). In pig experiments8 

we demonstrated that SWL produced marked loss of normal nephron acidification by 

injury mainly to thick ascending limbs that permits delivery of large volumes of alkaline 

tubule fluid downstream into collecting ducts. Possibly, alkaline apatite or urate crystals 

formed during post SWL periods. All of these patients had prior SWL treatments though 
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the specific details of these procedures including stone location in the kidney were 

unknown. 

Whatever the details of these crystal formations, dilated collecting ducts have 

histologic evidence of tubular epithelial destruction, and fibrosis of the interstitium in the 

region around it.9,10 It is thus plausible that such damaged collecting ducts would not 

acidify tubular fluid normally, creating a micro environment that would facilitate the 

deposition of calcium phosphate and urate salts.11  

We recognize that there are a number of potential limitations to our 

study.   Perhaps the greatest is the inability to use the pH sensor to measure the acidity of 

a normal sized BD, which at 100 to 200 um is near the same size as the pH microsensor tip 

(140 um).12   To our knowledge pH microsensors small enough to enter a normal sized BD 

are not commercially available.  Furthermore, even the latest generation digital 

nephroscopes used during PCNL do not feature the necessary magnification and resolution 

to readily identify a normal sized BD.   

Another potential limitation is our inability to visualize the probe tip during 

measurement within the ducts raising the possibility that the probe touched the tubule 

cells or pushed through the BD cells into the interstitium, creating in either case a 

measurement artefact.  However, we do not believe that this occurred as it would have led 

to bleeding, none of which was seen intraoperatively or upon video review of all available 

measurements.  Nonetheless, in order to estimate probable errors from tissue contact, we 

performed ancillary testing of 11 microsensors in solutions containing excised porcine 

renal papillary tissue. Continuous measurements were taken before, during, and after 

intentionally contacting tissue with the sensor. We found a mean deviation in pH  of 0.1 pH 

units or less (Table 2).     Therefore it is unlikely that our pH measurements are due to 

artifact created by contact with duct epithelium.  

Conclusion 

With the aid of a microscopic pH sensor we were able to determine that pH values 

within individual dilated ducts of Bellini dramatically differ from that of acidic bulk urine in 

ileostomy patients.  These findings are the first to directly demonstrate focal defects in 
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urinary acidification mechanisms within damaged portions of the human kidney. 

Furthermore, these more alkaline pH values within the diseased portions of the papillae 

help explain the presence of apatite deposits in certain stone forming diseases 

characterized by markedly acidic urinary pH’s where apatite would be unexpected to form.  
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Abbreviations: 

CaP – Calcium Phosphate 

BD – Duct of Bellini 

IMCD – Inner Medullary Collecting Duct 

PCNL – Percutaneous Nephrolithotomy 

PTH – Parathyroid Hormone 

SWL – Shock Wave Lithotripsy 
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Table 1 – Patient demographic and results of biochemical tests on serum, urine and 

stones. 

Patient 1 2 3

Sex Female Female Female

Pathology UC, ileostomy UC, ileostomy UC, ileostomy

Age at first stone (yr) 40’s 55 67 

Prior stones (no.) 3 >10 3 

Age at biopsy (yr) 72 64 73 

ESWL (no.) 2 2 1 

PNL (no.) 0 7 0 

Open (no.) 0 0 0 

URS (no.) 1 0 1 

Total (no.) 3 9 2 

Wt (kg) 82.1 72.5 72.7 

Calcium (mg/dl) 10.5 9.6 9.5 

Phosphorus (mg/dl) 3.94 3.8 

Creatinine (mg/dl) 0.82 0.96 1.45 

Uric acid (mg/dl) 6.0 7.3 5.0 

Magnesium (mg/dl) 2.1 1.8 

Sodium (mmol/L) 137 139 141 

Potassium (mmol/L) 4.9 4.2 4.5 
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Chloride (mmol/L) 101 102 105 

eGFR (ml/min/1.73m2) 80 80 40

Volume (L) 2.82 0.67 1.50 

pH 4.86 5.02 5.17

Citrate (mg/day) 661 95 66 

Calcium (mg/day) 130 108 37 

Oxalate (mg/day) 34 21 22 

Sodium (mmol/day) 150 37 66 

Uric Acid (mg/day) 650 340 360 

Ammonium (mmol/day) 37 38 15 

Sulfate (meq/day) 55 16 26 

SS Uric acid 1.93 3.84 1.60 

SS Calcium oxalate 2.61 11.71 2.14 

SS Calcium phosphate 0.03 0.45 0.04 

Stone Analysis (Right Kidney) 100% UA 50-80% COM, 20-50% UA 100% UA

Stone Analysis (Left Kidney) 90-95% UA, 5-10% COM 100% UA
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Table 2 – Results of ancillary pH Validation Experiment Determining Influence of Tissue 

Interaction on pH measurement 

Saline pH 5 

buffer 

pH 6 

buffer 

pH 7 

buffer 

Pig urine

Solution pH 6.14  

0.34 

4.83  

0.16 

5.88  

0.04 

6.69  

0.04 

6.30  

0.36 

Change in pH upon contact 

with tissue 

-0.10 

0.17

0.07  

0.03* 

-0.05 

0.12

-0.09 

0.15

-0.02 

0.01*

# of pH sensors tested 8 7 6 5 4
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FIGURE LEGENDS 

Figure 1 – Example of pH microsensor taking measurement from within a dilated duct of 

Bellini.  (a) the yellow tubing of the open ended catheter is seen in the bottom right.  (b) 

The pH microsensor is advanced so that its tip is protruding from the catheter (arrow & 

inset).  A dilated duct is identified (circle). (c)  The pH probe is guided into the duct (circle) 

and held there until a stable reading is achieved  (d) In this instance a holmium laser (green 

light) was used after measuring ductal pH to expose and facilitate removal of an underlying 

ductal plug (yellow deposit). 
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Figure 2 – pH microsensor tracings from bladder (red line), calyx (green dotted line), and 

dilated terminal collecting ducts (black lines).  Each Bellini Duct (BD) where a measurement 

was performed is denoted in the legend based on polar location, numbered calyx and 

numbered papilla (i.e MP3P1 – MidPole, 3rd calyx, first papilla).  This nomenclature is 

being used for the purpose of operative recording  more than a formal anatomic mapping 

system)   
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Figure 3: Papillary biopsies from ileostomy patients 1 and 2.  Panel a shows the BD that 

was used to measure ductal pH (marked with an asterisk) from patient 1. It is slightly 

dilated, lacks lining cells, contains some mineral and surrounded by a moderate level of 

interstitial fibrosis. The area marked by a square is magnified as an insert in the upper left 

to show a site of Randall’s plaque. Panel b was obtained from an adjacent papilla of 

patient 1 from the site of pH measurements and shows the moderate types of 

histopathologic changes illustrated in panel a and previously reported in ileostomy 

patients. Two sites of intratubular calcium deposit in IMCD are designated with arrows.  

Panel c is a adjacent papilla from patient 2 and shows the more severe histopathologic 

changes that occur in ileostomy patients. These changes include varying degrees of 

dilation (at times extensive) of IMCD with intraluminal calcium phosphate deposits 

(arrows) and loss of lining cells, widespread and severe interstitial fibrosis and multiple 

sites of Randall’s plaque. 
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Supplementary Material 

Figure S1  – Fluoroscopic and endoscopic renal map of patient 1.  The dilated ducts where 

pH measurements were attempted are circled in white.  Asterisks designate yellow plugs 

protruding from dilated ducts. 
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Figure S2  - Fluoroscopic and endoscopic renal map of patient 2.  The dilated ducts where 

pH measurements were attempted are circled in white.  White arrows are used to 

highlight other dilated ducts, not measured. 
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Figure S3 - Fluoroscopic and endoscopic renal map of patient 3.  The dilated ducts where 

pH measurements were attempted are circled in white.  Black arrows are used to highlight 

Randall’s plaque present on the surface of the papillae. 


