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Abstract

Kidney stone imaging is an important diagnostic tool and initial step in deciding which therapeutic
options to use for the management of kidney stones. Guidelines provided by the American College
of Radiology, American Urological Association, and European Association of Urology differ
regarding the optimal initial imaging modality to use to evaluate patients with suspected
obstructive nephrolithiasis. Noncontrast CT of the abdomen and pelvis consistently provides the
most accurate diagnosis but also exposes patients to ionizing radiation. Traditionally,
ultrasonography has a lower sensitivity and specificity than CT, but does not require use of
radiation. However, when these imaging modalities were compared in a randomized controlled
trial they were found to have equivalent diagnostic accuracy within the emergency department.
Both modalities have advantages and disadvantages. Kidney, ureter, bladder (KUB) plain film
radiography is most helpful in evaluating for interval stone growth in patients with known stone
disease, and is less useful in the setting of acute stones. MRI provides the possibility of 3D
imaging without exposure to radiation, but it is costly and currently stones are difficult to
visualize. Further developments are expected to enhance each imaging modality for the evaluation
and treatment of kidney stones in the near future. A proposed algorithm for imaging patients with
acute stones in light of the current guidelines and a randomized controlled trial could aid
clinicians.

Clinicians in a range of medical specialties will encounter patients with kidney stones. As
many as one in 11 Americans develop nephrolithiasis, and over the past 15 years the
prevalence has increased by almost 70%22. The number of imaging studies ordered to
evaluate for kidney stones is also increasing: from 1992 to 2009 the use of CT for imaging
patients with kidney stones tripled3. Imaging of patients presenting with suspected kidney
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stones facilitates diagnosis and provides the first step in management by establishing the size
and location of stones®.

Choosing the correct imaging modality for kidney stones involves many factors including
the clinical setting, patient body habitus, cost, and tolerance of ionizing radiation. Multiple
imaging modalities are available, but widespread clinical use is currently limited to CT,
ultrasonography, and kidney ureter bladder (KUB) plain film radiography. In this Review,
we will outline the basics of each imaging modality, its sensitivity and specificity,
advantages, disadvantages and costs. We also consider clinical guideline recommendations
from the three main bodies providing guidance regarding stone imaging: the American
Urological Association (AUA), European Association of Urology (EAU), and the American
College of Radiology (ACR), and areas of best use. We also discuss areas of emerging
investigation, as imaging is a key research priority in urinary stone disease®. Additionally,
we consider a large randomized controlled trial conducted in 2014 comparing CT and
ultrasonography within the emergency department setting for the evaluation of acute renal
colic®.

Information gained from imaging

Patients presenting to the emergency department with flank pain and haematuria are likely to
undergo abdominal imaging as part of a workup for kidney stones, but diagnosis and
location of the stone can often be anticipated without imaging based on the patient’s history
and physical examination. Stone formation can be quite complex and differ between various
stone compositions’; however, stones are largely asymptomatic when they are growing in
the renal calyces. Passage into the ureter obstructs the flow of urine, leading to upstream
dilatation of the ureter and renal pelvis. This obstruction generally results in colic-type pain
as ureteral peristalsis increases®. Nausea and vomiting are often associated with these severe
bouts of pain. Classically, a stone obstructs proximally near the ureteropelvic junction where
the renal pelvis narrows to the calibre of the ureter. Obstruction at this point causes pain
radiating to the flank. The stone encounters two additional points of narrowing as it moves
distally, firstly where the ureter crosses the iliac vessels, and secondly at the bladder,
referred to as the ureterovesical junction. Obstruction of the iliac vessels causes pain
radiating down into the groin or lower abdomen. Stones lodged at the ureterovesical junction
tend to cause pain that radiates into the scrotum or labia, inner thigh, or urethra and often
create urinary frequency, urgency, and dysuria, as the stone irritates the bladder. Upon
presentation to the emergency department the majority of patients have stones located at the
ureteropelvic junction or ureterovesical junction®. Passing stones might also cause abrasions
to the mucosal lining of the ureter, resulting in visible or microscopic haematuria.

The emergency department is a common setting for the initial presentation of patients with
obstructing stones. Such a diagnosis might be suspected without imaging; however
practitioners must entertain a wide differential diagnosis for patients with severe abdominal
and/or flank pain3. Imaging modalities with high sensitivity provide the clinician with
confidence that symptoms are caused by an alternative pathology when no stones are
visualized. Alternatively, imaging modalities with high specificity demonstrate that a
patient’s symptoms are related to stones when they are visualized. Measurements of
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sensitivity and specificity can vary widely throughout the literature based on several factors,
including the method used as the reference standard to determine true-positive and true-
negative values, and the population of patients being examined.

In addition to diagnosis, initial imaging is the first step in disease management.
Determination of stone size and location from imaging enables risk stratification regarding
spontaneous stone passage without surgical interventionlC. However, the likelihood of stone
passage is multifactorial and the probability of spontaneous passage decreases with
increased stone size and improves with a more distal location in the ureter!l. As a stone
moves through the ureter the patient’s pain may vary, or even resolve completely despite
continued obstruction from the stone. This phenomenon makes symptom resolution a poor
marker of stone passage, and persistence of the asymptomatic obstruction can lead to
permanent loss of renal function, or even kidney failure. Thus, when a stone is suspected of
having passed, but the patient has not witnessed the actual stone, imaging is necessary to
definitively confirm the passage of the stone?. Serial imaging can be used to follow the
progress of a passing stone, and might also be used by the urologist and/or nephrologist as
they monitor nonobstructing stones for growth.

Broadly, the available imaging modalities include CT, ultrasonography, KUB radiography,
and MRI. The sensitivity, specificity, dose of ionizing radiation, and relative costs vary
between modalities (TABLE 1). An algorithm is also proposed for imaging patients with
suspected stones in the emergency department setting (FIG. 1).

Noncontrast CT

CT broadly refers to many types of imaging scans with differing amounts of contrast or even
none at all, and variable image timing depending on the clinical question to be answered. In
patients with nephrolithiasis, noncontrast CT or CT-KUB radiography are most often used.
CT exploits the different degrees to which body tissues absorb radiation. Multiple data
points are obtained by rotating a radiation source and contralateral detector around the
patient, these data are processed by a computer into 3D images. As kidney stones have a
markedly different composition compared with renal parenchyma and urine, they absorb
considerably more radiation and are easily identifiable without the need for contrast (FIG.
2). CT generates a 3D image of the stone and the surrounding anatomy, which can be
reconstructed into multiple viewing planes. The sensitivity of CT for detecting kidney stones
is the highest of all the available modalities and reasonable estimates suggest it is ~95%712.
Few large stones are missed using CT but small stones (<3 mm) might slip between the
imaged tissue planes and not be detected13. The ACR estimates the specificity of CT to be
98% when a patient presents with acute flank pain suspicious of an obstructing stone.
Almost all stones can be visualized using CT with the exception of some stones that are
caused by the precipitation of protease-inhibitor medications in the urinel4.

The detailed anatomical images that are obtained, which enable evaluation of other potential
causes of the patient’s presenting symptoms, is an additional advantage of CT (FIG. 2). In
the emergent setting, the differential diagnosis for flank pain with haematuria includes
trauma; renal, ureteral and bladder masses; renal papillary necrosis; pyelonephritis;
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nephropathy; congenital ureteral obstruction; urinary tract infection; bladder stones; large
retroperitoneal masses; aortic dissections; arterial-venous malformation; thrombosis;
diverticulitis with fistula; endometriosis; and large ovarian and uterine masses in which
haematuria can mistakenly be thought to come from a vaginal source. The differential
diagnosis for patients with abdominal pain without haematuria is even more extensive.

CT imaging can also provide information regarding the composition of stones. Attenuation
describes the density of objects encountered by photons passing from the radiation source to
the detector. The Hounsfield unit (HU) is a measurement of attenuation. In this scale, water
is given the value of 0 HU, air is —1,000 HU, and dense bone is 1,000 HU. The Hounsfield
units of a stone can indicate its type, as different stone compositions absorb differing
amounts of radiation. Uric acid stones are typically 200-400 HU, whereas calcium oxalate
stones are ~600-1,200 HU1®. CT attenuation can also be used to predict responsiveness to
shockwave lithotripsy, as increased attenuation correlates with an increase in the number of
shocks required and with reduced success rates'6-17, Attenuation is complicated by the need
for proper technique; for example, averaging attenuation over a voxel that is larger than a
stone can reduce the Hounsfield units measured for a stone. This reduction might result in
misinterpretion of a dense, hard stone that would be inappropriate for shockwave lithotripsy
as being less densel819. This issue can be mitigated by using dual-energy CT scanners,
which enable imaging of patients’ tissues at two different voltages, facilitating comparison
of results from two separate detectors. These scanners also enable tissue evaluation at varied
energy levels, and further improve the accuracy of determinations of stone composition19-22,

Finally, the accuracy of CT is an important characteristic when imaging patients that are
obese?3. The accuracy of CT is generally better than that of ultrasonography, as imaging
obese patients using ultrasonography is difficult; however no definitive study has been
conducted that compares the two modalities for imaging kidney stones in obese patients. The
difficulty in imaging obese patients has been definitively demonstrated by imaging of
patients with cholelithiasis, for which CT was shown to be more sensitive and specific than
ultrasonography?#. Standard CT is the imaging modality of choice for patients with a BMI
>30 according to the ACR, AUA and EAU12.25.26_Going forward, the obesity of patients
will be an important consideration given the imaging needs of the obese population and the
increasing prevalence of stones, which is rising in parallel with obesity rates24.

Limitations of CT include cost and radiation exposure. Multiple variables such as charges,
costs and reimbursement, as well as the many stakeholders including hospital systems,
insurance companies and the patient often complicate discussions concerning costs.
However, the cost of performing a CT scan is approximately double that of performing a
renal ultrasonography scan based on a review of Medicare data®, and around one-third of the
cost of an MRI25. Low-dose CT is similar in cost to traditional CT2. In the STONE trial by
Melnikow and colleagues?’, ultrasonography was estimated to be approximately half the
cost of CT; however, the overall cost of the visit to the Emergency Department was similar
regardless of the type of imaging modality used. Despite this observation, cost remains an
important factor differentiating CT from ultrasonography, but radiation exposure is an
equally important consideration.
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A standard CT scan exposes patients to an effective dose of ionizing radiation of ~10 mSv2>.
Such a radiation dose might not be trivial; malignancies have been documented after a dose
of 100 mSy, and the dose is additive over a person’s lifetime28. This fact is particularly
important in patients with kidney stones, who tend to be young (stone formers tend to have
their first stone between the ages of 20 years and 40 years; however, stones can manifest at
any age), and often have multiple recurrent stone events over their lifetime2’. Patients can
also present many times to the emergency department with the same stone when stones
remain symptomatic®. Clinicians have called for reductions in the amount of radiation used
in medical imaging and CT is an important source of radiation exposure2?. In addition to
radiation exposure, these CT scans often have incidental findings, which might or might not
be clinically important but often lead to further analysis or invasive testing.

Low-dose CT is a method of reducing radiation exposure by lowering the tube current to the
radiation source. A traditional noncontrast CT might use a tube current of 100 mAs, whereas
in low-dose CT the tube current decreases to ~30 mAs or lower30. Alternatively, low-dose
protocols might use an automated current modulator, which adjusts the tube current based on
tissue attenuation. Low-dose CT has been defined as <3 mSv of ionizing radiation. In
comparison with standard CT, the sensitivity of low-dose CT is excellent, at 99% with a
specificity of 94%, based on conclusions of a metaanalysis involving 1,061 patients3l. A
low-dose CT provides similar information to that provided by standard CT and the protocol
can be used in a similar setting. Data regarding stone size and location are still accurate, and
Hounsfield units can still predict stone compaosition with the same relative units for calcium
stones®2,

However, image quality and accuracy tends to decrease with reduced tube current30,
Decreased image resolution can limit the ability to evaluate patients with non-stone-related
pathologies and those with stones <3 mm33. Notably, the difference between standard and
low-dose CT is not binary: as the power of the radiation source decreases so does the
radiation exposure. The ability to produce ultralow-dose CT, which results in <1 mSv
exposure, is possible and can be used for patients with known stone disease to evaluate
changes in stone volume. Conversely, the radiation level used in the protocol of a low-dose
or ultralow-dose CT can be increased to account for patient adiposity34. Currently, the AUA,
EAU, and ACR do not recommend low-dose CT scans for patients with a BMI >30 as they
are believed to be ineffectivel225.26 Discussion of a clinical suspicion of stones and
concerns regarding radiation exposure with the performing radiologist might be helpful.
Often CT settings and the area of imaging can be optimized for the patient’s body habitus
and the specific clinical question. Dose modulation will probably continue to be refined in
the future.

Overall, CT is a highly sensitive and specific technique for imaging stones in patients
presenting with renal colic, which is useful in the emergent setting for diagnosis and in the
surgical setting owing to the superior anatomical detail obtained, therefore, assisting surgical
decision making. The greatest limitations are cost and radiation exposure, which can be
somewhat overcome by using low-dose protocols. The ACR and AUA both recommend CT
as the first-line investigation for adult patients presenting with symptoms suggestive of
obstructive nephrolithiasis. The EAU recommends that CT be used to confirm a stone
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diagnosis for cases in which ultrasonography is equivocal?®. When considering low-dose
protocols, one should be mindful of a patient’s age, BMI, and degree of clinical suspicion of
stones in order to choose the optimal imaging option2>:26,

Ultrasonography

Ultrasonography is a low-cost imaging modality that does not rely on ionizing radiation and
is becoming the primary alternative to CT outside the USA; however clinicians in the USA
are now also moving towards this technique. Images obtained using ultrasonograhpy are
produced when a transducer delivers short bursts of acoustic energy to the patient. This
energy propagates through tissue as waves, partially reflecting back to the source when
passing between tissues of different densities and/or acoustic impedances. A receiver detects
the reflected waves, enabling images to be generated based on wave travel times and
amplitude. The standard grayscale image is referred to as B-mode or brightness mode
ultrasonography and in B-mode stones appear bright sometimes with a dark distal shadow.
In B-mode, harmonic mode can also be used in which the transmitted signal is lower
frequency than the received signal in an effort to improve resolution and decrease clutter.
Colour is sometimes displayed on top of the image generated in B-mode (harmonic or not),
which reflects the strength or frequency of Doppler signal in Doppler ultrasonography. The
Doppler ultrasound signal is particularly sensitive to motion such as fluid flow in a ureteral
jet, but the presence of stones can create an artefact in Doppler ultrasonographic imaging
that results in colour in the image at the location of the stone.

Like CT, B-mode ultrasonography makes use of physical differences between stones and
surrounding tissues to detect the stones. Relative to soft tissues, stones strongly reflect
ultrasonic waves and appear as bright echogenic structures in the ultrasonographic image.
Ultrasonic waves are unable to penetrate through stones, leaving a nonechogenic shadow
beyond the stone in the image. Ultrasonography can also be used to detect surrogate markers
of obstructing stones such as hydronephrosis3?, and a lack of a ureteral jet using Doppler
ultrasonography?36.

A wide range of sensitivities and specificities for ultrasonography have been reported,
probably owing to variations in technique, body habitus, patient population and reference
standards. Imaging stones in the renal pelvis and in the ureter also present different
challenges as it is difficult to image the length of an undilated ureter owing to interference
by bowel gas and increased penetration depth. A pooled review of the literature
demonstrates a sensitivity and specificity of 45% and 94%, respectively, for detection of
ureteral calculi and 45% and 88%, respectively, for renal calculi®’. Sensitivity is reduced for
stones <3 mm, which might not produce a shadow, and stones can be missed in a
decompressed system owing to the difficulty in distinguishing echogenic stones from
echogenic central sinus fat in the kidney3”. Sensitivity can be improved by combining
ultrasonography with KUB radiography. Again, wide variations exist but estimates of
sensitivity and specificity for these combined studies range from 58% to 100% and 37% to
100%, respectivelyZ®. Clinical frustration exists with regards to the variability in the
accuracy of ultrasonography reported in the literature and differing guideline statements.
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The ACR and AUA recommend CT evaluation as a first-line investigation of patients with
suspected kidney stones, whereas the EAU recommends ultrasonography!2:25.26,

In this setting, Smith-Bindman et a/28 have published the STONE trial. This study
randomized patients with suspected obstructive nephrolithiasis to evaluation with CT,
ultrasonography performed at the bedside or ultrasonography performed in the radiology
department. Overall, 2,759 patients were randomized to one of the three arms and then
assessed over 180 days to evaluate the accuracy of stone diagnosis, based on patient reports
of stone passage or surgical intervention. One primary outcome was to evaluate the risk of a
failure to diagnose high-risk conditions such as an abdominal aortic aneurysm with rupture,
pneumonia, sepsis, appendicitis with rupture, diverticulitis with abscess, bowel ischemia or
perforation, renal infarction, renal stone with abscess, pyelonephritis with urosepsis, ovarian
torsion or aortic dissection. Notably, obese patients were excluded from this study, and
providers were allowed to order additional testing as indicated (including a CT scan if
desired) after the initial imaging study.

Overall, no significant differences were reported in sensitivity (~85%), specificity (~50%),
or complications between the three arms at the time of discharge from the emergency
department®. However, several important considerations exist when evaluating the data. A
follow-up CT scan was performed in 41% of patients in the group that received
ultrasonography at the bedside and in 27% of patients imaged with ultrasonography in the
radiology department. Thus, many of the patients included in the ultrasonography groups
received diagnostic benefit from the additional CT scan. Additionally, the sensitivity and
specificity for the CT group in this study were 86% and 53%, respectively. These values are
dramatically lower than the expected sensitivity and specificity of >95%, in fact, these
values are among the lowest for CT scans reported in the literature. Concern also exists that
ultrasonography might be adequate for acute management in the emergency department, but
inadequate for patients that need surgery and a treatment provider is likely to require a CT
before surgical intervention. As a result of this study and these limitations, the first-line
imaging modality for evaluating the clinical suspicion of obstructive nephrolithiasis is a
controversial topic. However, clear advantages of ultrasonography exist, including
availability, cost and lack of exposure to ionizing radiation. Ultrasonography is unique in
that it is the only portable imaging modality for evaluation of nephrolithiasis allowing
practitioners to evaluate patients at the bedside. Ultrasonography has also traditionally been
considered to cost about half as much as a standard CT, although the entire cost of the
encounter might be similar for both modalities according to the STONE trial data38.

The effects of ionizing radiation accumulate throughout a patient’s life, therefore, exposure
must be as low as reasonably achievable, especially in paediatric patients (<14 years old) or
those who are pregnant to prevent cumulative exposure to levels of radiation that are able to
induce malignancies28. In pregnant patients concern also exists regarding the potential
teratogenic effects of radiation on the developing fetus3?. Ultrasonography does not use
ionizing radiation, for this reason the AUA, EAU and ACR recommend that ultrasonography
be the first-line imaging modality in young and pregnant patients'2:25.26, Ultrasonography
also has increased accuracy in children owing to their small body size meaning that the
distance between the ultrasonography probe and anatomy of interest is reduced3”. In
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preghant women, signs of obstruction such as a lack of ureteral jets can be used as a
surrogate marker of an obstructing stone36.

Imaging guidelines differ between the AUA, ACR and EAU. Currently the EAU is the only
oversight body that recommends ultrasonography as a first-line evaluation for patients with
suspected obstructing nephrolithiasis?®. However, this recommendation might change as
future guideline committees evaluate data from the STONE trial. Our research group is
currently working on several approaches to improve ultrasonography for kidney stone
management. This research includes the use of stone shadow, twinkling artefact and stone-
specific imaging. Currently, care should be taken when measuring stone size using
ultrasonography. The width of the ultrasound beam, and, therefore, resolution, are similar to
the size of some small stones, which might result in an overestimation of true stone size. In
one study, up to 50% of kidney stones <5 mm in size were measured as = 5 mm?37. Our
group has measured the shadow behind the stone, effectively measuring where waves are
absent, rather than the waves variably bouncing off the front surface of the stone“?.
Measuring stone shadow improves the measurement accuracy of ex v/vo stones estimating
stone size when using ultrasonography to values similar to those of CT (FIG. 3).

Use of the twinkling artefact assists in identifying stones and can improve the specificity of
ultrasonography by differentiating stones from other echogenic structures3’41, B-mode and
Doppler ultrasonography can be used to induce a twinkling artefact (FIG. 4). The twinkling
artefact is the appearance of a mosaic of colours in a Doppler ultrasound image#243. The
twinkling artefact improves stone identification and specificity (FIG. 4).

Taking this research even further, our group is working on a stone-specific mode for
ultrasonography termed ‘S-mode’ to harness the inherent differences between stones and
their surrounding tissues*2:44. Ultrasonographic greyscale imaging is currently optimized for
visualization and differentiation of soft tissues. An unintended consequence of this
configuration is the reduction in visualization and resolution of kidney stones. For example,
spatial compounding, which is the averaging of images captured from multiple angles, is
commonly present on commercial ultrasonography equipment. This technique reduces
speckles on the image as it smooths and averages the contrast between tissues. However, this
averaging can reduce the echogenicity of a stone making it appear larger than it actually is,
reducing detectability and overestimating the size. Furthermore, transmit beam shape and
frequency can be changed to increase the accuracy of stone detection and sizing, such as can
be achieved with harmonic imaging*®. Our basic science research has indicated that the
twinkling artefact is probably caused by microbubbles present on the surface of the stone.
In S-mode, the Doppler ultrasonography transmit signal is optimized to excite these
microbubbles, and receiver signal processing is tuned to detect the bubbles’ response. This
optimization makes twinkling a design feature rather than an artefact. Some of these
techniques can be implemented with current ultrasonography systems; however, others
require modification of the processing systems by the manufacturing company, which would
not be technically difficult.

These ultrasonography techniques continue to evolve, but a previous version of S-mode
ultrasonography performed better than conventional ultrasonography in humans, with a
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sensitivity of 80%, specificity of 90%, a positive predictive value of 76% and a negative
predictive value of 92%%®. In the future, minimizing the system settings available to the
operator and increasing automated stone detection and sizing are possibilities, and should
reduce the user variability of ultrasonographic imaging.

In summary, ultrasonography is currently less sensitive and specific than CT imaging for
detecting and sizing of stones, but has good diagnostic ability, and can reliably enable
detection of hydronephrosis. This technique is recommended as the first-line imaging
modality for patients that are pregnant and paediatric patients (<14 years old). An initial
ultrasonography procedure might save some patients the expense and radiation exposure of a
CT scan, and nondiagnostic ultrasonography can be followed by an alternative imaging
modality, as is recommended in the EAU guidelines. Ultrasonography currently has some
limitations, but efforts are underway to improve its effectiveness for kidney stone imaging.
Moving forward, use of point-of-care ultrasonography is rapidly increasing, which will
probably increase operator experience and confidence with this modality?”:48, Research
efforts should continue, with a focus on improving stone visualization; increasing sensitivity,
specificity and stone sizing; and decreasing user variability.

Kidney, ureter, bladder radiography

KUB plain film radiography and fluoroscopy use a single energy source to produce photons,
which pass through tissues in an anterior-to-posterior orientation encountering a
contralateral receiver. This technique uses the same fundamental concepts as CT but in a
single plane. Historically, KUB radiography has been used to conduct an intravenous
pyelogram, which enabled evaluation of the presence of hydronephrosis and obstruction.
This modality was largely replaced with the introduction of CT as an imaging technique*®.
Currently, the sensitivity and specificity of standard KUB radiography is estimated to be
57% and 76%, respectively?®. Advantages of KUB radiography include relatively low
ionizing radiation exposure compared with CT (0.15 mSv) and low cost (~10% of
ultrasonography)®0. If stones can be visualized using KUB radiography, they are also likely
to be visible under fluoroscopy, which can be used as a guide during shockwave lithotripsy
or ureteroscopy. However, as this imaging modality only views stones at one angle, accuracy
is decreased yielding reduced sensitivity and specificity and, therefore, limiting its utility.
Many stone types can be visualized using KUB radiography; however cystine and struvite
stones often are poorly visible on KUB radiography, and uric acid and matrix stones are not
visible at all. To compensate for this phenomenon, ultrasonography and KUB radiography
can be performed in conjunction, enabling the higher sensitivity of ultrasonography to
augment the higher specificity of KUB radiography2®. The AUA suggests use of this
combined imaging approach for the evaluation of ureteral stone disease during stone passage
or after treatment®152 (FIGS 2,5). For example, an obstructing stone (FIG. 5a) can be
observed to move after treatment (FIG. 5b). However, small stones over a bony structure, or
those shadowed by bowel gas can be concealed. When evaluating for new stones, KUB
radiography has a sensitivity of 37.0% for stones <5 mm, but this increases to 87.5% for
stones >5 mm?®2, Overall, KUB radiography is cost effective compared with other modalities
for monitoring stone size in stone formers who are receiving medical therapy®3.
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Advances in KUB radiography fuse the low-radiation dose of KUB radiography with the
computational imaging capacity of CT. Digital tomosynthesis integrates KUB radiography
scout films taken in an arc around the patient — somewhat akin to a CT scan — with
computer integration of the image data from an opposed detector. This procedure enables
visualization of stones from multiple angles rather than simply anterior to posterior, and has
been used extensively in breast imaging as an alternative screening modality for
mammography®*-56. For patients with kidney stones, imaging at multiple angles improves
sensitivity and specificity with scant increases in radiation exposure®”:58. These imaging
modalities are currently experimental, but they indicate that KUB radiography might remain
an important technigue in kidney stone imaging. Overall, KUB radiography is most helpful
in evaluating a patient with known stone disease, and is less useful in the acute stone setting.
However, the low sensitivity of this imaging modality is improved through pairing with
ultrasonography and by technological advances such as digital tomosynthesis.

MRI functions by using a magnetic field to align the patient’s free water protons along a
magnetic field axis. A radiofrequency antenna, referred to as a coil, is placed over the area to
be imaged and releases pulses of energy that disrupt the alignment of the protons. When the
pulses stop, protons release energy as they realign with the magnetic field — this released
energy can be captured as an image. The sensitivity of MRI for stone imaging is variable,
and, like ultrasonography, can be augmented by hydronephrosis®®. Using standard MRI
sequences, stones appear as a nonspecific signal void®; however, by adjusting the imaging
sequence, stones can be identified with increased reliably61. The sensitivity of MRI, at 82%,
is higher than that of ultrasonography and KUB radiography but less than that of CT, as
stones are less easily visible when using MRI than they are when using CT25.
Hydronephrosis is easily visible, but stones might not clearly be the cause of the obstruction.
The differential diagnoses for incidentally discovered hydronephrosis includes stone disease
and obstruction by a known malignancy and definitive diagnosis can require a CT scan to
detect a ureteral stone (FIG. 6). When stones are visualized on MRI the modality is
diagnostic, making specificity high at 98.3%22. A major advantage of MRI is the ability to
provide 3D imaging without radiation. Unfortunately, the drawbacks of MRI prevent it from
widespread use in stone imaging. In general, MRI costs about three times more thana CT
scan and has lower accuracy and much longer image acquisition times. MRI is probably
most appropriately used as an adjunctive to ultrasonography in patients that are pregnant.
During pregnancy the kidneys undergo physiological dilatation, therefore, removing
hydronephrosis as a surrogate marker of obstruction. MRI has been used as a diagnostic
modality when stones cannot be visualized using ultrasonography but there is clinical
suspicion of obstructing nephrolithiasis®2. The ACR, AUA and EAU guidelines suggest that
MRI be used as a second-line modality when ultrasonography is nondiagnostic in patients
that are pregnant!2:2526 | ow-dose CT has also been used in this population®3; however the
risks of radiation exposure must be discussed with the patient. In the future, ultrashort-echo-
time MRI sequences might improve the sensitivity, specificity, and accuracy of stone sizing
using MRI61,
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Conclusions

Evaluation of patients with flank pain and haematuria depends on patient age, BMI and
whether the patient is pregnant. Ultrasonography should be considered the standard-of-care,
first-line imaging modality for patients <14 years of age and those who are pregnant. This
modality should be considered for all patients with potential nephrolithiasis when a strong
suspicion of stones exists and in thin (BMI <30) patients. CT is currently considered by the
AUA and ACR to be the gold-standard modality for evaluation of patients with acute flank
pain where clinical suspicion of nephrolithiasis exists. CT is also recommended by the EAU
as the modality of choice after inconclusive ultrasonography. A proposed algorithm might
assist in deciding on the best approach for imaging patients in the emergency department
(FIG. 1). Level one evidence is now available to support the use of ultrasonography in
nonobese (BMI <30) adults as a first-line modality. This finding is currently controversial,
but could ultimately result in an increase in the use of ultrasonography as an initial imaging
study for patients with acute stones. Regardless of the initial imaging modality, clinicians
must attempt to reduce radiation exposure to as low as reasonably achievable. Some
inconclusive results are to be expected when evaluating a patient using ultrasonography, and
imaging with a low-dose CT in these circumstances is reasonable. In addition, advances in
CT, ultrasonography, KUB radiography, and MRI technologies are continuing and are likely
to improve all modalities in the future.
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Key points

Noncontrast CT is the most accurate imaging modality for kidney stones
owing to high sensitivity, specificity, accurate stone sizing, and the ability to
evaluate non-stone-related pathologies

Ultrasonography has a lower sensitivity and specificity than CT, but does not
expose patients to ionizing radiation and is less expensive than CT

Ultrasonography has several limitations, but a randomized controlled trial
demonstrated similar performance in the emergency department to that of CT
for patients with suspected kidney stones

Ultrasonography is the first-line imaging modality for pregnant women and
patients <14 years old

Low-dose CT has many of the same advantages of standard CT and reduces
radiation exposure; however, its diagnostic accuracy is reduced in obese
patients and dose modulation should be considered

In the future, improvements in CT, ultrasonography, kidney ureter bladder
radiography, and MRI might improve the accuracy of imaging kidney stones
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Figure 1. A proposed algorithm for imaging patients with acute stone disease in the emergency
department

Initial stratification is based on age; American Urological Association (AUA) guidelines
delineate patients <14 years old as paediatric patients. Adult patients are stratified based on
whether they are pregnant and BMI. Ultrasonography should also be considered first in adult
patients, especially those with a normal BMI and adults in whom a reasonable suspicion of
stone disease exists. In such cases the sensitivity and specificity will be sufficiently high to
augment the patient’s pretest probability of having a kidney stone without considerably
increasing the risk of missing a alternative diagnosis. low-dose CT, noncontrast CT with <3
mSv of radiation exposure.
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Figure 2. A coronal demonstration of bilateral 8 mm nephrolithiasis on noncontrast CT
These stones are clearly visible using this imaging modality. Additional anatomical detail

can be obtained by reconstructing the images in an axial plane. a | This coronal CT image
clearly demonstrates a left-sided obstructing stone. b | Posterior coronal CT view of panel a
demonstrating a lower-pole nonobstructing stone. An excellent level of anatomical detail can
be seen here and can be further increased by reconstructing the image in an axial plane.
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Figure 3. Comparison of stone size estimates by B-mode ultrasonography and CT
a | B-mode ultrasonographic stone sizing on a longitudinal view of the kidney. b | CT scan

image with an estimate of stone size, which is about half of the estimated size according to
ultrasonography. ¢ | Measurement of the stone shadow using B-mode ultrasonography
provides a much closer estimate to that estimated using CT imaging.
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Figure 4. Comparison of ultrasonography in B-mode or the novel ‘S-mode’ in humans
a | Conventional B-mode and b | novel S-mode. S-Mode combines enhanced B-mode and

enhanced Doppler detection based on the twinkling artefact to make the stone particularly
evident in the image. The bright opaque green on the bright white stone increases the
contrast:background ratio, enabling easy of identification of the stone??.
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Figure 5. Two plain films of the abdomen before and after treatment for an obstructing left-
ureteral stone

This patient also underwent CT imaging (FIG. 2). a | The left obstructing stone is clearly
visible before treatment. b | After treatment the stone is no longer visible. Stones overlaying
a bony structure, <5 mm or shaded by a bowel gas loop can easily be missed.
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Figure 6. Image sequence demonstrating coronal cuts on MRI
a,b | Images obtained using T2 and c,d | images obtained using T1 sequences, clearly

demonstrating hydronephrosis but distal pathology is not clear. Scan performed for cancer
surveillance — differential included metastasis, extrinsic ureteral compression and stones. e-
g | CT images showing the hydronephrosis and hydroureter; a distal right ureteral stone is
now easily visualized enabling diagnosis and considerably altering this patient’s treatment
course.
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Comparison of different imaging modalities for kidney stones
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Imaging modality Sensitivity* (%)

Specificity” (%)

Radiation exposure (mSv)%

Cost multiple relative to that of KUB%

cT 95 (REF 12) 98 (REF 12) 10.0 10
Low-dose CT 95 (REF 12) 97 (REF 12) ~3.0 10
Ultrasonography 84 (REF 25) 53 (REF 25) None 5
KUB 57 (REF 25) 76 (REF 25) 0.7 1
MRI 82 (REF 25) 98 (REF 25) None 30

KUB, kidney, ureters, and bladder plain film.

*
Published sensitivity and specificity vary widely in the literature for some modalities; therefore, these values are derived from values published by
the American College of Radiography and American Urological Association, which have obtained them from pooled data analysis
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