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Abstract: Shock wave lithotripsy (SWL) remains an important treatment option for the management of
upper urinary tract stones. The optimisation of certain technical principles can help to improve the results
of SWL. We performed a systematic review based on preferred reporting items for systematic review and
meta-analysis (PRISMA) standards for studies reporting on technical aspects of SWL. A literature search was
conducted on the PubMed database between January 1984 and November 2018 using ‘shockwave lithotripsy’
and ‘stone’ as keywords. Summaries and manuscripts of relevant articles were reviewed in order to select
studies with the best level of evidence in each theme covered during the review. From 4,135 titles, 165
abstracts and full-text articles were reviewed. Overall, SWL has good outcomes in the treatment of upper
urinary tract stones. It remains the only truly non-invasive stone treatment. While stone-free rate (SFR)
might not be equivalent to ureteroscopy or percutaneous nephrolithotomy outcomes, SWL can be optimised
by changing several technical factors, including type of machine, patient position, number, rate and energy of
shocks, stone targeting, and patient analgesia. For each of these included SWL themes, relevant and selected
studies with the highest level of evidence were described and discussed. Paired with these improved technical
factors and appropriate patient selection, SWL, with its low complication rates, remains an excellent
treatment option in 2019.
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Introduction success rates, have reduced the overall use of SWL (2).

) ) ] ) Studies have since searched for the optimal treatment
Shock wave lithotripsy (SWL) was first introduced in the . . .
strategies to optimise SWL and improve stone-free

1980s for the management of stone disease. It has since outcomes and success rates. Multiple studies have identified

become an important treatment option for either renal or
ureteric stone stones. The European Association of Urology
(EAU) currently recommends the use of SWL in renal
stones up to 20 mm in size, in the absence of unfavourable
factors for lower pole stones (1). However, recent
technological progress and improvements in minimally

invasive endourological techniques, and associated high
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patient factors associated with SWL success. These include,
but are not limited to stone density, skin-to-stone distance,
stone burden, and stone location, and allow for improved
patient selection and counselling (1).

The aim of this study is to review the technical aspects
of SWL treatment strategies, with a view to improving and
optimising patient outcomes.
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Figure 1 PRISMA flowchart. PRISMA, preferred reporting items for systematic review and meta-analysis.

Materials and methods

The systematic review was performed as per the preferred
reporting items for systematic review and meta-analysis
(PRISMA) statement. The search strategy was conducted to
find relevant studies on the PubMed database from January
1984 to present (November 2018), using the search terms
‘shock wave lithotripsy’ and ‘stone’ as keywords (Figure I).

Only English language articles were included. Studies
were deemed relevant if they addressed technical aspects
of SWL for renal or ureteric stones in humans. All
study designs were included. Records were screened
independently by two authors; discrepancies were resolved
with mutual agreement and consensus with the senior
author.

In total, 4,135 articles were identified, of which 3,259
were English language articles. Abstracts were reviewed
following the identification of 165 relevant titles. The
summaries and full text manuscripts of relevant articles
were reviewed in order to select the studies with the
best level of evidence in each theme covered during the
review. Regarding the technical aspects of SWL, themes
were selected to include: shock wave generation, patient
positioning, number of shocks, rate, energy ramping,
coupling, and targeting. For these included SWL themes,
relevant and selected studies with the highest level of
evidence are described below.

Technical principles of SWL

SWL fragments calculi using pulsed acoustic waves at high
intensity and low frequency. These waves are directed
using an external power source, known as a lithotripter. It is
fundamental that the shockwave can pass through the body
and hit the stone with minimal loss of energy. Technical
factors must be taken into consideration to optimise results,
including the type of machine, patient position, number,
rate and energy of shocks, stone targeting, and patient
analgesia. A summary of favourable technical factors is
shown in Table 1, including Grading of Recommendations,
Assessment, Development and Evaluations (GRADE)

ratings.

Shock wave generation

There are currently four types of shock wave generation:
electrohydraulic, electromagnetic, and piezoelectric.
Electrohydraulic generators generate shock waves when
a spark is discharged between two electrodes, producing
a vaporisation bubble. This bubble expands and then
collapses, producing a pressure wave, which is then focussed
by an ellipsoid reflector (19). Electroconductive generators
are a variant of this method. The generator similarly
uses two electrodes, but sit within a conductive solution,
resulting in lower spark variation (20).
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Table 1 Favourable technical factors for shock wave lithotripsy
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Level of GRADE
Factor Evidence Study type e.v o ) Reference
evidence  rating
Shock wave  No difference between lithotripter type (electrohydraulic, Cohort study 2b Moderate (8-5)
generation electromagnetic or piezoelectric)
Patient Patients with distal ureteric stones may be appropriately Meta-analysis 1a High (6)
position managed with SWL in the supine position
PDI therapy is safe and may improve passage of lower pole renal  Meta-analysis 1a Moderate 7)
stones
SWL in the inclined position is safe and may increase stone Randomised 1b Moderate (8,9
passage in lower pole renal stones controlled trial
Number of No trials investigating optimal number of shocks per session - - - -
shocks
Rate Low (60 SPM) and Intermediate (80-90 SPM) rate SWL has Meta-analysis 1a High (10)
higher success rates than high (120 SPM) rate SWL. Low rate
SWL has the lowest complication rates
Energy Energy ramping techniques reduce renal injury during SWL Randomised 1b High (11)
controlled trial
Coupling Defects (air pockets) in lithotripter-patient coupling can reduce In vitro study - High (12)
shock wave amplitude by a mean 20%
Water soluble lubricating jelly is a good coupling agent and In vitro study - Moderate (13)
requires fewer shocks compared to petroleum jelly and other
agents
Stone No difference in stone-free rate is seen in patients targeted with Randomised 1b High (14)
targeting ultrasound versus fluoroscopy controlled trial
Careful imaging control of stone localisation may contribute to Outcomes 2c Moderate (15)
quality of SWL outcome research
Timing No trials investigating optimal timing of SWL sessions - - - -
Patient Adequate patient analgesia is important to reduce excessive Cohort study 2b Moderate (16,17)
analgesia respiratory and pain-related movements. Higher SFR is seen in
SWL performed under general anaesthetic vs. sedation
Opioids and NSAIDs provide safe and effective analgesia for Meta-analysis 1a High (18)

SWL

GRADE, Grading of Recommendations, Assessment, Development and Evaluations; SWL, shock wave lithotripsy; PDI, percussion,
diuresis and inversion; SPM, shocks per minute; SFR, stone-free rate; NSAIDs, non-steroidal anti-inflammatory drugs.

Electromagnetic generators utilise an electromagnetic coil
that either sits on a flat surface with an overlying conductive
membrane, or surrounds a cylinder with a spherical cap.
The magnetic field causes repulsion of the membrane or
cap, producing a shock wave which is focused by an acoustic
lens or parabolic reflector (21). In piezoelectric generators,
piezoelectric ceramics or crystals, within a water-filled
container, are stimulated via high-frequency electrical pulses.
The stress/strain changes in the material create ultrasonic
vibrations, which are positioned on a reflector (22).
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No randomised trials have been conducted to compare
these forms of shock wave generation. Multiple cohort
studies have been conducted, particularly in comparing
electromagnetic and electrohydraulic, finding no significant
difference in treatment outcomes between the methods of
shock wave generation (3-5).

Patient positioning

Patient positioning is important to both reduce the distance
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shock waves must travel, and to prevent interference from
skeletal elements, including the transverse processes,
ribs, sacroiliac bones and pelvis. Stones located in the
angle between the spine and pelvic brim, and below the
sacroiliac joint can be particularly problematic as these bony
structures may reduce shockwave strength.

Positioning of patients in these distal ureteric stones has
been problematic. Initial SWL patients managed supine
were thought to have reduced efficacy due to bony pelvis
interference. SWL in the prone position was proposed in
1998, and additional studies established this position to be
both safe and effective. However, prone patients suffer from
discomfort, increased intraabdominal pressure and reduced
lung capacity. A number of urologists moved back to the
supine position, targeting stones through gaps in the bony
pelvis, such as the sciaticum majus foramen and sciaticum
minus foramen.

In 2016, Li et al. (6) performed a systematic review
and meta-analysis of studies comparing supine and prone
positioning in distal ureteric stones. Pooled data from 647
patients across 1 randomised controlled trial and 3 case
control studies was associated with significantly higher
stone-free rate (SFR) for supine SWL. This was consistent
for both the first (OR 4.17) and final (OR 3.02) session.
This meta-analysis was followed by a larger randomized
controlled trial (RCT) of 160 patients by Choo et al. (23),
again showing higher SFR in the supine group (72.6%
vs. 54.7%, OR 2.413), with no sciatic nerve injuries. This
evidence suggests that patients with distal ureteric stones
may be appropriately managed supine.

Further theories exist regarding lower pole stones. Due
to their position, it has been hypothesised that stones in the
lower pole are less likely to clear due to poorer drainage
of these dependent calyces. Adjuvant therapy has been
proposed in the form of percussion, diuresis and inversion
(PD]I) therapy to help improve clearance (8). PDI therapy
can help improve stone clearance in 3 ways: (I) increasing
urine production to ‘flush out’ fragments; (II) using gravity
to aid stone fragment passage by placing the patient in
steep, prone Trendelenburg position; (III) using manual
flank percussion to dislodge stone fragments through
vibration. Patients typically undergo multiple sessions after
SWL treatment.

"Two small RCTs found improved SFR in the PDI group
vs. the control group of SWL only (40% vs. 3% and 62.5%
vs. 35.4%) (24,25). A Cochrane review summarised these
findings to be potentially safe and effective therapies to
assist lower pole stone clearance; however, given the limited
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evidence and small trials, further adequately powered
studies are required (7). Further studies have performed
SWL in an inclined position. A large trial of 740 patients
found significantly greater SFR when SWL was performed
in an inclined position (81% wvs. 73%) (9). while a smaller
trial of 140 patients a small increase in SFR, although
this was not significant (76% vs. 72%) (8). There was no
increase in complications in the inclined group. SWL in the
inclined position may aid fragment passage in lower pole
stones at no additional cost.

The positioning of patients during SWL is important to
achieve adequate fragmentation. The majority of patients
can be managed in the supine position, including distal
ureteric stones, where the transgluteal approach is safe and
effective. The use of an inclined position in lower poles may
aid stone passage, in a safe and cost-effective manner.

Number of shocks

Excessive shockwave administration may result in either
renal injury or injuries to other organs. No past or current
trials specifically investigate the ideal number of shocks
per session. Furthermore, no specific recommendations for
the total number of shockwaves per treatment have been
given in SWL guidelines (1); however, each manufacturer
provides advice for both maximum shockwave number and
energy (26). The general upper limit for number of shocks
is 4,000, although this number should be adjusted relative
to the energy level used (26). Once fragmentation occurs,
further disintegration may be limited due to attenuation
from surrounding stone fragments.

Rate

Application of optimal shock wave rates can both improve
stone fragmentation and reduce surrounding tissue damage
(27,28). A number of randomised controlled trials have
performed, comparing SWL frequencies. These have been
aggregated by Kang er 4/. (10) in a systematic review and
network meta-analysis comparing low [60 shocks per min
(SPM)], intermediate (80-90 SPM) and high (120 SPM)
lithotripsy rates. Thirteen RCTs were included, showing
that success rates of low- (OR 2.2) or intermediate-
frequency SWL (OR 2.5) were greater than high-frequency
SWL. There was no significant difference in SWL success
rate for low- and intermediate-frequency SWL (OR 0.87).
By rank probability testing, intermediate-frequency
SWL had highest success, followed by low- and high-
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frequency SWL. For complications, low-frequency SWL
had the lowest complication rate, followed by high- and
intermediate-frequency. Based on available evidence,
intermediate- and low-frequency SWL have comparable
outcomes, as compared to high-frequency SWL, when
comparing both success and complications. One must
consider this in view of the longer treatment times required
for these lower frequency treatments.

Energy ramping

The SWL procedure typically starts at a low energy level,
and is gradually increased. Firstly, this allows the patient
to accommodate to the sensation of SWL. Secondly, EAU
guidelines suggest that power ramping is associated with
less renal damage, with level 1b evidence. The largest of
these randomised trials, by Skuginna ez /. (11), included
418 patients, randomised to a stepwise voltage ramping
protocol (power 7 to 9), versus a fixed power group (level 9).
Ramping protocol induced statistically fewer ultrasound-
detected renal haematomas (5.6%), compared with fixed
power (13%). It is unclear how many of these haematomas
were clinically significant. Lambert ez 4. (29) performed a
smaller study of 45 patients, finding urinary macroglobulin
and B2-microglobulin levels, indices of renal injury, were
significantly lower 1 week post-SWL in the ramping
protocol group. Honey et 4l. (30) compared immediate vs.
delayed energy ramping, and found no difference in clinical
complication rates between the two groups.

Although evidence of long-term and structural effects
of lithotripsy is limited, it is known that haemorrhage may
promote an inflammatory response, leading to nephron
disruption, interstitial oedema, fibrosis and renal scarring.
It is thought that ramping promotes vasoconstriction;
these stiffer vessels are less likely to bleed, preventing renal
injury (31). The largest randomised trial on energy ramping
in SWL suggests a higher haematoma rate in fixed energy
level SWL, although it is unclear as to how many of these
manifest clinically. As lithotripsy is performed for a benign
condition, often repeatedly and in younger patients; energy
ramping limits renal damage, potentially preserving future
renal function.

Evidence that energy ramping improves stone
comminution is unclear. Two small trials found benefit in
SFR with ramping, 96% vs. 72% (32) and 81% wvs. 48% (29),
with a third trial finding the opposite effect (54.5% vs.
72.5%) (30), and a fourth showing no statistical difference
(82% vs. 90%) (33). However, the large Skuginna er al.’s
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trial found no difference in SFR at 3 months, regardless
of stone-free definition used (no fragments or clinically
insignificant residual fragments) (11). A meta-analysis of
these trials has not been performed, given the variation
in energy ramping protocols and follow-up including
measurement of SFR and renal damage.

There is strong evidence that energy ramping during
SWL has a renoprotective effect. However, there is no
evidence that stone fragmentation is increased.

Coupling

Patient coupling is essential maximise energy transmission.
In modern lithotripters, the gap between the dry lithotripter
head and the patient must be bridged, as shock waves do
not propagate through air (21). The presence of air in the
path shock waves reduces transmission, and is inversely
proportional to transmission. Pishchalnikov er a/. (12)
observed and photographed air pockets and found the
process of coupling can produced air pockets ranging from
1.5% to 19% of the coupling surface area, reducing shock
wave amplitude by a mean of 20%. Furthermore, patient
repositioning can introduce further 57% reduction in
energy.

To try and reduce this interference, a transmission
medium is required, allowing shock waves to pass to the
targeted calculus. A wide range of coupling media have
been used, including silicon oil, castor oil, ultrasound
gel, petroleum jelly, and other water-soluble lubricating
jellies. Cartledge er al. (13) performed an in vitro study
comparing five coupling agents: petroleum jelly, ultrasound
jelly, eutectic mixture of local anaesthetic (EMLA) cream,
lidocaine jelly (Instillagel), and commercial water-soluble
lubricating jelly. The number of shocks required to
achieve stone fragmentation varied greatly, with water-
soluble lubricating jellies requiring the fewest shocks, and
petroleum jelly the most.

Coupling is an important facet of SWL, and care must
be taken to use an appropriate transmission medium, reduce
patient movement and repositioning, and ensure an absence
of air in the shock wave path.

Targeting

Targeting of the calculus to be treated is crucial to successful
SWL, and requires accurate three-dimensional targeting
of the stone within the lithotripter focal zone. A number
of factors can affect targeting, including user error, poor
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shockwave alignment, stone movement during treatment,
and patient movement due to discomfort or respiration (34).

Fluoroscopy and ultrasound are commonly used for
targeting, although the latter is limited to stones within the
kidney. Fluoroscopy targeting is familiar to urologists and
allows for convenient stone localisation, at the expense of
radiation exposure to the operator and patient (35). Pulsed
or coned fluoroscopy may reduce radiation exposure.
The addition of ultrasound allows for identification of
radiolucent stones and fragmentation can be monitored
real-time using Doppler ultrasound. Both techniques are
useful for SWL. Van Besien et a/. (14) randomised 114
patients to have stones targeted using ultrasound and
fluoroscopy; no significant difference was observed, as SFR
was 52% in the ultrasound-guided group vs. 42% in the
fluoroscopy-guided group. Similar results were seen in a
retrospective cohort study by Smith ez 4. (36), showing no
difference in SFR.

Targeting should be confirmed at regular intervals
during the treatment. A retrospective study analysing
treatment results across 12 surgeons, with a single surgeon
experiencing significantly better outcomes; this surgeon
treated greatest number of patients, used the highest
number of shocks and had the longest fluoroscopy time (15).
This long fluoroscopy time may highlight increased
confirmation of targeting throughout the procedure,
although this data comes from a retrospective series.

Stones within the kidney or proximal ureter may move
substantially during respiration, by as much as 50 mm (37).
This movement can cause up to 40% of shock waves to miss
the stone (38). To minimise this, the stone should be targeted
during the longer expiratory phase. There is some evidence
that the use of a plate or belt across the upper abdomen can
counteract stone movement during respiration (39).

Timing of sessions

No prospective clinical study has been performed to assess
the timing of repeated SWL sessions. The EAU guidelines
suggest that clinical experience indicates that repeat sessions
are feasible (within 1 day for ureteral stones) (1).

We note a study by Schnabel ez /. (40) assessing the
incidence and risk factors of renal haematoma, after
assessing 1,300 SWL treatments. Haematoma developed
in seven patients, with 3 symptomatic. In 2 of these 7
patients, haematomas developed after 3 SWL treatments
across 7 days. A comment by Adanur er a/. (41) highlights
this short interval as a possible contributing factor for renal
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haematoma. Small haematomas may regress within weeks;
given this, it has been suggested that at least a week should
pass before repeating SWL treatments.

Current evidence for the timing of SWL is weak. Further
studies are required to assess this from a perspective of
patient safety and SWL efficacy.

Analgesia

Adequate procedural analgesia falls under both a patient
and technical factor (42). By increasing patient tolerability
during the procedure through analgesia, improvements can
be gained from multiple areas. Firstly, by reducing patient
movement, targeting can be better focussed on the stone,
with more shocks reaching the calculus and fewer peri-
procedural readjustments required. Second, energy ramping
may be easier; with patients tolerating a higher maximum
energy level.

For the majority of patients, the treatment procedure
may be completed with oral analgesics only. Alternatively,
sedation or general anaesthesia may be used. Both
awake and general anaesthetic SWL have benefits and
disadvantages (43). Avoiding general anaesthetic has
advantages in reducing morbidity and allowing treatment
on an outpatient basis. However, general anaesthesia
allows for more controlled respiration, leading to greater
stone targeting and fragmentation. Two cohort studies
comparing general anaesthetic vs. sedation lithotripsy found
higher success rate in the general anaesthesia group (78%
vs. 51% and 87% vs. 55%) (16,17). This increase may be
related to the variations in sedation, which may result in
patient movement and breathing variations. No RCTs have
compared general anaesthesia SWL to awake lithotripsy
with oral analgesia.

For units that perform SWL with oral analgesia,
Rasmussen ez al. (44) performed a double-blinded study on
analgesic requirements during SWL. All patients received
naproxen suppositories and subcutaneous lidocaine. In
addition, half received 2 mL (0.1 mg) Fentanyl, while a
control group only received 2 mL normal saline. Pain
scores and the need for supplementary analgesia were not
significantly different between the two groups, highlighting
that IV analgesia and opioids is not required during SWL.

For this oral analgesia, Aboumarzouk et a/. (18)
performed a meta-analysis of RCTs comparing opioids,
non-steroidal anti-inflammatory drugs (NSAIDs) and
simple analgesics (paracetamol). After identifying 4 clinical
trials comparing NSAIDs and opioids, the authors found
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both to provide both safe and effective analgesia. There
were no significant differences in pain scores for NSAIDs
or opioids in 3 of these studies; however, 2 studies found
adequate analgesia was more likely to be achieved with
opioids than NSAIDs. Patients tolerated both opioids and
NSAIDs well, with no differences in post-operative nausea
and vomiting.

SWL can be safely performed with oral analgesia and
general anaesthesia. While general anaesthesia may allow
for improved stone targeting, oral analgesia provides
advantages by allowing for truly minimally invasive and
ambulatory stone management. Multiple studies have
identified oral opioids and NSAIDs to be appropriate in
reducing pain from SWL.

Conclusions

SWL has good outcomes in the treatment of upper
urinary tract stones. It remains the only truly non-invasive
stone treatment. While SFR might not be equivalent to
ureteroscopy or percutaneous nephrolithotomy outcomes,
SWL can be optimised by changing several technical
factors, including type of machine, patient position, number,
rate and energy of shocks, stone targeting, and patient
analgesia. With low complication rates, SWL, paired with
these improved technical factors and appropriate patient
selection, remains an excellent treatment option in 2019.
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