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Abstract Percutaneous renal access and removal of large re-
nal calculi was first described nearly 40 years ago and has
since become the gold standard in management of large and
complex renal calculi. In this same time period, technological
and medical advances have allowed this procedure to develop
in improved efficacy and morbidity. The following review
offers an update to new approaches to percutaneous renal
access and imaging in the management of large and complex
renal calculi.
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Introduction

Nephrolithiasis is a very common medical condition: within
the USA, the prevalence is 8.8 % or 1 in every 11 people, or
nearly 1.2 million people affected in 2014 [1, 2]. At time of
presentation, stone size, location, and clinical parameters in-
fluence treatment options. Percutaneous nephrolithotomy
(PCN) was first described in the 1970s [3]. Yet, shortly after
PCN was described, shock wave lithotripsy (SWL) was intro-
duced to the urological community as the first noninvasive
treatment of renal and ureteral calculi, and this served to ini-
tially curb interest in PCN [4]. However, it was not long until
the limitations SWL were recognized, particularly with re-
spect to large and complex stones, and therefore, PCN became
accepted as the treatment of choice for large renal calculi. In
fact, stone size has such a profound influence on stone-free
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rates and need for subsequent procedures; this factor alone has
led both the American Urologic Association (AUA)
Guidelines for the Management of Staghormn Calculi [5] and
the European Association of Urology Guideline on
Urolithiasis to recommend PCN [6] for all stones equal to or
greater than 2 cm and those equal to or greater than 1.5 cm in
the lower pole.

Nearly four decades have passed since the description of
the first PCN, and while the basic premise has remained, tre-
mendous advances in medical imaging, renal access tech-
niques, and surgical approaches have dramatically influenced
this fundamental surgical technique of percutaneous stone
removal.

Imaging

Medical imaging has dramatically influenced the medical
community; modern clinical medicine capitalizes on a variety
of the advances seen in this field—from the discovery of the
X-ray by Rontgen in the nineteenth century, later advance-
ments with sonar in medical applications (ultrasound), and
the mid twentieth century expansion and discovery of cross-
sectional computed tomography (CT) and magnetic resonance
imaging (MRI) [7, 8]. These developments have also changed
the field of urology, adding to the armamentarium available to
the urologist in diagnosing, treating, and following patients
with stone disease summarized in Table 1.

Dual-Energy CT

In addition to stone size and location, composition too has
become essential information to account for when preparing
treatment plans for patients. For example, uric acid (UA)
stones can be treated with urinary alkalization, struvite stones
typically require antibiotic management prior to surgical
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Table 1  Summary of available imaging techniques

Imaging technique Main use

Advantages

Disadvantages

X-ray (i.e. utilizes ionizing radiation for image acquisition)
CT Diagnosis
Preoperative planning

Dual-energy CT Differentiate stone composition
alongside conventional CT

preoperative planning

Fluoroscopy Intraoperative real-time images
KUB Preoperative planning and
postoperative follow-up
Ultrasound
US 2D Preoperative planning and
intraoperative
Us 3D Preoperative planning

Magnetic resonance imaging (MRI)

MRI Preoperative planning

Endoscopic imaging

Nephroscope/ureteroscope Intraoperative

3D reconstruction

Axial imaging

All advantages of conventional
CT plus ability to differentiate
stone composition

Real-time images

Low cost

Minimal radiation exposure

High cost
Radiation exposure
Radiation exposure
(same as low-dose CT)
High cost
Operator-dependent radiation
exposure
2D imaging
2D images

Real-time images
Able to perform percutaneous

3D images

High contrast and resolution in

Real-time visualization of

Unable to see radiolucent stones

Poor quality images
2D images

User dependent
Small stones missed

access under direct vision

No real time
User dependent
Small stones missed

High cost

multiple different planes Long image acquisition time

Only visible information available
structures and
stones

intervention, and calcium-containing stones of different den-
sities may influence one surgical intervention over another.
Preoperative determination of stone composition, therefore,
may play a decisive role in determining the best management
of these different patient populations’ pathology.

Conventional (single energy) noncontrast helical CT is usu-
ally the diagnostic test of choice for determining stone size
and location. Furthermore, a Hounsfield unit (HU) measure-
ment of the stone has long been believed to be an estimate of
stone hardness and/or composition. While this has been dem-
onstrated in vitro, results of in vivo studies have been disap-
pointing, notating a significant overlap in radiodensities of
different stone compositions [9]. However, this limitation
can be overcome with dual-energy CT (DECT).

The DECT concept has been known since the development
of the conventional CT. However, until recently, its clinical
application has been limited by technical difficulties
concerning radiation exposure and the generation of two dif-
ferent X-ray beams of low and high energy [10]. Simply, with
DECT, two image datasets are obtained in the same anatomic
location with two different X-ray tube potentials that allows
for the production of color-coded reconstructed images based
on the ratio of attenuations obtained. Ultimately, the analysis
of different attenuations of the same materials provides a
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calculation of the effective atomic number (Zeff), a descriptor
of density and atomic number of a material, used to differen-
tiate materials. Thus, two different materials, which are similar
in attenuation on one spectrum, are more easily differentiated
on images acquired with another spectrum [2, 10-12].
Clinically, this concept provides a very useful diagnostic tool
to the endourologist in determining stone composition, partic-
ularly when stones are of a mixed composition.

Recently published studies have given credence to the su-
periority of DECT over conventional CT, demonstrating not
only the ability of DECT to accurately predict UA and non-
UA stones of pure composition with near perfect sensitivity
and accuracy but also being able to accurately stratify struvite,
cysteine, and mixed calcium-salt stones [2, 13¢]. In the setting
of an indwelling ureteral stent, the DECT algorithm can clear-
ly demarcate calculi adjacent a stent. Further, recent work has
shown that commonly used ureteral stents are also color coded
on their DECT attenuation characteristics, which allows for
optimal stent selection at time of intervention to prevent
follow-up imaging being obscured by the stent [14]. At least
one case report has demonstrated the advantage of this color-
contrasting ability by DECT which subsequently resulted in
the successful medical treatment of the remaining stone bur-
den following PCN [15].
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Ultrasound

Ultrasound is a common technology in the armamentar-
ium of the urologist as well and is now routinely uti-
lized for percutaneous guidance to the kidney with doc-
umented success rates of 88-99 % [16]. Furthermore,
ultrasound is noninvasive and has no ionizing radiation
while offering a real-time visualization of surrounding
structures and identification of non-opaque stones.
However, ultrasound is still highly operator dependent;
inaccurate assessment during ultrasound-guided needle
puncture at time of PCN access can result in catastroph-
ic injury to the kidney and surrounding organs.

Since the description of the first percutaneous
nephrostomy placement in 1974 [17], efforts at modify-
ing the surgical technique have continuously tried to
improve the risk profile and patient outcomes of the
PCN. However, until recently, these efforts have been
fraught with the limitation of needing real-time 3D in-
formation but limited to 2D images during access. 2D
images lack quality, are limited by shadowing and
speckle artifacts, and are user dependent at obtaining
optimal images. Furthermore, while ultrasound-guided
percutaneous access to the kidney for PCN is attainable
as has been recently shown to be successful in a large
patient series [18], the experience and skill required to
be proficient at maintaining an unobstructed view of the
target while manipulating the ultrasound transducer is
not acquired in most urologic training programs.

Still, on the horizon are novel approaches utilizing
ultrasound guidance, but eliminating the spatial 2D lim-
itations by utilizing electromagnetic tracking (EMT) sen-
sors which provide constant real-time feedback to ascer-
tain perfect needle position to the targeted area. This
new approach has been demonstrated in an in vivo pig
model [19]. Currently, systems such as the SonixGPS
system (Ultrasonix, Medical Corp Richmond, BC,
Canada) have been developed to predict and observe
the trajectory of the needle before and during percuta-
neous needle access and therefore assists in needle-beam
alignment and overall guidance to the target for success-
ful PCN access [20].

Implications of novel ultrasound technology and tech-
niques are far reached; developing countries which have com-
munities that lack medical infrastructure and large percentages
of the populations which belong to a low socio-economical
status benefit greatly from these advances. Upper urinary tract
drainage is required in variety of clinical situations, particular-
ly when prompt percutaneous decompression is required. In a
recent stepwise description of an ultrasound-guided PCN tube
placement, the authors sought to emphasize a technique which
was easy to acquire, economical, and mathematically precise
for such a situation [21].

Access

Each surgery has its critical steps which overwhelmingly in-
fluence the outcome, and PCN is no different; establishing
renal access is a critical step, and the location of such access
has dramatic impacts on the overall outcome of the PCN.
Recent literature appears to confirm the notion that access
obtained by a radiologist is inferior to access obtained by the
urologist in respect to complications and stone-free rates
[22-24]. Although, it should be noted that this conclusion is
drawn with the caveat that most of these retrospective reviews
include patients whose renal access was obtained primarily by
radiologists in an emergent setting for purposes of acute renal
decompression, not necessarily accounting for needed future
operative access.

A recent survey of fellowship trained endourologists demon-
strated that the majority of endourology fellowship trained urol-
ogists, 77 %, planned and obtained their own access immediate-
ly prior to the PCN [25]. Although, this was in contrast to a
previous survey which assessed the clinical activities of a
broader range of urologists in the treatment of larger renal stones
and found that roughly three quarters of those surveyed
preformed PCNL, but only 11 % obtained their own access
[26]. Without question, the most notable difference here is the
populations surveyed, primarily fellowship trained urologists
versus those from a broader training spectrum. Current literature
has demonstrated a plethora of new techniques and tricks to
teach the developing urologist the necessary critical skills to
competently perform a successful PCN from access to stone
clearance. In just the past several of years alone, for example,
among others, there has been the creation and validation of a
surgical virtual reality simulator for PCN [27-29], a three-finger
technique aimed at helping junior urology trainee comprehend
access [30], and development of a silicone collecting system
model for training [31]—all aimed to address the steep learning
curve, which has been estimated to be about 60 cases [32].

The importance of the location of renal access location
cannot be overstated. Upper pole renal access remains the
most versatile of all access locations, but typically requires
traversing hazardous anatomical landmarks (e.g., lung, spleen,
liver). When upper pole access tracts were evaluated in a large
series, nearly three quarters were found to be above the 12th
rib and the remaining above the 11th rib with an overall com-
plication rate of 16.3 % [33]. Thus, until recently, there was a
paucity of robust data to augment the risk of primarily
obtaining access anywhere but first in the relatively safe lower
pole collecting system if given a choice. Attempting to answer
this question, the large Clinical Research Office of the
Endourological Society (CROES) study reviewed data on
4494 patients from 96 centers globally undergoing PCN that
found that in select patients, isolated upper pole access had a
higher stone-free rate, albeit with the caveat of a higher com-
plication rate and longer hospital stay [34]. Nevertheless, this
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data has fueled further investigation which is now challenging
the dogma of primary lower pole access; a recent comparison
of PCN cases where patients either underwent a primary lower
pole access versus primary upper pole access demonstrated
not only no difference in analgesic requirements and overall
complication rate but also upper pole access was superior to
lower pole access in stone-free rate after second-look PCN
[35].

Tubeless PCNL

Another active area of investigation is the latest developments
in whether or not to retain access following a PCN via a
nephrostomy tube. In many practices, it is still customary to
leave a large bore (2028 Fr) nephrostomy tube in place fol-
lowing a PCN to allow for maximal collecting system drain-
age, tamponade any bleeding along the access tract, and facil-
itate quick access for second-look nephroscopy. However, ad-
vances in endoscopic skill, technology, and knowledge of the
impact of nephrostomy tube morbidity have paved the way for
a new conversation. It has been known for some time that
smaller diameter nephrostomy tubes did indeed result in less
postoperative pain, narcotic requirements, and hospital stays
[36-39], and therefore, surgeons have consistently edged to
leave the collecting systems drained with the smallest avail-
able tube.

The miniperc, or minimally invasive PCN, technique was
demonstrated first in infants and preschool children with the
use of a miniaturized nephroscope and a 11-Fr peel-away vas-
cular sheath [40]. In the succession of attempting to gain a
lesser morbid operation through smaller access tracts in the
adult population, the “ultra miniperc” has evolved and been
described with good success [41]. This too, essentially simul-
taneously, has continued to evolve to test the limits of leaving
the collecting system undrained, a procedure known as a
“tubeless” PCN procedure, where drainage is accomplished
with only an internal ureteral stent. The pinnacle of this
achievement, however, has been coined a “total tubeless”
PCNL; the collecting system is left without drainage or im-
mediate removal in the perioperative period of an externalized
ureteral stent, a procedure which has evolved dramatically
[42]. Though, it can be argued that a stringent patient selection
criterion is one of the largest factors contributing to the suc-
cess of this operation [39, 42, 43¢, 44-46].

Until recently, there was little strong evidence for a total
tubeless PCN. However, a recent meta-analysis in which
pooled result analysis showed the tubeless and stentless group
had significantly decreased hospital stay duration, analgesic
requirements, and time to normal activity in the tubeless pro-
cedure [43e¢]. Furthermore, these findings have been con-
firmed in a safety and cost-effectiveness study comparing
the clinical outcomes and cost analysis of standard PCN and
totally tubeless PCN which also demonstrated a significantly
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decreased analgesia requirements, hospital stays, and compa-
rable stone-free rates with more than $465 in cost savings
[47].

Conclusions

Since the description of the first PCN in the 1970s and
its subsequent adoption as the mainstay treatment for
large renal calculi, the field of urology has evolved rather
dramatically. This evolution has seen significant advances in
the appreciation of the natural history and pathology of stone
disease. Moreover, as PCN has remained the surgical main-
stay of treatment for large renal calculi, this evolution has
encompassed major advances in medical imaging and preop-
erative preparation, improvements in percutaneous renal ac-
cess safety and efficacy, and lastly, dramatic changes in the
PCN procedure itself. If the past is any predictor to the future,
the future is bright and ripe with opportunities to continue
these advances in percutaneous stone removal.
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