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Abstract Objective: To identify possible stone-promoting microbes, we compared the pro-
files of microbes grown from stones of patients with and without metabolic syndrome (MetS).
The association between MetS and urinary stone disease is well established, but the exact
pathophysiologic relationship remains unknown. Recent evidence suggests urinary tract dys-
biosis may lead to increased nephrolithiasis risk.
Methods: At the time of percutaneous nephrolithotomy, bladder urine and stone fragments
were collected from patients with and without MetS. Both sample types were subjected to
expanded quantitative urine culture (EQUC) and 16 S ribosomal RNA gene sequencing.
Results: Fifty-seven patients included 12 controls (21.1%) and 45 MetS patients (78.9%). Both
cohorts were similar with respect to demographics and non-MetS comorbidities. No controls
had uric acid stone composition. By EQUC, bacteria were detected more frequently in MetS
stones (42.2%) compared to controls (8.3%) (pZ0.041). Bacteria also were more abundant in
stones of MetS patients compared to controls. To validate our EQUC results, we performed
16 S ribosomal RNA gene sequencing. In 12/16 (75.0%) sequence-positive stones, EQUC reliably
isolated at least one species of the sequenced genera. Bacteria were detected in both “infec-
tious” and “non-infectious” stone compositions.
Conclusion: Bacteria are more common and more abundant in MetS stones than control stones.
Our findings support a role for bacteria in urinary stone disease for patients with MetS regard-
less of stone composition.
(S.C. Desai).
f Tongji University.
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1. Introduction

Nephrolithiasis is highly prevalent across the globe with
higher rates in North America and Europe, compared to Asia
[1]. Men tend to have a higher prevalence of nephrolithiasis
compared to women; however, this gender disparity is
narrowing [2]. Recurrence of nephrolithiasis following the
first episode is common [3]. Experts propose that this rising
prevalence in urinary stone disease is related to the parallel
rise in obesity around the world [4].

Metabolic syndrome (MetS) is the co-occurrence of
certain metabolic abnormalities that confer an increased
risk of cardiovascular disease and other health problems.
There are multiple accepted definitions for MetS; however,
all include measures of obesity, hypertension, dyslipide-
mia, and insulin resistance as major tenets [5]. MetS affects
an estimated 35% of Americans and this prevalence is
accelerating year after year [6]. With the spread of Western
lifestyle and diet, the prevalence of MetS is expanding to a
global population [7].

The abnormalities observed in MetS have a known asso-
ciation with nephrolithiasis, particularly uric acid neph-
rolithiasis [8]. Estimates suggest that up to 50% of
stone-forming patients qualify for a MetS diagnosis with
odds of developing nephrolithiasis increasing with greater
numbers of MetS traits [9]. The pathophysiology of neph-
rolithiasis in MetS patients is incompletely understood,
although prevailing theory considers it to be a multifacto-
rial and complex interplay of metabolic disturbances. In-
sulin resistance results in low urinary pH through
impairment of renal ammonium formation. This also may
lead to hypocitraturia and an increase in urinary calcium
excretion. Systemic inflammation in patients with MetS may
act locally in the kidney to potentiate the development of
urinary stones [10,11].

While the relationship between nephrolithiasis and MetS
and the relationship betweenMetS andmicrobiome dysbiosis
in the gut have been studied, the current theories of neph-
rolithiasis in MetS patients ignore the role of the urinary
microbiome and its influence on stone formation [12].
Through the use of an enhanced culture technique and 16 S
ribosomal RNA (rRNA) gene sequencing, bacteria have been
identified in urinary stones of all compositions [13]. With this
discovery, alongwith thecomplexphysiologicdisturbances in
MetS patients, we hypothesize that the urinary microbiome
plays a role in urinary stone formation in patients with MetS.

2. Materials (patients) and methods

2.1. Patient population and sample collection

Following Loyola University’s institutional review board
approval (LU208983), patients between the ages of 18
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years and 90 years of age with nephrolithiasis undergoing
percutaneous nephrolithotomy (PCNL) were prospectively
enrolled from a single academic urology practice. All
consecutive patients who met study criteria were enrolled
from March 2017 to April 2019. Based on prior studies
characterizing other urinary tract microbes and given
widely recognized difficulties in performing power analysis
for microbiome studies, a study size of 50 patients was
determined to be sufficient [13,14].

The National Cholesterol Education Program Adult
Treatment Panel III definition for MetS was utilized [5].
Patients meeting three of the following five criteria were
included in the MetS cohort: waist circumference over
102 cm (men) or 89 cm (women), blood pressure over
130/85 mmHg or on treatment, fasting triglyceride level
over 150 mg/dL, fasting high-density lipoprotein choles-
terol level less than 40 mg/dL (men) or 50 mg/dL (women),
and fasting blood glucose over 100 mg/dL. All patients that
did not meet three of the five criteria were considered the
control cohort. Patients were excluded if they had prior
augmentation cystoplasty, intestinal urinary diversion,
history of urologic malignancy (with the exception of Na-
tional Comprehensive Cancer Network low-risk prostate
cancer), were pregnant, or were unwilling to undergo
required lab testing. Patients were not excluded based on
prior antibiotic use, given the need for intraoperative
antibiotic prophylaxis. Following enrollment, all patients
underwent fasting blood draw for lipid panel. At follow-up,
patients completed a 24-h urine chemistry profile per-
formed by Quest Diagnostics (Valencia, CA, USA). Patients
were also instructed to have serum biochemistry labs
drawn at the follow-up.

On the day prior to PCNL, all patients underwent
placement of a percutaneous nephroureteral catheter by
interventional radiology, as per routine protocol at Loyola
University Medical Center. Prior to all procedures, prophy-
lactic intravenous antibiotics were administered, consis-
tent with American Urological Association guidelines.
Within 24 h, patients proceeded to the operating room for
their stone removal procedure. At the time of PCNL, urine
was collected from the bladder via transurethral cathe-
terization. Stone removal occurred with or without stone
fragmentation through a 30 Fr PCNL sheath under normal
sterile operative technique. A portion of the stone frag-
ment was sent for routine chemical analysis stone analysis
by Louis C. Herring and Company Kidney Stone Analysis
Laboratory (Orlando, FL, USA). A second portion was sent to
the microbiology lab for immediate processing for
expanded quantitative urine culture (EQUC) and 16 S rRNA
gene sequencing, as described previously [13,14] and in the
Supplemental Methods. Supplementary Table 1 summarizes
the environmental and technical details of extraction and
sequencing as recommended by the recently published
consensus paper by Brubaker et al. [15].
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2.2. 16 S rRNA gene sequence analysis

BaseSpace platform (Illumina, San Diego, CA, USA) was used
to perform demultiplexing and trimming of sequence
adapters and barcodes from raw sequences, and primers
removed with Cutadapt program v1.13 [16]. In the quality
trimming and filtering step, reads with maximum expected
errors greater than 2 erroneous base calls were discarded
as a quality filtering measure using “maxEEZc (2,2)”
parameter (specified for both the forward and reverse
reads separately). The trimmed and filtered reads were
then analyzed by DADA2 software [17] as an R script (in R
v.3.6) using its R package (dada2 v.1.14.1). DADA2 uses a
parametric model to infer amplicon sequence variants
(ASVs), which are true biological sequences from sequence
reads. To obtain taxonomic classification of the ASVs, the
SILVA database v.132 [18] was used. The resulting ASV table
retained only high quality nonchimeric reads. Unless pre-
viously noted, default parameters were used for each
software tool.

2.3. Statistical analysis

The baseline patient cohort was compared using
descriptive statistics. Continuous variables were reported
as mean�standard deviation, while significance was
determined using a Student’s t-test. Categorical variables
were reported as percentages and analyzed using
Chi-squared test or Fisher exact test where appropriate.
Urinary stone chemical composition was averaged across
the cohorts. Stone samples were categorized as “growth”
or “no growth” based on presence or absence of bacterial
colonies on any culture medium. The overall frequency of
growth and the associated colony forming units per
milliliter (CFU/mL) between each cohort were compared
using Chi-squared and Student’s t-test, respectively.
Standard Chi-squared tests were applied to the relative
abundance of bacterial taxon identified by 16 S rRNA gene
sequencing. Those taxa present at a significantly higher
proportion in urinary stones compared to their paired
bladder urine samples were considered enriched, as pre-
viously described [13].

To determine whether the composition of the paired
stone and urine samples differed, we performed hierarchical
clustering, a form of beta diversity analysis. Hierarchical
clustering groups samples that are similar in taxon compo-
sition, asmeasured by a chosen ecological distance [19]. The
distance matrix was calculated using the Bray-Curtis
dissimilarity index, which quantifies compositional
dissimilarity between different groups. The Bray-Curtis
dissimilarity is bounded between 0 and 1, where 0 means
the two sites have the same composition (that is, they share
all the taxa), and 1means the two sites do not share any taxa
[19]. Statistical analysis was performed using RStudio
(version 1.1.456, RStudio, Inc., Boston, MA, USA).

2.4. Data availability

Sequences will be made publicly available prior to
publication.
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3. Results

Sixty-one patients were enrolled in the study. Adequate
samples were collected from 57 patients, including 12
controls and 45 MetS patients; these 57 patients were
included in the final analysis. Table 1 includes baseline
patient demographics. Supplementary Table 2 includes 24-h
urine collection and stone composition data. The two co-
horts were demographically similar, except as it pertains to
elements of MetS. The difference between stone composi-
tion for MetS and control cohorts was statistically signifi-
cant (p<0.001), primarily because no one in the control
cohort had a stone composed of uric acid. The 24-h urine
chemistry did not differ significantly (Supplementary Table
2). Patients also were instructed to complete serum
biochemistry labs to complete a standard metabolic stone
disease work-up; however, not enough patients were able
to complete this request to permit analysis.

EQUC detected bacteria in the urinary stones of 20 pa-
tients. This includedone (8.3%) control patient and 19 (42.2%)
MetS patients (pZ0.041) (Fig. 1A). Similarly, EQUC detected
bacteria in the bladder urine of two (16.7%) control patients
compared to 10 (22.2%) MetS patients (pZ1.000) (Fig. 1B).
Thus, MetS patients were more likely to be culture-positive.
Of the seven individuals with positive EQUC results for both
sample types, there was 100% concordance between sam-
ples, where concordance is defined as the presence of at
least one common bacterial taxon (Supplementary Table 3).
Bacteria detected by EQUC in stone homogenates were
from a variety of Gram-positive and Gram-negative genera
(Supplementary Fig. 1) with the genera Proteus and
Staphylococcus as the most commonly detected; members of
the emerging uropathogenic genus Aerococcus also were
frequently detected. Most EQUC-positive urinary stones were
monomicrobial; three stones were polymicrobial (Fig. 1A).

To validate the EQUC results, we performed 16 S rRNA
gene sequencing. The urinary stone homogenate was posi-
tive (defined as >2000 sequence reads) in 16 of 57 (28.1%)
samples, including 2/12 (16.7%) control samples and 14/45
(31.1%) MetS samples (pZ0.71). Corresponding bladder
urine samples were positive in 14 of these 16 participants
(87.5%). For all positive stone and urine samples, the
average number of sequence reads was 41 429 with 24
genera represented. Fig. 2 shows the positive 16 S rRNA
gene sequencing of stone homogenate samples with their
corresponding positive bladder samples. Proteus was pre-
sent at greater relative abundance in stone samples
compared to paired bladder samples (Participants 5, 34, 52,
and 55). Stone samples were statistically enriched for
particular genera (higher proportion in stone compared to
bladder) in 12 paired samples. In sequence-positive stone
samples, EQUC reliably isolated at least one species of the
sequenced genera in 12/16 (75.0%) stones (Table 2).

To further compare the paired samples, we performed a
beta diversity analysis on the 16 S rRNA gene sequencing data
using the Bray-Curtis dissimilarity index (Supplementary
Fig. 2). The indices ranged from 0.041 to 0.993 (Table 2)
with a mean of 0.522, meaning that some pairs differed
almost completely (for example, Participants 5 and 21),
whereas others were quite similar (particularly Participants
26 and 42).



Table 1 Baseline patient demographics and medical characteristics comparing patients with MetS to controls.

Baseline patient demographic and medical characteristic Total Control MetS p-Value

Samples collected, n 57 12 45 NA
Age, median (range), year 62.3 (31.1e83.0) 62.3 (42.0e69.9) 62.8 (31.1e83.0) 0.660
Gender, n (%) 0.504
Female 36 (63.2) 9 (75.0) 27 (60.0)
Male 21 (36.8) 3 (25.0) 18 (40.0)

Race or ethnicity, n (%) 0.484
Caucasian 47 (82.5) 10 (83.3) 37 (82.2)
African American 1 (1.8) 1 (8.3) 0
Hispanic 6 (10.5) 1 (8.3) 5 (11.1)
Asian 2 (3.5) 0 2 (4.4)
Unknown 1 (1.8) 0 1 (2.2)

Height, mean�SD, cm 167.8�11.2 164.7�7.8 168.6�11.8 0.250
Weight, mean�SD, kg 95.4�27.0 78.5�31.9 99.8�24.0 0.011
Body mass index, mean�SD, kg/m2 33.9�9.5 28.9�11.7 35.2�8.5 0.036
MetS criteria, n (%)
Blood pressure of >130/85 mmHg or one anti-
hypertensive medication, n (%)

46 (80.7) 4 (33.3) 42 (93.3) <0.001

Waist circumference over 89 cm (women) or 102 cm
(men)a,b

25 (73.5) 3 (33.3) 22 (88.0) 0.004

Fasting triglyceride level of >150 mg/dLb 40 (71.4) 2 (16.7) 38 (86.3) <0.001
Fasting HDL level of <50 mg/dL (women) or
<40 mg/dL (men) or dyslipidemia treatmentb

43 (76.8) 4 (33.3) 39 (88.6) <0.001

Fasting glucose level of >100 mg/dL or diabetes
treatment

38 (66.7) 2 (16.7) 36 (80.0) <0.001

Urologic history, n (%)
Indwelling Foley catheter or suprapubic tube 0 (0) 0 0 NA
CIC 0 (0) 0 0 NA
Prior indwelling ureteral stent or nephrostomy tube 9 (15.8) 1 (8.3) 8 (17.8) 0.669
History of recurrent urinary tract infections 13 (22.8) 4 (33.3) 9 (20.0) 0.440
Prior medical stone prevention 13 (22.8) 2 (16.7) 11 (24.4) 0.713
Antibiotic use within 30 days (excluding prophylactic
antibiotics)

11 (19.3) 1 (8.3) 10 (22.2) 0.426

Periprocedural antibiotic duration prior to specimen
collection, n (%)

0.058

<3 h 4 (7.0) 2 (16.7) 2 (4.4)
3e<6 h 2 (3.5) 1 (8.3) 1 (2.2)
6e<12 h 1 (1.8) 1 (8.3) 0
12e<24 h 38 (66.7) 7 (58.3) 31 (68.9)
�24 h 12 (21.1) 1 (8.3) 11 (24.4)

MetS, metabolic syndrome; CIC, clean intermittent catheterization; HDL, high-density lipoprotein; SD, standard deviation; NA,
not available.

a 1 inchZ2.54 cm.
b nZ34 for waist circumference, nZ56 for fasting triglyceride, and nZ56 for fasting HDL.
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4. Discussion

EQUC detected bacteria more frequently in urinary stones
from patients with MetS compared to controls. These re-
sults were validated by 16 S rRNA gene sequencing, as it
often detected the predominant microbe identified by
EQUC, although the difference in detection by sequencing
was not statistically significant. Both EQUC and 16 S rRNA
gene sequencing detected bacteria in all stone composi-
tions, including historically “non-infectious” such as cal-
cium oxalate stone compositions. This also includes uric
acid stones, which are more prevalent in MetS patients.

MetS has long been associated with urinary stone for-
mation, but the pathophysiology is not well understood.
319
Theories have mainly focused on urinary chemical compo-
sition disturbances, leading patients to increased stone
susceptibility. This is most notably exemplified by the
predisposition of patients with MetS toward uric acid
nephrolithiasis [8]. For patients with MetS, insulin resis-
tance results in an impairment of renal ammonium gener-
ation with resultant low urinary pH. This gouty diathesis
increases risk of both uric acid and calcium urinary stones
[20]. Furthermore, patients with MetS are known to have
chronic inflammation, which plays a significant role in the
development of atherosclerosis in this patient population
[21]. This pro-inflammatory microenvironment may also
exist in the collecting system, resulting in crystal aggrega-
tion and stone formation [11,23].



Figure 1 Growth of bacteria on expanded quantitative urine culture. (A) Urinary stone; (B) Bladder urine; (C) Stone chemical
composition of the corresponding stone. The solid black line marks the division of control and metabolic syndrome patients. Each
column above or below corresponds to the same patient.
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Notwithstanding these processes, recent evidence sug-
gests that urinary bacteria may play a role in stone for-
mation, outside of traditionally infectious stones
Figure 2 16 S rRNA gene sequencing of bladder and stone samp
black vertical lines separate paired sampled.
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[13,24e26]. Our study lends support to the notion that
dysbiosis of the urinary microbiome may play a role or
potentiate processes already at work in stone-forming
les from controls and metabolic syndrome patients. The solid



Table 2 Comparison of stone culture, stone sequencing, bladder culture, and bladder sequencing genera from the same study
participant.

Sample ID Sample
cohort

Stone
culture genera

Stone sequence
dominant genera

Bladder
culture genera

Bladder sequence
dominant genera

Bray-Curtis
index between
stone and
bladder
sequencing

5 Control NA Proteus NA Escherichia,
Aerococcus,
Lactobacillus

0.993

41 Control Corynebacterium Corynebacterium Corynebacterium Corynebacterium 0.076
3 MetS Proteus Escherichia,

Bifidobacterium
Escherichia Escherichia,

Proteus,
Bifidobacterium

0.410

8 MetS NA Veillonella NA Sneathia, Veillonella,
Ureaplasma

0.528

11 MetS Aerococcus Aerococcus NA Aerococcus,
peptoniphilus,
Anaerococcus

0.379

21 MetS Staphylococcus Streptococcus NA Staphylococcus 0.939
23 MetS Aerococcus Aerococcus NA NA NA
26 MetS Staphylococcus Staphylococcus Staphylococcus Staphylococcus 0.041
30 MetS Aerococcus,

Proteus
Streptococcus,
Aerococcus,
Proteus

Actinomyces,
Aerococcus,
Enterococcus

Peptoniphilus 0.326

34 MetS Proteus Proteus NA Proteus 0.201
40 MetS Proteus Proteus, Klebsiella NA NA NA
42 MetS Enterococcus Enterococcus NA Enterococcus 0.124
50 MetS NA Staphylococcus Staphylococcus Ureaplasma 0.987
52 MetS Proteus Proteus Aerococcus Aerococcus, Proteus 0.848
53 MetS Aerococcus,

Streptococcus
Streptococcus NA Aerococcus,

Streptococcus,
Fusobacterium

0.552

55 MetS Proteus Proteus NA Lactobacillus 0.905

MetS, metabolic syndrome; NA, not available.
Note: bold represents concordance between samples of a row.
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patients with MetS. From stones obtained from many pa-
tients in our cohort, EQUC detected bacteria known to in-
fluence urinary stone formation, especially members of the
genera Proteus and Staphylococcus. However, many of
these stones were not of the classic “infectious” magne-
sium ammonium phosphate (struvite) stone composition.
Many culture- and sequence-positive stones were discov-
ered in purely calcium-based urinary stones (Fig. 1).

The urinary metabolite disturbances associated with
MetS result in a low urinary pH, opposite the effects of
bacterial-produced urease, which results in a high urinary
pH. Bacteria may be bystanders to the metabolic dysbiosis
in MetS stone-forming patients. However, their presence
may also potentiate the increased risk of stone formation in
MetS patients. This also may be true for non-MetS
stone-forming patients. Stone-forming patients are
already noted to have pro-inflammatory cytokines and
chemokines in their urine [22]. Therefore, bacteria may act
synergistically with this process, especially in MetS patients
that already exist in a pro-inflammatory state [27].

Our study provides further information about the urinary
microbiome in stone-forming patients. In many of our stone
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samples, bacteria were enriched within the urinary stones,
demonstrating a higher concentration of bacteria within
the stone sample than the surrounding urine. Using
Bray-Curtis analysis, we showed that many samples were
highly dissimilar comparing the microbial diversity of the
stone homogenate and the bladder urine. This was most
notable in samples that were Proteus-positive. The high
concordance between our stone culture and stone
sequencing suggests that the bacteria being sequenced are
indeed present and enriched within the stone. It is impor-
tant to recognize that our Bray-Curtis analysis demon-
strated several highly similar diversity profiles between
bladder and stone communities. In these samples, we
cannot say that the bacteria detected in the stone sample
are actually associated with the stone. Instead, it is
formally possible that they are contaminants from residual
urine within the stone sample. For these stone samples, it is
unclear if these bacteria are truly stone-associated. How-
ever, we can say with confidence that stone samples
showing bacterial enrichment are truly stone-associated.

In this study, we proceeded with sample collection using
PCNL. Alternative methodology for sample collection



R.A. Dornbier, C.P. Doshi, S.C. Desai et al.
includes ureteroscopy. Our study group prefers PCNL for
stone sample collection. It is our concern that stone sam-
ples obtained via ureteroscopy are subject to contamina-
tion by other urinary tract niches (ureter, bladder, and
urethra). This may explain the different genera of bacteria
detected in our study as compared to other recently pub-
lished study that assessed the stone microbiome in patients
undergoing ureteroscopy [13]. The present study offers
validation to our methodology of sample collection,
culturing, and sequencing. This methodology is in align-
ment with the recently published consensus on urolithiasis
microbiome studies [28].

Our study does have certain inherent limitations. We
were significantly limited by the sample size, mostly as we
were unable to recruit control patients to allow for
adequate comparison to our MetS patient population. Un-
fortunately, patients with stone burden large enough to
require PCNL are more likely to exhibit MetS features.
Further investigations into the role of MetS, the urinary
microbiome, and stone formation would benefit from multi-
institutional trials. Additionally, many patients had anti-
biotic exposure within the previous 30 days. This could be
secondary to our institution being a tertiary referral center
with many patients having multiple comorbidities,
including frequent urinary tract infections requiring anti-
biotic use prior to planned surgery. All patients were
exposed to antibiotics prior to nephroureteral catheter
placement and PCNL based on American Urological Associ-
ation guidelines. Bacteria may be eradicated by antibiotic
exposure, leading to no growth on EQUC. Attempts at stone
sample collection without antibiotics would be unethical,
and thus were unavoidable. On the day prior to PCNL, pa-
tients underwent placement of a nephroureteral catheter
with interventional radiology. The nephroureteral catheter
traverses the skin and upper urinary tract on its way down
to the bladder, possibly resulting in urine reflux and
cross-contamination between bladder and upper tract
urine. There may also be translocation of skin bacteria into
the urinary tract along the catheter. These concerns
regarding contamination may have confounded our results.
Interestingly, our study did not demonstrate a significant
difference in urine chemistries between the groups as we
had predicted. This is likely due to the small sample size.
Furthermore, serum biochemistry was not obtained, which
could have provided further insight into metabolic distur-
bances in patients with MetS.
5. Conclusion

Our study characterizes the association amongst MetS,
urinary microbiome, and urinary stone disease. In stones
collected via PCNL, EQUC more frequently detected bac-
teria in MetS patients than controls with 16 S rRNA gene
sequencing validating our EQUC results. Taken together,
our observations support an association between bacteria
and stone formation, regardless of stone composition;
EQUC and 16 S rRNA gene sequencing detected bacteria in
“infectious” stone compositions, as well as calcium-based
and uric acid-based urinary stones. Many of these stone
samples demonstrated enrichment on sequencing, sug-
gesting true stone-association. However, due to a limited
322
sample size, we were unable to offer adequate comparison
between MetS patients and controls. Overall, we provided
further validation to our methodology of sample collection
by PCNL, processing, culturing, and sequencing consistent
with the recently published consensus statement [15,28].
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