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Abstract We analyzed our stone-free rates of PNL with
regard to stone burden and its ratio to the renal collecting sys-
tem volume. Data of 164 patients who underwent PNL were
analyzed retrospectively. Volume segmentation of renal col-
lecting system and stones were done using 3D segmentation
software with the images obtained from CT data. Analyzed
stone volume (ASV) and renal collecting system volume
(RCSV) were measured and the ASV-to-RCSV ratio was
calculated after the creation of a 3D surface volume render-
ing of renal stones and the collecting system. Univariate and
multivariate statistical analyses were performed to determine
factors affecting stone-free rates; also we assessed the pre-
dictive accuracy of the ASV-to-RCSYV ratio using the receiv-
ing operating curve (ROC) and AUC. The stone-free rate of
PNL monotherapy was 53% (164 procedures).The ASV-to-
RCSV ratio and calyx number with stones were the most
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influential predictors of stone-free status (OR 4.15, 95% CI
2.24-7.24, <0.001, OR 2.62, 95% CI 1.38-4.97, p < 0.001,
respectively). Other factors associated with the stone-free
rate were maximum stone size (p < 0.029), stone surface
area (p < 0.010), and stone burden volume (p < 0.001). Pre-
dictive accuracy of the ASV-to-RCSV ratio was AUC 0.76.
Stone burden volume distribution in the renal collecting
system, which is calculated using the 3D volume segmen-
tation method, is a significant determinant of the stone-free
rate before PCNL surgery. It could be used as a single guide
variable by the clinician before renal stone surgery to predict
extra requirements for stone clearance.

Keywords Percutaneous nephrolithotomy - Three
dimensional - Stone-free rate - Volume segmentation

Abbreviations

PNL Percutaneous nephrolithotomy

SFR Stone-free rate

3D Three dimensional

CT Computed tomography

BMI Body mass index

RCSV Renal collecting system volume

ABV Analyzed stone burden volume

AUC Area under the curve

DICOM Digital imaging and communications in
medicine

OR Odds ratio

ROC Receiver operating characteristic

Introduction

Percutaneous nephrolithotomy (PNL) is a standard treat-
ment for patients with larger renal stones in the last
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decade. Compared with other methods, such as open
surgery, it has lower morbidity and better postopera-
tive patient comfort [1]. Although PNL has a high suc-
cess rate, a recent publication from the Clinical Research
Office of the Endourological Society (CROES) reported a
SFR of 75.5% [2]. But, clinical results vary widely due to
the stones’ characteristics, where bigger and more com-
plex stones show lesser stone-free rates (SFR) [3, 4].

Several prediction PNL result models have been pro-
posed according to the preoperatory characteristics of
the patients, renal collecting system anatomy, and the
stones but their success is not sufficient for the predic-
tion of SFR [5, 6]. In the modern management of renal
stones, three factors are important in the efficiency of
PNL: the total stone burden, the location of the stone,
and the anatomy of the collecting system. A standardized
measure of renal collecting system volume and stone bur-
den would have advantages over subjective assessment.
Furthermore, a validated instrument for assessing stone
complexity could facilitate accurate predictions regarding
surgical outcomes and would represent a valuable asset in
planning surgery and counselling patients.

Volume segmentation is an important part of com-
puter-based medical applications for diagnosis. We have
applied this novel method for the analysis of stone burden
distribution in renal collecting system using automatic
or semiautomatic extraction of the renal collecting sys-
tem and stone. Three-dimensional (3D) segmentation of
renal collecting system and renal stones provides a more
detailed analysis of the collecting system anatomy, and it
is an additional tool to better define the volumetric stone
burden distribution in the collecting system.

In this study, we evaluated the 3D segmentation vol-
ume of the renal collecting system and its ratio to the
stone volume burden as a predictor of the stone-free rate
(SFR) after PNL. To the best of our knowledge, this study
is the first series of its type and it is also a new armamen-
tarium for planning PNL surgery.

Patients and methods
Patients

After approval of this study by the Institutional Eth-
ics Committee of Okmeydani Research and Training
Hospital, we performed a retrospective analysis of 320
evaluable patients who underwent single- or multiple-
tract PNL for renal stones between November 2009 and
March 2016. We excluded 156 of 320 patients from the
study who had a history of ipsilateral PNL for secondary
or tertiary PNL, renal anatomical malformations, such
as a horseshoe or ectopic kidney or sponge kidneys, or
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unclear computed tomography (CT) images. Preopera-
tive data were collected prospectively, and retrospective
data were collected by reviewing the hospital’s and phy-
sician’s records and by contact with the patients. All PNL
procedures were performed by urologists during one ses-
sion. The remaining 164 patients who met the inclusion
criteria for the current study and who were treated with
PNL were included.

Clinical and imaging assessments

Preoperatively, patients were evaluated using plain film
X-rays, intravenous urography, ultrasonography, urinalysis,
urine culture, complete blood count, serum biochemistry,
and coagulation tests before the procedure. Non-contrast
CT was performed routinely. Preoperative factors that were
analyzed included skin-to-stone length, number of calyces
with stones, maximum diameter of the stone (mm), aver-
age stone density (HU), stone surface area (mm?), stone
side (right or left), age, sex, body mass index (BMI), stone
burden volume (mm?), and renal collecting system volume
(mm?). The perioperative factors recorded were tract num-
ber, surgery time, fluoroscopy time, stone-free status, and
hospitalization time.

Two types of stone surface areas were measured: the
calculated surface area which was calculated using the for-
mula 7 x (r being the radius, or half the largest diameter
of the stone) [7] and analyzed stone surface area, which
was determined by segmentation of the renal stones (Dorn-
heim Segmenter, Mainz, Germany). The calculated stone
burden volume was estimated using Ackermann’s formula
(Volume = 0.6 x stone surface!?’), as proposed in the
recommendations of the European Association of Urol-
ogy in 2009 [8]. Analyzed stone volume (ASV) and renal
collecting system volume (RCSV) were measured and the
ASV-t0-RCSV ratio was calculated after the creation of a
3D surface volume rendering of renal stones and the col-
lecting system. For skin-to-stone measurement, we took a
measurement from the point of the largest stone diameter
at a 45° angle from the horizontal. We used the axial image
from a CT scan during the measurement procedure.

For volume segmentation of the collecting system,
images were obtained from transverse CT images (Toshiba
Alexion™ multislice CT) and performed using the seed-
based region growing method. With the seed-based region
growing tool, well-visualized images of the intrarenal col-
lecting system from the unenhanced CT data were selected
and using a starting point images were chosen manu-
ally. Stone volume segmentation was performed using the
thresholding method, and a range of values from the CT
data of the renal stones were selected and data that fell
outside the range of the stone threshold values were not
included in the analysis. Segmentation of the RCSV and
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stone burden of all patients depicting the pelvicalyceal
anatomy and the volumetric stone burden distribution in the
collecting system were analyzed by a urologist (HAA) and
aradiologist (RB) (Fig. 1).

PNL surgery was performed by expert surgeons with
the patient under general anesthesia. After a 5 or 6F open-
ended ureteral catheter was inserted, patients were placed
in the prone position and percutaneous access was achieved
under fluoroscopic guidance. Tract dilatation was accom-
plished using Amplatz or balloon dilators of up to 22 or
30F. Fragmentation and stone removal were accomplished
using pneumatic or ultrasound energy and retrieval graspers
through rigid 22F-26F nephroscopes. After completion, a
16F re-entry catheter or alternatively an 18F Foley catheter
as nephrostomy tube was inserted. After the nephrostomy
tube was removed, if the patient was comfortable, afebrile,
and there was no longer drainage from the nephrostomy
site, patient was discharged the next day.

On postoperative day 1, stone-free status was determined
based on plain X-ray of the kidneys, ureters, and bladder
or on a non-contrast CT if the treated stone was radiolu-
cent. The size of residual stones was noted. The need for

Fig.1 Three-dimensional volume segmentation and coronal CT
images of different renal collecting system and stones. Three needed
multiple-stage percutaneous nephrolithotomy (PNL) with two tracts,
while 1, 2, and 4 needed one-stage PNL with single tract. The vol-
umetric data are as follows: (1a) calculated stone volume (CSV)—
4320 mm?, (1b) analyzed stone volume (ASV)—4732 mm?®, renal

-
» '
.
2A 2B
>
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retreatment and the stone-free status 3 months postopera-
tively was also recorded, with the latter determined using
low-dose non-contrast CT.

Statistical analysis

Continuous variables with normal distribution were
expressed as the mean and range. The distribution of vari-
ables was assessed using the Kolmogorov—Smirnov test.
The Mann—Whitney U test was used to compare quantita-
tive data and the Chi-square test was used in the analysis of
qualitative independent data.

We performed a univariate and multivariate logistic
regression analysis to assess all the preoperative and peri-
operative characteristics that determined the presence of
SFR. In both the univariate and the multivariate analyses,
we used an odds ratio (OR) as the risk measure and its 95%
confidence interval (95% CI).

Finally, to determine the predictive ability of the ASV-
to-RCSV ratio for SFR, data were analyzed via the diag-
nostic efficiency derived from the receiver operating char-
acteristic (ROC) curve and area under the ROC curve. A

collecting system volume (RCSV)—67260 mm?, ASV/RCSV
(%)—4.8%. (2a) CSV—6693 mm>, (2b) ASV—7825 mm>, RCSV—
55150 mm?>, ASV/RCSV (%)—10.4%. (3a) CSV—24125 mm’, (3b)
ASV—29927 mm?>, RCSV—68350 mm?>, ASV/RCSV (%)—43.7%.
(4a) CSV—3252 mm?®, (4B) ASV—3573 mm>, RCSV—45670 mm?>,
ASV/RCSV (%)—7.8%.
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p < 0.05 or an OR with 95% CI was considered statistically
significant and the software used was SPSS 22.0™ (IBM
Corporation, California).

Results

This study included 164 patients (109 male and 55 female)
with a mean age of 46.3 £ 13.1 years. All PNL procedures
were performed by urologists during one session with sin-
gle or multiple tracts. Of 32 procedures (19.5%), multi-tract
PNL was used in two tracts in 27 PNL patients and in three
tracts in 5 patients. The BMI range of patients was 21-35 kg/
m?. The mean operating time was 97 4 24 min and the mean
length of stay in hospital was 5 £ 2 days. Overall, the stone-
free rate for PNL monotherapy was 53% (87 kidneys).

The patient and stone characteristics were compared
between the stone-free patients and those with residual
stones (Table 1). Patients with residual stones had a larger
stone burden than stone-free individuals (p < 0.001). In
residual group, the number of calyces with stones was sig-
nificantly higher than the stone-free group (p < 0.001). No
differences were observed between the RCSV (p = 0.834),
but the ASV-to-RCSV ratio was significantly higher in
residual stone patients compared with those without
residual stones (p < 0.001). Additionally, in patients with
residual stones, multiple tracts were necessary in 27.3%
of patients compared with 12.6% of those without residual
stones (p = 0.018). Hospitalization time and mean surgi-
cal time were longer in patients with residual stones com-
pared with those without residual stones (p < 0.001). The
other parameters tested were not significantly different
(p > 0.05).

Table 1 Comparison of preoperative and perioperative variables according to stone-free status

Stone-free Residual stones P
Mean + S.D. (n %) Median Mean + S.D. (n %) Median

Age (year) 46.7 £ 11.2 51.0 459 +15.0 44.0 0.873™
Sex

Female 27 (31.0%) 28 (36.4%) 0.471x>

Male 60 (69.0%) 49 (63.6%)
BMI (kg/m?) 26.5+3.2 26.0 26.6 £4.1 25.0 0.618™
Side

Right 31 (35.6%) 25 (32.5%) 0.670x>

Left 56 (64.4%) 52 (67.5%)
Creatinine (mg/dL) 1.0+0.3 1.1 1.1+04 1.2 0.112™
Skin-to-stone length (mm) 86.7 £ 20.1 89.3 80.1 £25.6 79.2 0.117™
Calyx no. with stone 1.9£0.38 1.8 41£13 4.0 0.000™
Maximum stone size (mm) 424 + 8.7 31.1 74.6 £ 11.8 52.0 0.000™
Stone density (HU) 1100.9 £ 290.7 1227.0 1055.2 + 383.3 1181.0 0.904™
Calculated stone surface area (mm?2) 780.7 £ 239.5 731.0 2576.9 £+ 606.6 2479.8 0.000™
Analyzed stone surface area (mm?) 858.1 £294.6 797.5 3191.6 £+ 689.0 3032.0 0.000™
Calculated stone volume (mm?3) 2826.0 £+ 540.7 2524.1 11651.1 £ 4864.0 10087.9 0.000™
Analyzed stone volume (mm?3) 3318.3 +£720.0 3339.3 16367.9 + 6922.1 15183.8 0.000™
Renal collecting system volume (mm?3) 24301.6 £ 15959.7 21780.6 33674.8 + 23045.3 26284.4 0.834™
ASV/RCSV (%) 13.7 £ 6.1 15.6 48.7 £ 234 57.76 0.000™
Access no.

Single tract 76 (87.4%) 56 (72.7%) 0.018 %>

Multiple tract 11 (12.6%) 21 (27.3%)
Mean operative time (min.) 77.8 £20.7 80.0 104.4 + 37.0 105.0 0.000™
Time to access to collecting system (min.) 18.7 £ 8.8 19.0 15.2 £ 8.1 13.0 0.210™
Fluoroscopy time (sec.) 121.7 £ 81.1 102.0 123.4 £72.5 112.0 0.340™
Hospitalization time (days) 22+£04 2.0 27+£09 3.0 0.000™

Bold italic type indicates statistically significant values

SD standard deviation, BMI body mass index, HU Hounsfield unit, ASV analyzed stone volume, RCSV renal collecting system volume

™ Mann-Whitney U test/ x>Chi-square test
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The univariate and multivariate analyses are illustrated
in Table 2. Univariate analysis revealed that SFR did not
correlate with patient sex (p = 0.471), BMI (p = 0.670),
age (p = 0.692), side of surgery (p = 0.890), preopera-
tive creatinine level (p = 0.218), skin-to-stone tract length
(p = 0.071), and stone density (p = 0.385). Addition-
ally, no association was observed between the SFR and
RCSV before PNL (p = 0.691) and the access number
(p = 0.0522). Perioperative factors that did not affect the
stone-free rate were time to access to a collecting system
and fluoroscopy time (p = 0.119 and p = 0.891). There
was significant association between calyx number with
stones and ASV-to-RCSV ratio with the stone-free rate
(p < 0.001). In addition, variables that define stone bur-
den were significantly correlated with SFR (p < 0.05). A
stepwise multivariate regression analysis showed that the
stone burden variables were influential predictors of SFR
(stone surface area, stone burden volume, and maximum
stone size, p < 0.05). Additionally, the ASV-to-RCSV ratio
and calyx number with stones were the most influential
predictors of stone-free status (OR 4.15, 95% CI 2.24—
7.24, <0.001, OR 2.62, 95% CI 1.38-4.97, p < 0.001,
respectively).

As shown in Table 3, the area under the ROC curve
(95% CI) for the prediction of stone-free status was 0.762
(0.684-0.840) for the ASV-to-RCSV ratio. The optimal
cut-off value in the prediction of residual stones was 38%
for the ASV-to-RCSV ratio, with 81.8% sensitivity and
65.5% specificity.

Table 3 Sensitivity, specificity, PPV, and NPV of optimal cut-off
value of ASV-to-RCSYV ratio for stone-free status

AUC  95% CI p
ASV/RCSV (%) 0.762  0.684-0.840 0.000
Cut-off value (38%) 0.737  0.659-0.814 0.000
Sensitivity 81.8%
Postive predictive value 67.7%
Specificity 65.5%
Negative predictive value  80.3%

Bold italic type indicates statistically significant values

AUC area under curve, CI 95% confidence interval, ASV analyzed
stone volume, RCSV renal collecting system volume, PPV positive
predictive value, NPV negative predictive value

Table 2 Logistic regression
analysis to predict stone-free

Univariate model Multivariate model

status after PNL OR 95% CI )4 OR 95% C1 p
Age (year) 1.00 0.97-1.02  0.692
Sex 0.79 041-1.51 0471
BMI (kg/m?) .15 0.60-2.20 0.670
Side 1.01  0.92-1.09 0.890
Creatinine (mg/dL) 0.91 0.87-0.93  0.218
Skin-to-stone tract length (mm) 099 097-1.00 0.071
Calyx no. with stone 2.88 1.98-4.18  0.000 2.62 1.38-497  0.000
Maximum stone size (mm) 1.12 1.08-1.17  0.018 1.09 1.05-1.16  0.029
Stone density (HU) 1.00  1.00-1.00  0.385
Calculated stone surface area (mm?2) 1.20 1.13-1.87  0.013 1.10 1.17-1.26  0.022
Analyzed stone surface area (mm?) 1.39 1.20-1.90 0.011 1.21 1.22-1.32  0.010
Calculated stone volume (mm?3) 1.91 1.40-3.35 0.000 2.67 1.56-3.50  0.002
Analyzed stone volume (mm?3) 2.20 1.50-3.45 0.000 297 1.60-3.60  0.001
Renal collecting system volume (mm?3) 1.00  1.00-1.00  0.691
ASV/RCSV (%) 3.11 1.47-7.15  0.000 415 2.24-724  0.000
Access no. 0.89  0.83-0.99 0.522
Mean operative time (min.) 1.03 1.02-1.04  0.009
Time to access to collecting system (min.) 095  0.92-099 0.109
Fluoroscopy time (s.) 1.00  1.00-1.00  0.891
Hospitalization time (days) 2.64 2.00-3.63 0.030

Logistic regression (Forward-LR)

Bold italic type indicates statistically significant values
95% CI 95% confidence interval, OR odds ratio, BMI body mass index, ASV analyzed stone volume, RCSV

renal collecting system volume
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Discussion

This study showed that the major determinant of stone-
free status in PNL is the volumetric stone burden distri-
bution in the collecting system. The stone burden and the
number of calyces with stones are the other parameters
affecting SFR. We have also observed that RCSV has no
impact on the stone-free rate. If the ASV-to-RCSV ratio
is a quantitative measure, it would be a guide for clini-
cians before renal stone surgery to predict extra require-
ments for stone clearance.

Other studies support our findings, but in these studies,
the results that affect the stone-free status results were
provided as a qualitative data. El Nahas and co-workers
investigated the factors affecting the stone-free rate of
PNL surgery for treatment of renal stones in 241 patients,
and they found that complete renal stones and the pres-
ence of secondary calyx stones were the independent risk
factors affecting the incidence of stone-free status after
PNL [9]. In our study, the stone burden volume and the
RCSV are calculated separately using the 3D volume
segmentation method, and the ratio between these vari-
ables is given as a quantitative value. This is the most
important difference that distinguishes our study from
other studies.

To achieve stone-free status in patients with high vol-
umetric stone distribution, multiple tracks or a surgery
conducted in stages may be required. Soucy and co-work-
ers had evaluated the PNL efficiency in staghorn cal-
culi by commonly selecting the lower calix as an access
tract in 509 patients, and they concluded that with atten-
tion paid to an accurate tract selection, complete stone
clearance could be achieved using a single access [10].
They also showed that stone-free status was achieved in
127 patients using single tract, but in patients with more
complex stone cases and/or a larger stone burden, stone
clearance was not obtained even with multiple accesses.
The variables responsible for residual stones in patients
with complex stone cases or a large stone burden were
not objectively discussed in their study. In our study, we
retrospectively evaluated the patients who had a single-
or multiple-tract access and found that additional surger-
ies were required to clear the stones if the ASV-to-RCSV
ratio was greater than 38%.

Preoperative planning to select the optimal calyx for
access can be facilitated using intraoperative fluoroscopy
or preoperative CT urography. However, because of the
impaired architecture of the renal collecting system, con-
ventional imaging modalities may be inadequate to describe
the architectural structure of calyx anatomy in patients with
complex renal stones. 3D segmentation can be an alterna-
tive imaging method for analyzing the renal collecting
system and stone distribution. Additionally, conversion of
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DICOM file format (acquisition from CT images) to stereo-
lithography (STL) format allows the collecting system and
renal stones to be printed using a 3D printer.

Generating 3D models that are anatomically identi-
cal to the patient’s renal collecting system and the renal
stones allow surgeons, trainees, and patients to interact
with the renal unit in a tangible way rather than using
conventional imagery. There are few reports of bio-mod-
eling for planning endourological procedures. Gadzhiev
and co-workers investigated the usefulness of plasti-
cine bio-modeling in surgical percutaneous treatment of
patients with complex renal stones. In this study, they had
created a plasticine replicate of the pelvicalyceal system,
which was based on the gathered 3D CT image data, and
they used 3D models as a reference during surgery [11].
They concluded that the plasticine 3D models seem to
provide better appreciation of the preoperative renal col-
lecting system and serve as a reference tool during sur-
gery, which might increase SFR and lower complication
rates after PNL in patients with complex renal stones.

Numerous nomograms have been established to pre-
dict and aid in decision-making during PNL surgery.
They all are aimed to predict stone-free rates and com-
plications while serving as disease stratification tools that
provide both the surgeon and the patient with information
on the individual procedure complexity. Cumulatively,
the Guy’s Score, S.T.O.N.E. nephrolithometry, and neph-
rolithometric nomogram incorporate a total of 11 vari-
ables [12—14]. Of these, four variables are shared in three
nomograms: stone location, staghorn status, stone size
and number, and CT are suggested for the measurement
of variables. However, stone location, stone size, and
number could be underestimated or overestimated using
two-dimensional CT images. Additionally, the presence
of a hydronephrosis variable has been included separately
in S.T.O.N.E nephrolithometry nomogram and has been
defined as a quantitative data. Variables in nomograms
could be better calculated and analyzed using “3D vol-
ume segmentation” and also the presence of hydrone-
phrosis could be defined as a qualitative data rather than
a quantitative one. With 3D volume segmentation, the
prediction efficiency of nomograms could be enhanced
before PNL surgery. Additionally, the ASBV-to-RCSV
ratio could be an alternative tool for predicting PNL suc-
cess as a single parameter in renal stones.

There are several limitations to the present study. First,
we evaluated the variables retrospectively; a prospectively
designed study may be more appropriate. Second, we did
not evaluate the complications and their relationship with
stone burden distribution. Third, 3D volume segmentation
of the renal collecting system is a rather time-consuming
method, but in the future, segmentation will be performed
automatically.
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Conclusion

In conclusion, stone burden volume distribution in the renal
collecting system, which is calculated using the 3D vol-
ume segmentation method, is a significant determinant of
the stone-free rate before PNL surgery. It could be used as
a single guide variable by the clinician before renal stone
surgery to predict extra requirements for stone clearance.
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