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Abstract 

Johan Jendeberg (2021): Non-enhanced single-energy computed 
tomography of urinary stones. Örebro Studies in Medicine 229. 

Computed tomography (CT) is the mainstay imaging method for urinary 
stones. 

The aim of this thesis was to optimize the information obtained from 
the initial CT scan to allow a well-founded diagnosis and prognosis, and 
to guide the clinician as early and as far as possible in the further treatment 
of urinary stone disease.  

We examined CT scan parameters with regards to their importance for 
prediction of spontaneous ureteral stone passage, the impact of inter-
reader variability of stone size estimates on this prediction, and the pre-
dictive accuracy of a semi-automated, three-dimensional (3D) segmenta-
tion algorithm. We also developed and tested the ability of a machine 
learning algorithm to classify pelvic calcifications into ureteral stones and 
phleboliths. 

Using single-energy CT, three quantitative methods for classification of 
stone composition into uric acid and non-uric acid stones in vivo were 
prospectively validated, using dual-energy CT as reference.  

Our results show that spontaneous ureteral stone passage can be pre-
dicted with high accuracy, with knowledge of stone size and position. The 
interreader variability in the size estimation has a large impact on the pre-
dicted outcome, but can be eliminated through a 3D segmentation algo-
rithm. Which size estimate we use is of minor importance, but it is im-
portant that we use the chosen estimate consistently. A machine learning 
algorithm can differentiate distal ureteral stones from phleboliths, but 
more than local features are needed to reach optimal discrimination. 

A single-energy CT method can distinguish uric acid from non-uric acid 
stones in vivo with accuracy comparable to dual-energy CT.  

In conclusion, single-energy CT not only detects a urinary stone, but 
can also provide us with a prediction regarding spontaneous stone passage 
and a classification of stone type into uric acid and non-uric acid. 

Keywords: Diagnostic, CT, urinary stone, kidney stone, urolithiasis, 
phlebolith, uric acid, spontaneous passage, CNN, artificial intelligence. 
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Introduction 
Stones represent one of the most excruciating forms of suffering that humans 
can encounter. – M.E. Moran, 2014 [1] 

Urinary stone disease in general, and renal colic in particular, constitutes a 
common reason for emergency department visits. The lifetime risk of getting 
urinary stones is about 1 in 11 [2]. Though the clinical history and exami-
nation is crucial, radiology has played a central role in the diagnosis for 
more than a century. During the last two to three decades, non-contrast-
enhanced single-energy (SE) computed tomography (CT) of the urinary 
tract has been the diagnostic of choice for detection and analysis of, and 
prognosis and treatment planning for, urinary stones.  

We find many names for those we love. In the first part of this thesis, a main 
feature of the CT examination in focus is that no contrast agent is used and 
I have therefore used the term “non-contrast-enhanced CT,” or, abbrevi-
ated, “NE-CT,” in papers I–III. In paper IV, the specific feature of the same 
CT examination is that only one energy level is used, in contrast to the ref-
erence test, dual-energy CT (DE-CT); hence, the term “single-energy CT 
(SE-CT)” is used.  

The general aim of this thesis was to optimize the information drawn from 
the CT examination to enable a well-founded diagnosis and prognosis, and 
to guide the clinician as early and far as possible in further treatment of 
urinary stone disease.  

A graphic overview of the population, patients, papers, and results and pos-
sible future applications of these is given in fig. 1.  
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Fig. 1. Thesis overview. Population studied, patients and papers included, and re-
sults and possible future applications of these. CT = computed tomography; 3D = 
three-dimensional; kNN = k-nearest neighbors; maxHU = maximum Hounsfield 
units (maximal attenuation in a region of interest); non-UA = non-uric acid; PACS 
= picture archiving and communication system; ppLapl = peak point Laplacian; UA 
= uric acid. 
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Background 

Kidney stone disease 

Brief history 
The first written description of urinary stone disease and treatments to dis-
solve stones is from Mesopotamia from between 3200 and 1200 BC [3] and 
the first mention of surgery – i.e., perineal lithotomy – is from India from 
600 BC. Surgical treatments for bladder stones were tried throughout the 
centuries, but were accompanied by a high rate of complications.  

Throughout history, authors and artists have described the dreaded dis-
ease. One example is Michelangelo (1475–1564), who suffered from recur-
rent renal colic. His physician, Realdo Colombo, managed to treat him con-
servatively: 

Since then, having been given a certain kind of water to drink, it has caused 
me to discharge some much thick white matter in the urine, together with 
some fragments of the stone, that I am much better and hope in a short time 
I shall be free of it – thanks to God and to some good soul. (Letter 325) [4] 

When returning to work on the ceiling of the Sistine Chapel in the winter 
of 1511, after having taken half a year of sick leave (perhaps this was an 
early indication of the impact of urinary stone disease on social economics 
in the 21st century?), Michelangelo painted the panel God Separating Earth 
from Waters, with His mantle having the outline of a hidden kidney, fig. 
2a. [4]. 



JOHAN JENDEBERG Non-enhanced single-energy computed tomography of urinary stones 17 

Fig. 2. Panel from the ceiling of the Sistine Chapel showing God Separating Earth 
from Waters (1511) by Michelangelo (a). Computer-assisted removal of the figures 
showing kidney-shaped mantle of the Creator (b). Color highlighted version of (b) 
to show the vessels and ureter of the kidney (c). Reproduction of a medical illustra-
tion of the normal kidney (d). Reproduced with permission from the Vatican Mu-
seum. With permission from Eknoyan, G. Michelangelo: Art, Anatomy, and the 
Kidney. Kidney Int., 2000 (3).  

In the late 19th century, the location of urinary tract stones changed gradu-
ally from being mainly bladder stones to being localized in the kidneys and 
ureters. Besides waiting for a stone to pass, open surgery was the (danger-
ous) treatment of choice until the second half of the 20th century. In 1955, 
the first nephropyelostomy tube for treating hydronephrosis was placed, 
and then, within the space of one decade, the surgical options we know 
today were developed. In 1976, Fernström and Johansson established a 
method for percutaneous access to renal pelvic stones [5]. In 1980, the first 
extracorporeal shock wave lithotripsy (ESWL) was performed and in 1986 
laser lithotripsy of ureteral stone was introduced [3]. As a result of the im-
plementation of these mini-invasive surgical techniques, the complication 
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rate and risk of renal failure has decreased considerably; however, the meth-
ods are still associated with risks such as bleeding, ureteral and renal injury, 
infection, and complications related to anesthesia.  

Epidemiology 
In the United States in 2010, the prevalence of urinary stone disease was 
11% in men and 7% in women [2], more than double compared to 1980, 
partly as a result of increased obesity and other lifestyle factors, but also as 
an effect of a higher detection rate due to the increasing use of CT. Histor-
ically, there has been a male predominance in incidence, but the gender gap 
is narrowing and in the age group below 50 years in the United States, the 
prevalence of urinary stone disease is now equal between women and men 
[6, 7]. In American children, there is an increased incidence of around 5% 
a year, which is most pronounced in adolescents and girls [8, 9]. The most 
probable reason is obesity; other factors, such as environmental, genetic and 
dietary factors, remain to be researched [10].  

The association between urolithiasis and metabolic syndrome is well 
known, as is the association with diabetes and cardiovascular disease. Some 
professions, such as surgeons, seem to have higher risk for renal colic, pos-
sibly due to episodes of low fluid intake during a working day [11]. Ambient 
temperature and sunlight have a significant impact [12–14], which can be 
exemplified by a three times higher risk of getting urinary stone disease in 
the warmer and sunnier southeastern American state North Carolina com-
pared to the midwestern state North Dakota [12]. Based on climate change 
only, the prevalence of urinary stone disease is expected to have increased 
by 30% by 2050 [15]. Between 1994 and 2000, the annual costs secondary 
to urinary stone disease in the United States rose by 50% to 2.1 billion US 
dollars and it is estimated that obesity and diabetes will make the costs of 
urinary stone disease increase to 4 billion dollars by 2030 [16].  

Pathogenesis 
Urinary stones primarily develop in the kidney and may follow the urine 
flow through the ureter to the bladder and cause obstruction along the way. 
Ureteral peristalsis against an obstructive stone causes the characteristic col-
icky pain.  

There are five main stone types, namely, calcium-based stones (85% of 
all stones), struvite stones (5–10%) caused by infections, uric acid (UA) 
stones (5–10%), cystine stones (1–3%), and stones caused by medication 
(1%) [17].  
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The pathogenesis of the most common stone type, the calcium-based 
type, is only partly understood and seems to be multifactorial, with familial 
[18], systemic (metabolic and cardiovascular disease), environmental, and 
dietary contributing factors [19]. The stone formation is mainly due to crys-
tallization of salts around plaques in the renal papillae [20].  

The pathogenesis of other stone types is better known and caused by 
crystallization secondary to supersaturation of the urine. One example is 
UA stones, as described below.   

Uric acid stones 
Uric acid is a product of purine metabolism. Purines are chemical com-
pounds that are building blocks of deoxyribonucleic acid (DNA) and ribo-
nucleic acid (RNA), and a component of adenosine triphosphate (ATP), 
among others, and are highly present in foods such as meat, seafood, and 
beer. Increased cell turnover, e.g., in hemolysis and tumor necrosis, is an 
intrinsic cause of increased purine levels. In almost all mammals, purines 
are further broken down by the liver enzyme uricase. In the last 50 million 
years, during the primate evolution from smaller to greater apes, there was 
a gradual decline of this enzyme [21, 22], and humans lack uricase. (Dal-
matian dogs are the only other mammal species lacking the enzyme.) Uric 
acid is therefore the end product of purine metabolism in humans. 

Half of the daily excretion of UA comes from endogenous production, 
and half from food intake. Two-thirds of UA is renally excreted; the rest is 
found in the skin and nails, and in the gastrointestinal tract where bacteria 
convert it to gas. In the urine, there is a balance between UA and urate (UA 
 urate + H+), which is highly dependent on urine pH. A higher pH re-
sults in a higher proportion of urate, which is considerably more soluble
than UA.

Although high serum urate and a low urine volume predispose for develop-
ing UA stones, the most important cause of UA stones is low urine pH [23].  

There are significant associations between the level of serum urate and 
metabolic syndrome, obesity, hypertension, and cardiovascular disease and 
heart failure [24]. Especially in adolescents, the association is strong, with 
hyperuricemia found in 90% of patients with primary hypertension [25]. 
The risk of getting UA stones increases with age [23, 26].  

The prevalence of UA stones differs geographically, with reported rates 
of 22–28% of all urinary stones in Israel and Pakistan, compared to 5–10% 
in Europe, and a higher prevalence in southern compared to northern Eu-
ropean countries. 
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Metabolic workup 
Urinary stone disease is, in many cases, a chronic recurrent disease: 

… urinary stone disease is best conceptualized as a chronic metabolic condi-
tion punctuated by symptomatic, preventable stone events. [27] 

Around 40–50% of urinary stone patients experience more than one epi-
sode of renal colic during their lifetime [28], but the risk of recurrence is 
determined by the disease or disorder causing the stone formation and most 
patients only have one further episode of renal colic [29]. Ten percent, how-
ever, are highly recurrent and these patients should be found as early as 
possible, to prevent further suffering and further costs connected to emer-
gency department visits, invasive treatment, and absence from work. 
Among the high recurrence risk patients are infection stone and UA stone 
formers.  

Following a first urinary stone episode, all patients should be assigned to 
a high or low recurrence risk group based on the following factors: medical 
history, imaging, stone analysis and basic laboratory findings, including 
urine dip stick and blood concentrations of creatinine, calcium, potassium, 
sodium, UA, and urine culture.   

Infrared spectroscopy or X-ray diffraction of a passed stone is the easiest 
way to get an understanding of the cause of the urinary stone disease. These 
analyses serve two purposes: (a) to find patients with high risk of recurrence; 
and (b) to rule out metabolic reasons for stone forming.  

While urine and stone analysis is recommended in all published interna-
tional urolithiasis guidelines for patients with high risk of recurrence, it is 
not always performed. Reasons for this may be lack of time or economic 
considerations, although somewhat misdirected considering the costs of 
stone recurrence [30, 31].  

Treatment 

Conservative treatment in urinary stone disease 

Diet and prophylaxis 
There is some general advice for all urinary stone formers. A daily fluid 
intake of 2.5–3 L, spread across the day, urine production of 2–2.5 L, and 
balancing of any excessive fluid loss is recommended. The diet should be 
balanced, and rich in vegetables and fiber. Animal protein content should 
not exceed 1.0 g/kg/day, as excessive intake causes lower urine pH and 
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higher levels of UA, oxalate, and citrate in the urine. With knowledge of 
stone composition, more specific advice can be given [29, 32].  

Pain relief 
Pain relief is a cornerstone in the acute phase treatment of renal colic, where 
paracetamol and non-steroidal anti-inflammatory drugs (NSAIDs) provide 
more effective pain relief and a lower risk of nausea and vomiting, com-
pared to opioids [33, 34].  

Watchful waiting – increasing the chance for spontaneous passage  
Between 75% and 90% of all ureteral stones will pass spontaneously [35–
37]. Therefore, despite ever better invasive treatment options, watchful 
waiting with repeated follow-up CT examinations, will continue to be one 
of the main pillars of treatment for ureteral stone, when the pain is manage-
able and the stone can be expected to pass within a reasonable time frame.  

Infection secondary to a ureteral obstruction, with potential fast devel-
opment of urosepsis, is a well-known complication of both the surgical and 
the conservative approach and a longstanding ureteral stone can cause re-
current severe pain. Renal failure [38] used to be a common complication 
until the last decades of the 20th century and, despite modern therapy, it is 
still a risk with longstanding stones. Urinary stone disease is associated with 
high costs, and repeated hospital admissions and absence from work [39]. 
Therefore, it is of major importance to choose the right patients for conservative 
versus interventional therapy and to closely follow ureteral stone patients.  

As in the prophylactic treatment, a proper fluid intake of 2.5–3 L per day 
is important to increase the chance for spontaneous passage.  

Medical expulsive therapy (MET), e.g., with alfuzosin (an alpha-1 recep-
tor inhibitor) 10 mg x 1 for 30 days, has been the conservative therapy of 
choice, along with pain relief, for the last decade and is still recommended 
in this year’s European Association of Urology (EAU) guidelines in patients 
with small distal stones where active stone removal is not indicated, despite 
contradictory results in randomized controlled trials (RCTs) and meta-anal-
yses [40–45]. Among these large studies, only a few report how the stone 
measurements were performed (largest diameter in three planes), but even 
they did not mention which window setting was used [42, 44]. This may be 
a (rarely discussed) explanation of why the results were so divergent [46]. 
In fact, given the size of the studies and the randomized designs, there is a 
risk that these results are used as evidence for stone passage rate at different 
sizes, although the studies failed to describe how measurements were obtained. 
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Four small RCTs from Turkey and Egypt have recently investigated the 
impact of sexual intercourse on spontaneous passage of distal ureteral 
stones, and found a significant increase in stone passage in the first 2 weeks 
after diagnosis in patients having sex at least three times a week compared 
to control groups [47–50]. The authors have proposed endogenous release 
of nitric oxide causing relaxation of the smooth muscle in the ureter as 
mechanism.  

Oral chemolysis 
The pathogenesis of UA stones makes them an important subgroup of all 
urinary stones. Where the urine acidity is reversed, the balance is changed 
from low soluble UA to highly soluble urate + H+.  

Therefore, the first-line treatment of UA stones, according to the EAU, is 
to alkalize the urine, with a goal pH of 7.0–7.2, using sodium bicarbonate 
or alkaline citrate [29]. A higher pH increases the chance for dissolution, 
but also increases the risk of forming calcium stones, and the urine pH 
should be followed thoroughly by the patient, using dipsticks. This oral che-
molysis may dissolve at least parts of the stone and facilitate its passage 
[51].  

Obstructive stones causing infection or anuria 
In obstructive pyelonephritis, urgent decompression should be performed to 
prevent septicemia caused by bacteria being pressed into the bloodstream 
from the obstructed renal pelvis. The decompression can be performed ei-
ther through an indwelling ureteral stent between the renal pelvis and the 
bladder or through a percutaneous nephropyelostomy. Appropriate antibi-
otics should not be delayed, as the sepsis can develop rapidly during and/or 
because of the invasive procedure [29]. 

Active stone removal 

Extracorporal shock wave lithotripsy 
In the late 1960s, a German engineer noticed the painful effect of shock 
waves when investigating the impact of small flying objects on aircraft and 
spacecraft. It is not known who came up with the idea of using shock waves 
to destroy kidney stones, but shortly thereafter, a group of researchers suc-
cessfully fragmentized a kidney stone by firing at it in a water bath with a 
light-gas gun [52]. More than a decade of development followed, where the 
largest challenges were to fine-tune the shock wave energy, and to target it 
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to the right point, which required an integrated X-ray system. On a Febru-
ary day 40 years ago, Chaussy and colleagues performed the first lithotripsy 
in a patient, with good results [53]. Interestingly, by that time, ESWL could 
have become a radiological procedure:  

In spite of the great interest displayed by radiologists, it was possible to keep 
the procedure in the hands of urologists, the main reason being that all prin-
cipal investigators had to be trained in Munich, and the Munich urologists 
refused to train radiologists. [52] 

Until 1983, all ESWLs were performed in the Bavarian capital; but in 1984, 
the lithotripsy procedure began to be performed elsewhere around the 
world. In 1985, the first lithotripter in Sweden was installed and by 1990, 
seven Swedish hospitals had the equipment to perform ESWL. Despite the 
increasing use of endoscopic laser lithotripsy worldwide, ESWL has re-
mained an important method for urinary stone destruction in Sweden, ac-
counting for around 40% of treatments. 

The outcome of the non- and mini-invasive treatments is measured in 
stone-free rate (SFR). Several factors may have negative influence on the 
outcome of ESWL: (a) A skin to stone distance (SSD) exceeding 12–15 cm, 
because fatty tissue absorbs shock wave energy, and the usual lithotripsy 
focal length is 15–18 cm; and (b) a renal stone size exceeding 2 cm (<1 cm 
in the lower pole) or a mean density of >1,000 Hounsfield units (HU). Fur-
ther, (c) a steep (<45°) infundibular angle or narrow lower pole calyx in-
creases the risk for complications as residual fragments can be stuck there. 
(d) Regarding timing, 24–48 hours after the appearance of a stone in the
ureter, a ureteral wall edema can appear, causing impaction of a ureteral
stone, which decreases the success rate of ESWL, prolongs the time to stone
passage, and increases the number of treatments needed [54]. Finally, (e)
the position of the stone in the ureter influences the outcome.

These parameters are easily assessed by the pre-procedure NE-CT exam-
ination [55].  

Ureteroscopic lithotripsy 
Historically, different methods of destroying stones by endoscopic approach 
have been tried, including electricity, which was abandoned as it caused tissue 
damage, and micro-explosives, which can only be used for bladder stones.  

The invention of laser technology in the 1960s and the subsequent devel-
opment of laser fibers in parallel with the development of smaller and flex-
ible ureteroscopes, has enabled new approaches to stone removal. The most 
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used laser is the Holmium:yttrium-aluminium-garnet (Ho:YAG) laser. The 
fiber tip of the Ho:YAG laser causes direct irradiation of the stone surface, 
and is capable of destroying almost any stone type, with different techniques 
including dusting (where the minimal residuals of the stone are left for spon-
taneous passage) and fragmentation (where the larger pieces must be re-
moved mechanically) [56]. Because of its wavelength, the laser beam has 
low penetration depth in soft tissue, with low risk of damaging the ureter 
or kidney.   

Percutaneous nephrolithotripsy 
Percutaneous access is established after visualization of the renal pelvis 
through ultrasound, contrast-aided fluoroscopy, ureteroscopy or CT. After 
placement of a guidewire, a stepwise enlargement of the access port is made 
and, depending on the width of the access sheath, the percutaneous neph-
rolithotripsy (PCNL) is defined as micro-perk, mini-perk, or standard-perk 
(24–30 French). With larger access, a rigid scope and lithotripsy instrument 
can be used, enabling pneumatic, mechanic, and ultrasound techniques for 
stone destruction. Even if percutaneous, this is the most invasive of the three 
main techniques for active stone removal at present.   

Among the active stone removal methods, ESWL is the least invasive and 
has the lowest rate of complications (the most important of which are sub-
capsular hematoma, septicemia, and Steinstrasse (4–7%)) and morbidity, 
whereas endoscopic techniques have a higher one-step SFR [29, 57] 

Currently, the different treatment techniques complement each other ra-
ther than competing with each other and can even be performed within one 
session. 

The different non- or minimally invasive treatment techniques developed 
during the latter half of the 20th century, and further development and fine-
tuning of these methods, can prevent renal damage, and in the developed 
part of the world, urolithiasis is no longer a major risk factor for chronic 
renal failure.  

Open surgery 
Open surgery does not play a major role in modern stone therapy. 
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Imaging in kidney stone disease 
Ureteral stone is often suspected based on symptoms, medical history, and 
clinical examination. Nevertheless, the diagnosis is today almost always 
confirmed with imaging.  

Brief history of kidney stone imaging 
In the pre-radiology era, a urinary stone was not confirmed by imaging, but 
by listening! By passing a metal, glass, or porcelain instrument through the 
urethra a skilled practitioner could hear a “clink” at contact with the stone. 
This technique was called “sounding” and could not detect stones above 
the level of the urinary bladder [1]. 

Soon after discovery of X-rays by Wilhelm Conrad Röntgen in 1895, the 
sounding technique was made obsolete when radiography of kidneys, ure-
ters, and bladder (KUB) was implemented to detect urinary stones, which 
were often clearly visible on radiographs. In the 1930s, iodinated intrave-
nous contrast media to enhance the urinary tract (intravenous urography 
(IVU)) was introduced. Until the last decade of the millennium, these meth-
ods were the gold standard for diagnosis, detection, prognosis, treatment 
planning, and follow-up of urinary stones.  

The invention of CT and its fast development to ever higher image reso-
lution and lower radiation doses has led to a gradual shift to imaging of 
urinary stones using NE-CT. Computed tomography is now performed with 
sub-mm slices, which provide volumetric datasets that can be read in any 
desired plane with multiplanar reformats (MPRs). In the everyday work 
flow, mainly the axial, coronal, and sagittal planes are used. Today, NE-CT 
is recognized as the gold standard for diagnosis and follow-up of urinary 
stones. Among the advantages of using NE-CT are the ability to detect even 
small and low-density stones, to predict the outcome of ESWL and endo-
urological procedures [58], to visualize secondary conditions such as hydro-
nephrosis or urine leakage, and to provide differential diagnostics [59]. The 
number of annually performed NE-CT urinary stone examinations in Öre-
bro County, Sweden, parallels the trend worldwide, with a steady increase 
over the last decade, and has more than doubled between 2010 and 2018.  

Brief principles of the generation of computed tomography images  
The X-ray beam is generated in the X-ray tube, the energy dependent on 
tube current (in milliampere-seconds (mAs)) and potential (in kilovolt (kV)), 
and after passing a filter it crosses the part of the body that is to be exam-
ined. Depending on the density of the tissue that the X-rays have to pass 
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through, and the energy levels of the photons, different numbers of photons 
reach the detector on the other side of the body. Modern CT scanners have 
multiple detectors, which rotate around the patient together with the X-ray 
tube producing the X-ray beam. The energy of the photons arriving at each 
detector is translated into an optical signal in a scintillator layer of the de-
tector, and that signal in turn is converted into an output voxel. A voxel can 
be explained as a three-dimensional (3D) pixel, similar to the smallest pic-
ture elements making up a digital photograph. These voxels are the ground 
elements of the CT image.  

Hounsfield units 
Computed tomography images are usually displayed in grayscale, even if 
any desired color scale is possible. The image is made up of voxels, each 
carrying a specific value, depending on how many photons from the X-ray 
beam have reached the detector, and is expressed in a gray scale from black 
to white. The linear scale used is called the “Hounsfield unit scale” (named 
after the inventor of CT, Sir Godfrey Hounsfield), where water is defined as 
zero HU and air as -1,000 HU. Fat has a value of around -100 HU and 
cortical bone of approximately +1,800 HU. The scale is easy to calibrate 
and suited for imaging the human body, which to a large part consists of 
water and is surrounded by air. The mean attenuation of a urinary stone 
ranges from 3–400 HU for a UA stone to ≥1,200 for a calcium-based stone. 

Grayscale 
Each voxel in a CT scan has its own fixed HU value, also called “CT num-
ber,” but the grayscale used for image review can be freely adjusted accord-
ing to the purpose of the review. The window level is expressed through the 
window center (c), the midpoint of the range of CT numbers, and the win-
dow width (w). A wider window width will display a wide range of CT 
numbers, and is useful when imaging, e.g., the lungs, where air and blood 
vessels, with large differences in attenuation, are close to each other. Small 
changes in soft tissue, such as the slightly lower attenuation in a liver me-
tastasis compared to normal liver parenchyma, will request a much nar-
rower window width.  

The outline of a urinary stone will change according to the window set-
ting, secondary to partial volume effects, and the stone will appear smaller 
in the bone window than in the soft tissue window. There are still contro-
versies regarding the window setting in which a stone should be measured 
[60, 61]. An argument supporting the bone window has been that a bone 
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window measurement is closer to the actual stone size. However, it can also 
be argued that the actual stone size is of minor importance. More important 
is how the estimated size reflects the outcome of a stone, i.e., will it pass or 
not?, and will the therapy, e.g. laser lithotripsy or ESWL, be successful?  

In the end, the reproducibility of the measurements must be the primary 
objective, i.e., the intra- and interreader variability must be kept as low as 
possible.  

Ultrasound 
Ultrasound is often the first-line imaging tool due to the lack of ionizing 
radiation and to its availability in many emergency departments. However, 
since ultrasound is user-dependent and has fairly low sensitivity, it is often 
followed by CT for confirmation. In pregnant women and children, ultra-
sound should be the first-line imaging tool [38].  

Magnetic resonance imaging 
In pregnant women and children, if ultrasound is inconclusive, magnetic 
resonance imaging (MRI) can be used for urinary stone detection [62].  

Machine learning in radiology 
Computer-assisted detection and diagnosis (CAD) has been used in radiol-
ogy for some time and has started to develop fast after the introduction of 
pixel-/voxel-based machine learning (PML), where the algorithms learn di-
rectly from raw data. It is expected to revolutionize radiology in the upcom-
ing centuries.  

Artificial intelligence 
Artificial intelligence (AI) started as an academic discipline in 1956. The 
combination of the insight of the brain being formed as a network of neu-
rons signaling electrically in on/off modus and Alan Turing’s insight, that 
any mathematical computation can be expressed digitally, i.e., as 1 and 0, 
or on and off, suggested that the creation of an electronic brain was theo-
retically possible. The first limitation for computers in the 1950s was that 
they could not store their results, so even if a computer could compute a 
problem, it was not able to integrate the solution and use it for the next 
task. Even in the 1970s, the limited computer power made it impossible to 
create something actually substantial. The computer processing speed was 
slow and the memory capacity too low. In 1997, the computer Deep Blue 
defeated Garry Kasparov in a chess game; since this event, the world has 
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seen a more steady increase in the development of AI technology, with dif-
ferent applications, such as human speech recognition, self-driving cars, and 
image analysis.  

Machine learning algorithms 
K-nearest neighbors (kNN) classifier is a simple machine learning algorithm
developed already in 1951 by Fix and Hodges [63]. This algorithm uses
stored cases, with known outcome, in a diagram to “vote” for the classifi-
cation of a new, unknown case, see fig. 3. The known cases are the “neigh-
bors” to the case to be classified, and “k” is the number of known cases
used for this voting. K is usually chosen somewhere between 1 and 9.

Fig. 3. Schematic example of the k-nearest neighbors (kNN) classifier. In the dia-
gram, ? = the case to be classified. Red boxes are known cases of class 1. Blue trian-
gles are known cases of class 2. k = number of neighbors used for the classification. 
If k is chosen to be “3” in this example, the unknown example is classified as class 
2 (blue triangle). If k is chosen to be “9,” the unknown example is classified by the 
algorithm as class 1 (red box). Euclidean distance = “ordinary” straight line between 
two points in a diagram.  

Convolutional neural networks  
An artificial neural network (ANN) is a connection of “artificial neurons,” 
roughly simulating the human brain, structured in layers where the initial 
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information is placed in the input layer and then further distributed to dif-
ferent types of neuron layers, see fig. 4, and 5b. In a conventional ANN, the 
layers are fully connected, i.e., each neuron in layer 1 is connected to each 
neuron in layer 2, and so on.  

A convolutional neural network (CNN) is a type of ANN that aims to 
preserve spatial relationships in the data [64]. The input is arranged in a 
grid structure, which is preserved in the subsequent layers. Only at the end 
of the network are the layers fully connected, allowing for reasoning about 
the entire image information. This structure makes it suitable for analyzing 
images. At the end of the network, a softmax layer normalizes the output to a 
categorical distribution that can be used for class probabilities, fig. 5 [65]. 

A CNN requires a large amount of training examples to be learnt, to be 
a good classifier. The limitation in radiology is often that not enough anno-
tated images are available. One technique to increase the training examples 
is to slightly alter the image, e.g., through mirroring in the left–right plane 
or through a slight angulation of the image [64]. 

When training a CNN, a set of annotated images is fed into the network. 
If the purpose is to teach the network to differentiate between, e.g., cats and 
other animals, an image showing a cat may be annotated as a “cat,” while 
an image of a dog will be annotated as a “non-cat.” A classic two-dimen-
sional (2D) CNN is designed to classify digital color images, built up of 
three colors: red, green, and blue (RGB). In a 2.5D CNN for CT images, 
these three input channels, R, G, and B, are in turn assigned for slices in 
three different CT planes: axial, coronal, and sagittal [66]. Hereby, the 2.5D 
CNN benefits from systems that have been trained with 2D-labeled data, 
which is much more readily available than 3D data, as well as being better 
matched to the computer hardware of today [67]. 

Fig. 4. Schematic representation of a biological neural network 
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Fig. 5. Schematic simplified depiction of a two-dimensional convolutional neural 
network (2D CNN) for classification of a cat. (a) Input image, and convolutional 
and pooling layers. (b) Classic artificial (deep) neural network (ANN) and softmax 
layer, shown here at the end of the 2D CNN. The network ends with a softmax 
layer that normalizes the output to a probability of class. 

a) 

b)
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There is a massive difference in information density in the input for a 2D, 
2.5D, and 3D CNN, as exemplified in fig. 6. The number of parameters to 
train in the 3D CNN with a 256 x 256 x 256 pixel volume is much higher 
compared to a 2D CNN. The 3D CNN therefore demands considerably 
larger amount of training data. The 2.5D CNN is a compromise, to enable 
assessment of the 3D anatomy of, e.g., a stone without the need of an 
unachievable amount of training data. 

Fig. 6. Example of the inputs for three different types of convolutional neural net-
works (CNNs). m = number of pixels. Given an image the size of 256 pixels, the 
two-dimensional (2D) CNN would have 256 x 256 = 65,536, the 2.5D CNN 3 x 
65,336 = 196,608, and the 3D CNN 256 x 65,336 = 16,777,216 pixels. This exem-
plifies the information density in (a) a 2D, (b) 2.5D, and (c) 3D CNN. Reprinted 
with permission from Längkvist et al [68]. 

Despite high expectations on AI in the field of radiology, and a steady in-
crease in scientific work in this area, until recently only a few studies have 
been published in the field of urolithiasis [69].  
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Prediction of prognosis of ureteral stone 
The majority of all ureteral stones will pass spontaneously [35–37]. 

It is well known that stone size and localization at detection are closely 
associated with the probability of spontaneous stone passage. In 1956, 
Sandegård showed that the width of a ureteral stone, as measured on plain-
film KUB, corresponds to the likelihood for spontaneous passage, as does 
the position of the stone in the ureter at detection [35]. 

In 2001, Coll et al [37] presented a combined model for stone passage 
probability based on stone size in the axial view, and stone position in the 
ureter, as measured on CT.  

Today, however, there is no standardized way to measure ureteral stones. 
There is an ongoing debate about which dimension is most useful for meas-
uring stones. Arguments for width include that this dimension reflects what 
has to pass through the narrow tube of the ureter. An argument for length 
has been that the longer the sides of longitudinal stone, the longer the sur-
face of adhesion to the ureter wall. Just measuring the longest axis in the 
coronal or axial image includes the risk of not measuring the real length or 
width of the stone, thus over- or underinterpreting these measures. It has 
been shown that, when measuring the longest diameter of a stone in the 
three perpendicular planes – axial, coronal, and sagittal – the longest of 
these measures resembles the length of a stone and the shortest, the width 
[70].  

This lack of standardization in stone measurement has led to broad stone 
size intervals in the earlier guidelines for stone treatment published by the 
EAU [38] and the American Urological Association (AUA) [71]. Despite the 
well-known fact that the probability of spontaneous ureteral stone passage 
is closely related to size differences of down to 1 mm, in the 2020 EAU 
guidelines, watchful waiting for only “small” stones (<6 mm) is recom-
mended [29]. The importance of stone position in the ureter is not even 
mentioned. 

Imaging in the lower ureter 
Approximately two-thirds of ureteral stones are found in the lower ureter 
[37, 72]. The assessment of the non-dilated lower (or pelvic part of the) 
ureter is a challenge, even for an experienced radiologist. The lower ureters 
are very close to structures such as blood vessels, the bowel, and adnexa, 
and if a patient is not overweight, there is often not enough intra-abdominal 
fat to separate those structures. Also, a non-dilated, not clearly visible distal 
ureter may be considered normal, even if there is a ureteral stone. The stone 
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might not be obstructing the urine flow at the moment, or the obstruction 
might have led to renal function being so impaired that no, or very little 
urine, is produced.  

To complicate things, a common finding in the pelvis is calcifications of 
small veins, so-called “phleboliths.” They have a prevalence of about 40% 
in adults [73], and can be close to the ureters and hard to tell apart from a 
distal urinary stone. One solution, if there is doubt whether the calcification 
is a stone or a phlebolith, is to do a CT urography (CTU) to delineate the 
ureters, but this comes with the cost of increased exposure to radiation and 
potentially renal-damaging iodized contrast media. This procedure is also 
more time-consuming than performing a NE-CT scan. In daily practice, the 
radiologist uses the information from the complete CT examination, includ-
ing ipsilateral hydronephrosis, hydroureter, and the reported symptoms, to 
increase the precision of the diagnosis. Comparison with previous CT scans 
is also very helpful. Different approaches have been tried to tell urinary 
stones from phleboliths based on local signs in, or adjacent to, the pelvic 
calcification, such as a “soft tissue rim sign” [74, 75] indicating a stone in 
the ureter, a “comet tail” or a central lucency or low attenuation, indicating 
a phlebolith. In daily practice, these signs are often insufficient for differen-
tial diagnosis, see fig. 7.  

Fig. 7. Example of pelvic calcifications. Upper row: distal ureteral stones, lower row: 
phleboliths.  

Imaging for stone composition 
The EAU guidelines [29] state that stone composition analysis should be 
performed in all patients presenting with a urinary stone for the first time.  
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The stone attenuation, i.e., how white the stone appears on NE-CT at a 
certain window setting, is related to its composition and hardness and there-
fore also to the outcome of ESWL and to the SFR after ureteroscopy and 
percutaneous nephrolithotomy [76].  

In many cases, the stone can be categorized using only the mean attenu-
ation value of the stone. Stone type categorization is particularly desirable 
when there is suspicion of a UA stone, which is potentially treatable with 
urine alkalization with citrate or sodium bicarbonate. Unfortunately, there 
is an overlap in reported attenuation between stone types [51, 76, 77].  

The mean attenuation estimate is prone to several error sources: Firstly, 
the attenuation varies with slice thickness. Secondly, the estimate varies with 
the size of the region of interest (ROI) used. The highest attenuation is usu-
ally in the center of the stone. Further out in the periphery of the stone, 
there is a risk of getting partial volume effects on the attenuation. Thirdly, 
it is very hard to repeat the exact position of a measurement using a circle 
or free-hand ROI. 

The maximum attenuation, on the other hand, is independent of the size 
of the ROI. If a predefined slice thickness, e.g., 1 mm, is used and all parts 
of the stone are contained in the ROI in all slices (for a 5 mm stone, five 
adjacent 1 mm slices would have to be assessed), a reproducible measure 
between readers is actually achievable, of course with the possibility of this 
attenuation being an outlier, and as such not being representative of the 
majority of the stone composition. 

Computed tomography at two different energy levels, DE-CT, is a devel-
opment of the last decade, which utilizes the different attenuation charac-
teristics of materials at low and high energy. A material with a higher effec-
tive atomic number will have a larger difference in attenuation at different 
energy levels than a structure with a lower atomic number. Dual-energy CT 
has the ability to, e.g., differentiate the chemical composition of several dif-
ferent urinary stone types and produce virtual non-contrast images of con-
trast-enhanced scans [78]. In the workup of urinary stone disease, the most 
important role of this image modality has been its ability to easily, and with 
high accuracy, differentiate UA stones from calcium (non-UA) stones [79]. 
Photon-counting CT (PCCT) may be the next step towards thorough anal-
ysis of urinary stones. This recently developed technique directly converts 
each detected X-ray photon into a pulse amplitude proportional to the en-
ergy of the photon. In contrast to this, a conventional CT detector generates 
a signal proportional to the energy of the detected X-ray beam. In PCCT, 
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therefore, even low-energy photons contribute to the image, whereas in con-
ventional CT they only add noise to the image. Among potential advantages 
of this new method are less noise in the image, fewer motion artifacts, less 
radiation exposure to the patient, and the ability to configure more than 
two energy thresholds [80]. 

In a recent study, PCCT performed as well as conventional DE-CT in 
characterizing urinary stones, but it detected more small stones (≤3 mm) 
[81]. Currently, there are, however, only a handful of these machines avail-
able worldwide and it will take some time before they can be used in clinical 
settings.  

Non-contrast-enhanced computed tomography – repeated use 
and timing 
Computed tomography has become the most important tool in the imaging 
workup of urinary stone disease. The urinary tract NE-CT scan is easy to 
perform for the patient as well as for the technician. Because no intravenous 
contrast medium is used, no pre-scan preparation of the patient is needed. 
The positioning of the patient is usually straightforward, as opposed to, e.g., 
CT of the head, where proper positioning is crucial for minimizing artifacts, 
but also challenging, because of the high mobility of the neck. The outline 
of the body makes the post-scan reconstruction work easy for the three main 
axes: axial, coronal, and sagittal. Total examination time can therefore be 
kept very low.  

The combination of good availability of CT scanners and high diagnostic 
performance has increased the use of CT for urinary stone diagnostics, lead-
ing to increased radiation exposure. One of the major rules in modern med-
icine is that radiation exposure for the patient should be kept as low as 
reasonably achievable (ALARA). This can and should be done through low-
dose protocols achieved by modulation of tube potential, tube current, and 
filters, partly at the cost of increased noise and decreased spatial resolution. 
Modern post-reconstruction algorithms, such as filtered back projection 
and iterative reconstructions, reduce the impact of lower radiation doses on 
image quality, and further development, partly using AI, is underway. A 
recent meta-analysis [82] showed good results for low-dose protocols (de-
fined as <3.5 millisievert (mSv)) and ultralow-dose protocols (<1.9 mSv) in 
the detection of urinary stones, especially those >3 mm. Reducing scan 
length is another way to decrease the radiation exposure, but may come at 
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the cost of diminished chance of detecting alternative diagnoses. As im-
portant, however, is keeping the number of examinations performed as low 
as possible.  

A recent study by McLarty et al [83] underlines the importance of follow- 
up imaging to check for spontaneous stone passage. Cessation of pain was 
a predictor of passage, but with a sensitivity and specificity of only 80% 
and 56%, respectively. Patient-reported stone passage, without actually 
having the stone in the hand, had a sensitivity and specificity of only 59% 
and 87%. Due to the potential risks of a persistent silent ureteral stone, 
imaging after a stone event should not be an issue.  

The ideal timing of the first CT scan in an episode of suspected uncom-
plicated renal colic is not clearly defined by the EAU guidelines and is still 
under debate. There are several arguments for a NE-CT scan at initial diag-
nosis. Firstly, in the presence of a ureteral stone where ESWL is indicated, 
lithotripsy results are superior within the first 24–48 hours after onset of 
renal colic [54, 84–86]. The same applies to endo-urological procedures. 
Secondly, potentially treatable differential diagnoses may be overseen. In a 
study on clinically suspected, uncomplicated renal colic [59], another diag-
nosis was found in 6%, and 3% that would otherwise have been discharged, 
were instead admitted. If the patient has no symptoms of infection, imaging 
usually does not have to be performed during nighttime, but can instead 
wait until the following day.  

The studies described in this thesis are designed for an initial CT exami-
nation in close connection to the renal colic event.  

In 2015, Kirkali et al [87] formulated eight clinical research questions 
which they suggested should be addressed by a multidisciplinary approach 
including urologists, nephrologists, and radiologists, among others. Three 
of these research questions will be addressed in this thesis: (a) identification 
of predictors of spontaneous stone passage; (b) improving the tech-
niques/approaches to reduce X-ray exposure of the affected individual dur-
ing diagnosis, treatment, and follow-up of urinary stone disease; and (c) 
developing strategies to prevent stone recurrences (secondary prevention). 
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Specific background for the papers in this thesis 

Paper I and II  
While there is a known strong correlation between ureteral stone size and 
position and the likelihood for spontaneous stone passage, there is no inter-
national consensus on how a stone should be measured on CT. Three spe-
cific levels of uncertainty can be identified: 
 

1. Diverging opinions on which dimension should be used for stone 
measurement – the width, as in the era of plain radiography [35, 
36], the largest axial diameter [37], the axial area [88], the volume 
[89, 90], the length, or the largest size on coronal, axial, or sagittal 
images [91–93] – and on how these measurements should be de-
fined.  

2. Diverging window settings used for these measurements [60, 61, 
92].  

3. Known large intra- and interindividual measurement variability 
among radiologists [60, 94]. 

 
In paper I, we aimed to find predictive factors of spontaneous stone passage, 
eliminating the first two levels of uncertainty, by using clearly defined win-
dow settings, a fixed zoom level, and clearly defined measurements in the 
three standard image planes. First, we investigated which information in the 
CT examination is most important for the prediction of spontaneous pas-
sage. Then, we created predictive models for stone passage. 

In paper II, we aimed to assess the first and third levels of uncertainty 
described above. First, we compared the different dimensions of automatic 
and manual stone measurements, with regard to their ability to predict 
spontaneous stone passage. Then, we used the predictive models and stone 
measurements from paper I to assess the impact of interindividual variabil-
ity of stone size measurements on the prediction of spontaneous stone pas-
sage. 

Paper III 
The differentiation of distal ureteral stones and pelvic phleboliths is a chal-
lenge for the radiologist, potentially leading to false positive and negative 
reports or additional CT examinations. Several studies suggest that there 
may be enough information in and around a pelvic calcification to tell distal 
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ureteral stones and phleboliths apart [95, 96]. If that is the case, can a ma-
chine learning algorithm, based on a CNN, learn to do this differentiation?      

The first part of paper III describes the development of a 2.5D CNN for 
differentiating distal ureteral stones from phleboliths using only local fea-
tures of the CT scan. In the second part, the 2.5D CNN was validated on 
an unseen dataset on 100 calcifications (50 stones, 50 phleboliths) and com-
pared with seven radiologists’ assessments of the same calcification and its 
local surroundings. In this study, we also validated a semi-quantitative 
method proposed by another group. For detailed methods and results of this 
validation, the reader is referred to paper III. 

Paper IV 
Uric acid stone formers are at high risk of recurrence, but can easily be 
treated with alkalization of urine, both to dissolve a present stone and as 
secondary prophylaxis against recurrence. Knowledge of the stone’s com-
position is crucial before choosing treatment for UA stones. Dual-energy CT 
has high accuracy in classification of UA stones and has become increasingly 
popular in diagnostics; however, a recent study [97] suggests that there is 
enough information in the conventional SE-CT examination to do this clas-
sification.  

In paper IV, a recently published method, based on peak point Laplacian 
(ppLapl) and maximum Hounsfield units (maxHU) [97], for classification 
of urinary stones into UA or non-UA stones using conventional SE-CT, was 
further developed and validated. The new method, kNN-ppLapl-maxHU, 
was the index test, but we also validated the ppLapl-maxHU method and a 
method using only the highest attenuation in the stone (maxHU). The hy-
pothesis was that the kNN-ppLapl-maxHU method could differentiate UA 
from non-UA stones with an accuracy comparable to that of DE-CT, and 
better than using only the maximal attenuation of the stones.  
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Aims 
The overall objective of this thesis was to extract more information from 
the non-contrast-enhanced SE-CT scans routinely performed in patients 
with urinary stone disease, in order to be able to make a well-founded di-
agnosis and prognosis, and to guide the clinician as much as possible in the 
further treatment of the urinary stone disease. 

 
The specific aims of this thesis were:  

• To determine how to most accurately predict the chance of sponta-
neous passage of a ureteral stone using the information available in 
the diagnostic non-contrast-enhanced SE-CT. 

• To use clearly defined manual stone measurements in the three 
most commonly used image planes, with predefined window set-
tings and zoom levels. 

• To compare different size estimates, semi-automated and manual, 
regarding their ability to predict spontaneous stone passage.  

• To create predictive models for spontaneous stone passage.  
• To investigate the impact of interindividual manual measurement 

variability on the prediction of spontaneous stone passage.    
• To develop a machine learning method, and evaluate this and com-

pare it to two further methods of differentiating distal ureteral 
stones from phleboliths. 

• To prospectively validate three quantitative methods of differenti-
ating UA stones from non-UA stones using the information in a 
non-contrast-enhanced SE-CT scan, with DE-CT as the reference 
standard. 
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Ethical considerations 
The studies in this thesis were conducted according to the declaration of 
Helsinki. Papers I–IV were approved by Regional Research Ethics Board of 
Uppsala, which waived informed consent in papers I–III. Participants in pa-
per IV were included after written informed consent.  

One of the main aims of the thesis was to create clinically useful prediction 
models and tables for the probability of spontaneous stone passage. For va-
lidity of the results, patients were consecutively included in the image data-
bank, as in previous studies [35–37, 93], since uneven dropout can cause 
selection bias. The health care experience for a patient who has undergone 
treatment, e.g., ESWL or ureteroscopy, is different from that of a patient 
without active treatment and this may influence the motivation to partici-
pate in a study.  

Personal integrity of participants was protected through pseudonymiza-
tion of all image material. C-reactive protein levels on admission and data 
on potential MET treatment were collected by one of the authors, resident 
at the Urology Department, without accessing the medical chart, and coded 
patient data was saved on a protected server. The code key was accessible 
to the study leaders alone. Inclusion forms were saved in a locked cabinet, 
to which only the study leaders had access. No published data can be linked 
to a single patient.  

No additional examinations were performed and consequently there was 
no increased radiation exposure, as the database for papers I–III was created 
retrospectively.  

The highest increase in effective radiation dose for each subject in paper IV 
was calculated to be 5 mSv, which is equal to 2 years’ background radiation, 
and is unlikely to have had a negative effect on the subjects. Approval from 
the local radiation committee was obtained. Patients were informed about 
the extra radiation exposure. For the population studied, the results of this 
study are likely to decrease the mean effective dose in the future. Each in-
cluded patient received a DE-CT stone composition analysis, potentially op-
timizing the treatment. The available conservative and surgical treatment 
options are all well established. As to the potential impact of the choice of 
treatment for the individual patient, this is likely to have been more well 
founded than without the extra analysis.   
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Patients and image databanks 

Paper I–III 

Fig. 8. Flowchart of the inclusion process in the studies described in paper I–III, 
with inclusion and exclusion criteria. CNN = convolutional neural network; NE-CT 
= non-contrast-enhanced computed tomography; PACS = picture archiving and 
communication system; RIS = radiology information system.  
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Image databanks for studies I–III were developed through a retrospective 
consecutive review of all NE-CT examinations of the urinary tract in the 
local picture archiving and communication system (PACS) of the Radiology 
Department of Örebro University Hospital, performed from April 2012 
through September 2014 (n = 1,824).  

The sample size was chosen to fit the aim of study I and II, which was to 
predict the probability of a ureteral stone of a certain size (in mm intervals) 
to pass spontaneously.  

Image databank, paper I and II 
Altogether 392 patients, 290 men and 102 women, with a ureteral stone >2 
mm on NE-CT presenting with renal colic during this period were included. 
Mean age was 50 (range 18–100) years. Exclusion criteria are shown in fig. 
8. One examination lacked 1 mm slices, which were needed for semi-auto-
matic measurements performed in paper II, and was therefore excluded
from analysis in papers II and III.

Clinical outcome (spontaneous passage of stone, or not) was recorded ret-
rospectively through review of all follow-up radiological examinations up 
to 26 weeks after the diagnostic CT. Patients were divided into two groups 
based on outcome, short-term outcome (passage in 4±2 weeks) and long-
term outcome (20 weeks).  

The following data was recorded: stone position in the ureter (upper ure-
ter, defined as cranial to the sacroiliac (SI) joint; or lower ureter, defined as 
overlying and caudal to the SI joint), side of the stone (left or right), hydro-
nephrosis (high or low grade), the patient’s age, sex, CRP level at the time 
of admission, and whether the patient had received MET or not. All CT 
scans were searched for pelvic phleboliths. Previous and follow-up exami-
nations, laterality of clinical symptoms, and secondary signs of obstruction 
were used to define pelvic calcifications as either distal ureteral stones or 
phleboliths.  

Image databank, paper III 
A subgroup of the databank used for study I and II was created for study 
III (n = 341) based on the following inclusion criteria: a stone in the lower 
ureter and/or a pelvic phlebolith. If more than one phlebolith was present, 
the one most likely to be mistaken for ureteral stone was selected.  
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In total, 267 distal stones and 217 phleboliths were included and classified 
as “stone” or “phlebolith” serving as reference standard. Mean stone size 
was 4.5 (range 2.0–11.8) mm. Mean phlebolith size was 4.5 (range 2.8–9.6) 
mm; 5 x 5 x 5 cm image stacks, containing 1 mm axial slices, were created 
for each calcification. Fifty stacks with distal ureteral stones and 50 stacks 
with phleboliths were randomly selected and provided a validation dataset. 
The remaining stones (n = 217) and phleboliths (n = 167) served as training 
examples.  

Paper IV 
In study IV, 116 patients above 18 years old undergoing urinary tract ex-
amination by DE-CT between September 2018 and September 2019 were 
prospectively included, see fig. 9. If a urinary stone ≥3 and ≤20 mm was 
identified by the radiology technician, a dual-energy scan limited to the 
stone itself was performed. The final decision regarding fulfilment of the 
inclusion criteria was made by a radiologist. In this prospective group, 24 
UA stones and 106 non-UA stones were included. Because of the known 
relatively low prevalence of UA stones (5–10% of all stones) in our popula-
tion, an additional, pre-study planned, retrospective inclusion of subjects 
with UA stones between August 2016 and August 2018 was made through 
review of all dual-energy examinations performed for stone analysis at the 
Department. Eleven patients eligible for inclusion were found, eight of 
whom were included, having altogether 13 UA stones. The mean age in both 
groups combined was 59(±14) (range 21–89) years; there were 91 men and 
33 women.  

A sample size of at least 35 UA stones and 100–150 non-UA stones was 
estimated to reach a lower limit of a 95% confidence interval (CI) of 80% 
for a hypothesized sensitivity for UA stones of 95%, and a lower limit of 
95% for a specificity of 97%, numbers based on a previous study [97]. 
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Fig. 9. Flowchart of prospective and retrospective inclusion, paper IV. DE-CT = 
dual-energy computed tomography; SE-CT = single-energy CT; UA = uric acid. 
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Imaging/computed tomography protocols  

Paper I–III 
Patients underwent a non-enhanced SE-CT scan of the urinary tract accord-
ing to the local NE-CT urinary tract protocol, scanning from the upper kid-
ney poles to the pelvic floor in supine position. Two CT scanners were used:  

1. Brilliance, Philips Medical Systems, Best, The Netherlands 120 kV, 
70 mAs/slice, CT dose index (CTDI) 4.9 mGy, 40 x 0.6 mm, stand-
ard filter [B]. 

2. Somatom Definition Flash, Siemens, Erlangen, Germany, 120 kVp, 
70 mAs/slice, CTDI 4.7 mGy, 128 x 0.6 mm, filter B20f, B35f or 
SAFIRE I30f.  

Paper IV 
In paper IV, patients were examined with a primary non-contrast-enhanced 
single-energy scan of the urinary tract on a DE-CT scanner (Somatom Def-
inition Flash, Siemens). If a stone was detected, an additional dual-energy 
scan, limited to the stone of interest, was performed and served as reference 
standard. Protocols:  

1. Single-energy scan: 120 kVp, Quality reference mAs 70, 128 x 0.6, 
filter SAFIRE I30f, CARE dose 4D, field of view (FoV) 420 mm 

2. Dual-energy scan: 100/Sn140 kVp, Quality reference mAs 210/162, 
32 x 0.6, filter D30f, CARE dose 4D, FoV 300 mm  

Statistical software 
Statistical analysis was performed using IBM SPSS for Mac OS (SPSS Inc., 
Chicago, Il., USA) and Matlab (The Mathworks Inc., Natick, Mass, USA). 
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Methods 

Paper I and II 

Radiologist measurements 
Three board radiologists independently measured each stone on 3 mm mul-
tiplanar reconstructions in the three main planes, axial, coronal, and sagit-
tal, according to daily practice, with the integrated calliper of the local 
PACS and a fixed zoom of (pixel-to-pixel) x 8. The longest stone diameter 
in each plane was measured separately in the soft tissue (c50/w400) and 
bone window (c300/w1,120) [61] settings. The mean of the three radiolo-
gists’ measurements in each plane and each window setting served as out-
put. The length was defined as the largest of the three measurements, and 
the width as the smallest [70], fig. 10.  
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Fig. 10. Measurements of a 
distal ureteral stone in the 
three planes (a) axial; (b) cor-
onal; and (c) sagittal. The 
stone length is defined as the 
longest of these measure-
ments and the width as the 
shortest. In this case, the 
stone length is 7.2 mm and 
the stone width 4.6 mm.  
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Automated measurements 
In the first part of paper II, the 1 mm dataset described in the section titled 
“Patients and image databanks” was exported to Matlab software, where 
an automated segmentation algorithm was used to obtain reader-independ-
ent 3D size estimates for each stone. The algorithm then calculated the 
length, width and circumference, cross-sectional area, surface area, and vol-
ume.   

In the second part of paper II, the manual measurements from paper I 
were used and the predicted probability of stone passage was calculated for 
each of the three readers’ estimates separately. The highest and the lowest 
estimated probabilities for each stone were recorded and the difference, in 
percentage points (ppt), between these probabilities was calculated.  

Statistics 
Bland-Altman plots (95% limits of agreement) were used to compare the 
interreader stone size estimations. 

Multivariate logistic regression, with spontaneous passage as dependent 
variable and with all independent variables (stone length, width, position 
and side, hydronephrosis, the patient’s age and sex, CRP, and whether MET 
was given or not), was performed.  

To check for non-linearity among the continuous predictor variables, we 
added quadratic terms in the regression model and visually examined the 
predictive curves. We used Spearman’s correlation coefficient to assess col-
linearity between the independent variables. Automated stepwise backward 
logistic regression was used to find significant predictors of stone passage, 
whereafter predictive regression curves were created for the subgroups up-
per and lower stones in the long and short term.  

In paper II, the predictive accuracy of automated 3D size measurements and 
manual measurements (length and width) was displayed with receiver-op-
erating characteristic (ROC) curves and the area under the curve (AUC) 
calculated with 95% CIs.  

Bland-Altman plots (95% limits of agreement) were created for the aver-
age manual vs. the automated 3D measurements.  

To analyze interreader variability, the three readers’ predictions of stone 
passage probability using the four different measurements of stone – width 
and length in bone and soft tissue window – in upper stones were compared 
with Friedman’s test. 
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Paper III 

Convolutional neural network 
The training dataset of stones and phleboliths was used to train different 
2.5D CNNs to classify the calcifications using the information in and 
around them. Three perpendicular 2D images (axial, coronal, and sagittal) 
were created, with each calcification voxel as input data [66]. Each calcifi-
cation was segmented using a threshold of 250 HU, and any hole in the 
segmented volume was filled using a morphological operation. Augmenta-
tion was done by mirroring in the left–right plane. Each voxel location 
served as a separate training example, and each calcification, depending on 
size, therefore contributed from a few to >1,000 training examples, alto-
gether 38,068 image triplets.  

After the testing of different 2.5D CNNs, three candidate networks were 
selected and trained on the full training dataset, fig. 11.   

Fig. 11. Schematic architecture of the three 2.5D convolutional neural network 
(2.5D CNN) candidates validated on the test dataset. Av = average pooling layer; 
Conv = convolutional layer; FC = fully connected layer.  
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For classification on the unseen test dataset, each calcification was seg-
mented and 2.5D images were generated similar to the training data, mir-
roring excluded. Classification was made on each voxel location and the 
output was computed as the average probability output of the softmax clas-
sification layer. A cutoff of 0.5 in the final score was used for classification 
as stone or phlebolith.  

Radiologist classification 
Seven radiologists from our local Radiology Department, with 10–28 years 
of experience in reading abdominal CT scans, participated. Each radiologist 
independently classified the 100 test dataset calcifications into “ureteral 
stone” and “phlebolith” using the 5 x 5 x 5 cm stacks surrounding the 
stone. The radiologists were blinded to the results of the reference standard 
and to the rest of the CT scan, but were allowed to use all features in the 
PACS system, as MPR, zoom, and measurement tools.  

Statistics 
With the original assessment of calcifications on inclusion as reference, sen-
sitivity, specificity, positive predictive value (PPV), negative predictive value 
(NPV), and accuracy were calculated. Receiver-operating characteristic 
curves for automatic and manual classification into stone or phlebolith were 
made.  

Paper IV 

Single-energy computed tomography uric acid stone classification  
methods 
All three classification methods are purely quantitative. The original 
method, ppLapl-maxHU, uses a cutoff value of 195 HU/1,000 HU 
(ppLapl/maxHU) where stones below this value are defined as “UA” and 
those above this value are defined as “non-UA stones,” see fig. 12a. For 
development of the index method, we used a simple machine learning 
method, kNN, which uses previous annotated cases to classify new data, 
according to their classification in a diagram. This development was per-
formed in Matlab, using the nine nearest neighbors, standard setting, and 
Euclidean distance. Because we used only two variables, this model can be 
expressed as a, somewhat irregular, curved line in a diagram, fig. 12b. In 
the maxHU method, finally, a UA stone is defined as having a maxHU of 
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<745 HU, fig. 12c [97]. The graphic illustrations of all three methods are 
presented in fig. 12.  

The included SE-CT stacks were exported to Matlab software, where a 
radiologist marked the chosen stone, and automatic measurements of 
ppLapl and maxHU were performed. The software indicated each stone as 
red = UA stone, or blue = non-UA stone, according to the original method, 
see fig. 13.  

Reference test/ground truth – dual-energy computed tomography  
classification  
Dual-energy CT has been shown to be highly accurate in classifying UA and 
non-UA stones and was therefore used as reference standard. The DE-CT 
images were analyzed using the vendor’s kidney stone application in 
Syngo.Via (Siemens Healthcare GmbH, Erlangen, Germany). If a stone was 
color-coded >80% red it was considered a UA stone and if it was >80% 
blue it was interpreted to be non-UA. The remaining stones (n = 7) were 
considered to be mixed stones and removed from further analysis.  
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Fig. 12. Single-energy computed tomography 
(CT) methods for classification of uric acid 
(UA) stones based on maximal attenuation 
(maxHU) (on the x-axis) and peak point La-
placian (ppLapl) (on the y-axis). (a) The orig-
inal method (ppLapl-maxHU) with a rigid 
cutoff of 195 HU/1,000 HU; (b) k-nearest 
neighbor method (kNN-ppLapl-maxHU); (c) 
maxHU method, with a rigid cutoff of 745 
HU.  
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Fig. 13. Example of evaluation of urinary stones. Upper row: uric acid (UA) kidney 
stone in a 66-year-old man. Lower row: non-UA ureteral stone in a 78-year-old 
man. Original index test: peak point Laplacian-maximum Hounsfield unit (ppLapl- 
maxHU) left, and the reference test, dual-energy computed tomography (DE-CT), 
right. Red = UA stone. Blue = non-UA stone. 
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Statistics 
Sensitivity, specificity, and accuracy for the prediction of UA stones by SE-
CT were calculated using binomial distribution and 95% CIs.  

Statistical significance of the difference between the three stone type clas-
sification methods was assessed with McNemar’s test. The level of signifi-
cance was set to p = 0.05. The AUC was computed for the kNN-ppLapl-
maxHU and maxHU methods. The ppLapl-maxHU method uses two static 
cutoffs and therefore the AUC cannot be computed for this method.  
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Results  

Paper I – Size matters: The width and location of a ureteral stone 
accurately predict the chance of spontaneous passage 
Spontaneous passage of stone was observed in 80% of the patients in 20 
weeks. Using the bone window (c300/w1,120), the Bland-Altman 95% lim-
its of agreement for the width estimation between reader 1 and 2 was 
0.7±1.3 mm, compared to 0.7±1.3 mm between reader 1 and 3 and 0.1±1.1 
mm between reader 2 and 3. The mean of the three readers’ estimates was 
used for the subsequent multivariate logistic regression and the rest of the 
analysis.  

Stone width and length were both significant predictors of spontaneous 
passage, but there was collinearity between these measures (correlation co-
efficient 0.96), and length was therefore removed from further analysis. 

Stone location was a significant predictor of stone passage, where stones 
in the lower parts of the ureter had higher likelihood of passing than stones 
detected above the SI joint (Table 1). 

Table 1. Rate of spontaneous stone passage in 4 weeks by stone width, measured in 
bone window (c300/w1,120). 
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Table 2. Results of stepwise logistic regression, with stone width, location (upper vs. 
lower ureter), side, and hydronephrosis (low vs. high grade), age, sex, C-reactive 
protein (CRP), and medical expulsive therapy (MET) as independent variables. The 
side remained a significant predictor in the long-term upper ureteral stones and, to-
gether with hydronephrosis, in the short-term lower stones. Odds ratios (ORs) for 
stone passage, with 95% confidence intervals (CIs), are shown. 

Left-sided stones had a significantly higher probability to pass spontane-
ously compared to right-sided stones. Stones in patients with high grade of 
hydronephrosis passed spontaneously significantly more often than in pa-
tients with low-grade hydronephrosis in the short-term follow-up.  

After grouping the stones according to their localization in the upper or 
lower ureter, we performed a stepwise logistic regression. Only the size (here 
we chose the width) was a significant predictor in both positions and in the 
long and short term, Table 2.   

Based on the results above, predictive univariate logistic regression curves 
were created for upper and lower stones by width and length, as exemplified 
in fig. 14. For the other six predictive curves, the reader is referred to paper 
I.
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In conclusion, spontaneous passage of a ureteral stone could be predicted 
with high accuracy with knowledge of the stone’s width or length, and po-
sition in the ureter at detection. We have presented a method for predicting 
the probability for short and long-term stone passage, based on stone size 
and position.  

Fig. 14. Probability of spontaneous stone passage as a function of stone length, soft 
tissue window (c50/w400). (a) Upper ureteral stones (univariate logistic regression 
curves). Error bars showing observed long-term 95% confidence intervals (CIs). 
Area under the curve (AUC) for the short-term prediction: 0.90, long-term predic-
tion: 0.91. (b) Lower ureteral stones (univariate logistic regression curves). Error 
bars showing observed long-term 95% CIs; AUC for the short-term prediction: 
0.80, long-term prediction: 0.82. 
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Paper II – Prediction of spontaneous ureteral stone passage:  
Automated 3D measurements perform equal to radiologists, and 
linear measurements equal to volumetric 
In the first part of study II (using semi-automated 3D segmentation) we 
compared the ability of automated measurements (length, width, cross-sec-
tional area, circumference, volume, and surface area), and manual measure-
ments from study I, to predict spontaneous stone passage.  

Fig. 15 shows that all the linear, areal, and volumetric measurements are 
good predictors of spontaneous stone passage, with the AUC for the differ-
ent size measurements being almost identical and large, ranging from 0.88 
to 0.90 in the full-cohort, at 20 weeks.  

Fig. 15. Receiver-operating characteristic (ROC) curves for the prediction of the 
outcome of spontaneous passage in 20 weeks, based on eight different measure-
ments. aut = automated three-dimensional (3D) segmentation-based measurement; 
manual = mean of three readers’ manual estimations of stone size (bone window). 

In the second part of study II, we found that the interreader variability had 
a large impact on the predicted outcome in upper, but not lower stones. Fig. 
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16 illustrates an example of the impact of a 2 mm variability of the esti-
mated width of a stone in the upper and lower ureter, measured in the bone 
window. The steeper curve for prediction of spontaneous passage of upper 
stones is more sensitive to variability in the measurement than the flatter 
predictive curve for lower stones.  

A secondary analysis was performed for upper stones, which showed that 
measuring the length in the soft tissue window significantly reduces the var-
iability in the predicted outcome (p = 0.027, according to Friedman’s test) 
compared to measuring the width in the bone window [98]. 

Fig. 16. Example of the impact of reader variability on the estimated probability of 
spontaneous ureteral stone passage within 20 weeks. (a) Upper stones; (b) lower 
stones. Non-contrast-enhanced computed tomography (NE-CT) of a ureteral stone 
with three different size estimations in the bone window setting c300/w1,120. Dou-
ble arrow = difference in the predicted probability of spontaneous passage of the 
stone between the largest and the smallest manual measurement. ppt = percentage 
points. With an estimated size of 4.2 mm, the probability for spontaneous passage 
within 20 weeks is approximately 73%; for a 5 mm stone, the probability is 35%, 
and for a 6 mm stone, the probability is 7%. The difference in the predicted proba-
bility of spontaneous passage of the stone between the largest and the smallest man-
ual measurement is 66 ppt. 

In conclusion, the results of study II showed that the 3D segmentation al-
gorithm of stone measurement (combined with stone location) could predict 
the spontaneous passage of a ureteral stone with the same high accuracy as 
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manual stone measurement; however, interindividual measurement varia-
bility causes large variations in the estimated prognosis, especially in stones 
cranial to the SI joint.  

Paper III – Differentiation of distal ureteral stones and pelvic 
phleboliths using a convolutional neural network 
The three candidate 2.5D CNNs performed similarly on the unseen 
validation test set, with an accuracy of 93%, 90%, and 92% and an AUC 
of 0.93, 0.93, and 0.95, respectively. The third network (fig. 11c), with two 
convolutional layers, was chosen for further analysis.  

The seven radiologists had an average accuracy of 86% (range 76–91%) 
in classifying pelvic calcifications using the information in a 5 x 5 x 5 cm 
stack of 1 mm slices surrounding the calcification, which was significantly 
lower than the accuracy of the 2.5D CNN (p = 0.03).  

The ROC curve for the 2.5D CNN, compared to the results of the radi-
ologists, is shown in fig. 17. 

In conclusion, a 2.5D CNN was able to differentiate distal ureteral stones 
from phleboliths with higher accuracy than the average of seven radiolo-
gists, when using only local features. 
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Fig. 17. Receiver-operating characteristic (ROC) curve for a 2.5D convolutional 
neural network (CNN), compared to the accuracy of the assessments by the seven 
radiologists.  

 

 
 

 



62 JOHAN JENDEBERG Non-enhanced single-energy computed tomography of urinary stones 

Paper IV – Single-energy CT predicts uric acid stones with 
accuracy comparable to dual-energy CT 
Scatter plots of the three different SE-CT methods, with the distribution of 
the stones according to their maxHU values on the x-axis and ppLapl values 
on the y-axis, are shown in fig. 18. Cross-tabulations of the tested methods 
and the reference test are shown in Table 3. All three tested methods were 
highly accurate.  

The AUC was 0.99 for both the kNN-ppLapl-maxHU and the maxHU 
methods. As previously mentioned, AUC cannot be computed for the 
ppLapl-maxHU method, which uses two static cutoffs.  

There was a tendency towards higher accuracy for the kNN-ppLapl-
maxHU method, of 98%, compared to the 94% accuracy for the maxHU 
method, but the difference was not statistically significant (p = 0.06; 95% 
CI -0.5–9.5 ppt).  

In conclusion, SE-CT could classify UA stones with an accuracy comparable 
to DE-CT using either the kNN-ppLapl-maxHU or the ppLapl-maxHU 
method. Even only using a cutoff of 745 HU for the maximum attenuation 
results in a highly accurate classification.  
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Fig. 18. Scatter plots of the three 
different single-energy computed 
tomography (SE-CT) methods for 
classification of uric acid (UA) 
and non-UA stones. Red dots in-
dicate UA stones, defined by dual-
energy CT (DE-CT); blue dots in-
dicate non-UA stones, likewise 
defined by DE-CT. Position in the 
diagram is defined by the values 
of maximum Hounsfield units 
(maxHU) on the x-axis, and peak 
point Laplacian (ppLapl) on the 
y-axis. kNN = k-nearest neigh-
bors.
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Table 3a, b, c. Cross-tabulations of single-energy computed tomography (SE-CT) 
classification of urinary stones into uric acid (UA) and non-UA stones using dual-
energy CT (DE-CT) as reference. kNN = k-nearest neighbors; maxHU = maximum 
Hounsfield units; non-UA = non-uric acid; ppLapl = peak point Laplacian; UA = 
uric acid. (a) kNN-ppLapl-maxHU method; (b) ppLapl-maxHU; (c) maxHU. 
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Discussion 
Non-enhanced CT has become the mainstay in the imaging workup of uri-
nary stone disease. The advantages of this modality are manifold and multi-
detector SE-CT scanners are available in most parts of the world. 

The examination is fast, reliable, reproducible, and suited for both acute 
diagnosis and follow-up of urinary stone disease. As with all radiological 
examinations, NE-CT of the urinary tract comes with ionization radiation 
exposure and should follow the general principle of ALARA. This is effected 
through better hardware, more optimized scanning protocols, and more ad-
vanced post-reconstruction algorithms, all aiming to decrease the radiation 
at every single examination. However, reduced radiation exposure can also 
be achieved through optimized extraction of information from each exami-
nation, to avoid unnecessary further CT scans.  

Paper I and II 
We set up predictive models for the probability of a ureteral stone of a cer-
tain size and position to pass. Our findings of a close correlation between 
stone size and passage probability are in line with earlier results for both 
KUB and CT [35–37, 99]; however, we also suggest that the classic section-
ing of the ureter into upper, mid-, distal, and ureterovesical junction (UVJ) 
can be simplified and the latter three sections be grouped as one, with all 
stones located in this lower part of the ureter having approximately the 
same chance of passing. 

We saw a higher likelihood for left-sided compared to right-sided stones 
to pass, similar to results by Sfoungaristos et al [100], who suggested that 
the reason for this is that the right ureter is typically more adherent to the 
peritoneum than the left, providing a better peristalsis in the left ureter. 
Stones in the lower ureter causing a high degree of hydronephrosis were 
more likely to pass within 4±2 weeks, compared to those causing low-grade 
hydronephrosis. Previous studies have shown divergent results of the impact 
of hydronephrosis [99–102]. Our power analysis was made for a stratifica-
tion according to size only; hence, these findings could not be added to the 
prediction models without getting very wide CIs.  

Many studies over the last decades have tried to find the best way to 
measure a stone. In our material, the tested linear, areal, and volumetric, 
manual and semi-automatic measuring methods were equally accurate in 
predicting spontaneous passage.  
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Despite clearly defined window settings and zoom levels, we found that 
there was a large interreader variability. This is a known limitation in stone 
measurement [103] which has a high impact on the predicted prognosis, 
especially for a medium-sized stone in the upper ureter.  

The impact of the lack of clear definitions on how to measure ureteral 
stones can be exemplified by the ongoing debate on the effectiveness of 
MET to facilitate passage of ureteral stones, and the inconsistent results of 
large RCTs in this field. A common feature of these studies is non-specified, 
or vague definitions of the stone size measurements performed [46]. In pa-
per II, we found that the largest difference in predicted probability of stone 
passage between readers was seen in upper stones, when width was meas-
ured in the bone window. When, instead, the length was measured in the 
soft tissue window, the difference in predicted probability of stone passage 
decreased significantly. This is, to our knowledge, the only study that has 
examined the impact of interreader variability on the prognosis of stone 
passage.  

Using a semi-automated 3D segmentation tool, as we propose, could 
erase the interreader variability. Recently, Ziemba et al [104] presented a 
3D segmentation software with semi-automated measurements of all diam-
eters, volume, mean and maximum attenuation, and skin-to-stone distance, 
an application that is freely available online – however, not yet approved 
for medical purposes. 

A limitation of study I and II is that the follow-up examinations to a large 
part were plain-film IVU, which is no longer the gold standard. A major 
strength is that the CT image databank used for prediction of spontaneous 
stone passage, is, to our knowledge, the largest in published literature, 
which enabled creation of tables with observed stone passage for a stone 
based on its width (in mm intervals) and position.  

In conclusion, spontaneous passage of a ureteral stone could be predicted 
with high accuracy based on knowledge of the stone size and position in the 
ureter at detection. Interreader variability in size estimation had a large im-
pact on the predicted outcome. This can be overcome through a semi-auto-
mated 3D segmentation algorithm, which was as accurate as manual meas-
urements in the prediction of stone passage.  
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Paper III 
Despite the plethora of published literature on machine learning in radiol-
ogy, there are only a few publications in the field of urinary stone imaging 
[68, 105–107].  

In study III, we trained a 2.5D CNN, which then reached an accuracy of 
92%, in classification of pelvic calcifications into ureteral stones or phlebo-
liths. This was better than the average of classifications by seven radiolo-
gists, and is, to our knowledge, the highest accuracy for a CNN published. 
In a concurrent study to ours, De Perrot et al [106] trained another machine-
learning algorithm to classify calcifications in phleboliths and urinary stones 
using radiomics from each calcification, and reached an accuracy of 85%. 
The similar results between their study and ours underscore that there is 
insufficient information in and around pelvic calcifications to make a con-
fident classification. In 2010, Jong Lee et al taught an ANN to classify ure-
teral stones and phleboliths using internal parameters of the calcifications 
[95]. They reached an AUC of 0.85 for shape parameters and 0.88 for tex-
ture parameters, but as far as we know, their results have never been vali-
dated on external data.  

Prior studies on signs in, and around, a calcification, e.g., the “rim sign” 
indicating a ureteral stone, or the “comet sign” indicating a phlebolith, have 
in general shown high specificity but low sensitivity. Some authors have 
recommended that they be combined with other information, such as signs 
of ureteral obstruction and/or clinical data (i.e., laterality of symptoms) to 
assess pelvic calcifications [74, 75, 108–110].  

In conclusion, the results of this and previous studies suggest that local 
features are not sufficient to classify pelvic calcifications between ureteral 
stones and phleboliths, and further research should therefore focus on using 
the information from the entire CT stack. 

Paper IV 
In paper IV, we found that three different SE-CT methods for classifying 
urinary stones in UA or non-UA stones were highly accurate. There was a 
tendency towards higher accuracy for the kNN-ppLapl-maxHU compared 
to the maxHU method (p = 0.06). An advantage of the kNN-ppLapl-
maxHU method is its plasticity, and further training is likely to further in-
crease the accuracy of the method. 

There is a well-known difference in mean attenuation between UA stones 
and non-UA stones, but also a considerable attenuation overlap between 
the stone types. Despite this uncertainty, a recent study, using only a mean 
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attenuation of <450 HU on NE-CT as classification of UA stone, showed a 
total dissolution rate of 61% in patients treated with oral chemolysis [51]. 
The authors concluded that: 

The knowledge of stone composition at diagnosis can greatly improve the 
effectiveness of oral chemolysis, as it would exclude stones mistakenly 
thought to be of uric acid content.  

A retrospective study showed that DE-CT altered stone management in 15 
out of 303 patients (5%) with a urinary stone, with successful dissolution 
of a UA stone in twelve of these patients. In this study, the number of pa-
tients needed to undergo DE-CT to change management in one was 48 
[111].  

This emphasizes both the importance of stone analysis and the additional 
radiation exposure if an extra examination must be performed for in vivo 
stone analysis.  

Interpolating these numbers to a urinary stone patient population size 
like ours at Örebro University Hospital (≈ 400 per year), an immediate stone 
composition diagnosis may change treatment in 20–40 (given a prevalence 
of 5–10% for UA stone disease), preventing potential side effects of inter-
ventional treatment and decreasing time to stone passage, without increas-
ing radiation.  

For a classification test like this, the PPV and NPV are important, because 
an unsuccessful medical treatment can delay proper surgical intervention 
and potentially medically treatable stones might be missed.  

The PPV for the kNN-ppLapl-maxHU, ppLapl-maxHU, and maxHU 
methods was 93%, 95%, and 85%, respectively. There is no recent data on 
the prevalence of UA stones in Sweden, but based on northern European 
data, it can be approximated that no more than 10% of stones are UA 
stones [112, 113]. Based on these numbers, the “true” PPV is likely to be 
around 73%, 80%, and 55%, respectively, for the studied methods, which 
should be kept in mind when using them. The NPV for the three methods 
was high: 100%, 98%, and 97%, respectively.   

Strengths and limitations 
One limitation of this study was that a single DE-CT scanner was used. 
Validation of the results on CT scanners from other vendors should hence 
be performed.  
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Another limitation is that the power calculations were done primarily 
with the goal of obtaining reasonably narrow CIs for sensitivity and speci-
ficity. Therefore, after reaching 37 UA stones and 106 non-UA stones 
(planned inclusion: 35 UA, 100–150 non-UA stones), the inclusion was 
stopped, possibly leading to a type 2 error. A higher number of non-UA 
stones may have given a significant difference in accuracy of the studied 
methods.  

Strengths of this study were the semi-automated measurements avoiding 
the risk of reader-dependent variations, the consistent use of 1 mm slices, 
and the use of point estimates (ppLapl and maxHU), independent of seg-
mentation parameters.  

In conclusion, this study showed that single-energy CT can be used to 
classify uric acid stones and non-uric acid stones, with accuracy comparable 
to dual-energy CT. 

 
We hope that the results of this thesis will add important knowledge with 
regard to NE-CT as a source of information to improve the accuracy of the 
initial diagnosis in urinary stone disease, with respect to both estimating the 
likelihood of stone passage, and characterizing stone type. This will hope-
fully have a positive effect on the planning, timing, and mode of treatment, 
as well as the follow-up of patients. In addition, paper III gives important 
new insights on the possibilities and limitations of the use of machine learn-
ing in the diagnostics of urinary stone disease.  

Our results are directly applicable to the everyday CT diagnostics of uri-
nary stones. For the patient, this may result in reduced duration of pain 
and/or avoidance of unnecessary invasive procedures, which in turn may 
reduce health care costs. 
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Conclusions 
• The size and position of a ureteral stone are important predictors

of spontaneous stone passage.
• Reproducible measurements facilitate the use of the information

from the conventional CT examination of the urinary tract, irre-
spective of whether the aim is to predict spontaneous stone passage
or stone composition.

• Measuring stone length in the soft tissue window decreases the im-
pact of interreader variability in prognostication of stone passage.

• Using a 3D segmentation algorithm for stone measurements elimi-
nates the impact of interreader variability.

• Tables and predictive curves for the probability of passage, based
on stone size and position in the ureter, as presented in this thesis,
may facilitate the choice of treatment and follow-up strategy fol-
lowing a renal colic event.

• While a 2.5D CNN is a promising tool for classification of pelvic
calcifications, more than the information in the calcification and its
closest surroundings is needed to reach an optimal  discrimination
between ureteral stones and pelvic phleboliths.

• A purely quantitative single-energy CT method can distinguish uric
acid stones from non-uric acid stones with an accuracy comparable
to dual-energy CT.
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Future perspectives 
Since publication of the first papers of this thesis, additional NE-CT varia-
bles for prediction of ESWL results and spontaneous ureteral stone passage 
have been proposed, e.g., peri-calculus ureteral wall thickness, and intra- 
and peri-ureteral attenuation [114–116]. The predictive accuracy of these 
variables needs validation and the impact of further parameters on stone 
passage, such as ureteral diameter, remains to be investigated.  

In paper IV, we saw that a maximum attenuation cutoff was able to clas-
sify UA stones and non-UA stones with reasonably high accuracy. A recent 
study showed promising results for maximum attenuation to also predict 
outcome of ESWL [117]. The maxHU and ppLapl values are point esti-
mates, i.e., they are independent of segmentation parameters. This is a ma-
jor advantage compared to the mean attenuation method, which is highly 
dependent on size and position of the ROI being used. Combination of the 
maxHU and ppLapl values gives an understanding about the attenuation 
distribution in the entire stone. Further evaluation of these two measures as 
predictors of ESWL results would be of great interest.  

The results of our and others’ studies suggest that, even if AI might be-
come a valuable tool for differentiation between distal ureteral stones and 
phleboliths, more than just the local features are needed to accurately clas-
sify pelvic calcifications. Therefore, I believe that the entire CT stack should 
be included in future research on machine-learning algorithms for this task. 

The implementation of a 3D segmentation tool in the PACS with im-
proved urinary stone description and analysis, as suggested in this thesis, 
would be beneficial for both the uroradiologist and the urologist. It would 
make linear, volumetric, and attenuation measurements instantly available 
and highly reproducible, and facilitate stone passage and lithotripsy result 
prediction. Additionally, it would enable classification into UA and non-UA 
stones already at detection, fig. 1. Last, but not least, worldwide consensus 
on a standardized, semi-automated way to measure stones, like the one we 
suggest, would improve the generalizability of research results. 
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Sammanfattning på svenska 
Njurstensanfall är en vanlig orsak till akuta sjukvårdsbesök. Även om symp-
tomen oftast är typiska utförs i de flesta fall en datortomografi (CT) av 
urinvägarna tidigt i sjukdomsförloppet för att bekräfta diagnosen, upptäcka 
eventuella komplikationer och utesluta andra orsaker till besvären. Senare i 
förloppet upprepas ofta undersökningen för att bedöma hur behandlingen 
av stenen har lyckats. CT av urinvägarna är en enkel, snabb och icke-inva-
siv, undersökning, men utsätter patienten för en inte försumbar stråldos och 
ska inte utföras oftare än nödvändigt. Vid misstanke om att en urinvägssten 
utgörs av urinsyra görs ofta en kompletterande analys av stenens samman-
sättning med dubbelenergi-CT.  

Det övergripande syftet med denna avhandling var att utvinna så mycket 
information som möjligt ur undersökningen CT urinvägar. I avhandlingen 
ingår fyra delarbeten. De första tre bygger på studiepatienter som inklude-
rats i efterhand, där man diagnosticerat en sten i urinledaren på en akut CT 
urinvägar och där man hade kännedom om spontan stenavgång eller inte. I 
delarbete IV ingick prospektivt inkluderade patienter med sten i urinvä-
garna. Studiedeltagarna i denna studie genomgick en konventionell CT 
urinvägar åtföljd av en CT dubbelenergi fokuserad på stenen.  

I det första delarbetet undersöktes vilken information från CT urinvägar 
som bäst förutsäger om en uretärsten avgår spontant. Resultaten visade att 
stenens storlek och position i urinledaren vid upptäckt spelar störst roll. 
Med hjälp av dessa två faktorer skapades en modell för att förutsäga spon-
tan stenavgång. 

I det andra delarbetet undersöktes om det föreligger någon skillnad mel-
lan olika sätt att mäta en sten i förmågan att förutsäga stenavgång och hur 
stort inflytande skillnaden mellan olika radiologers skattningar av stenens 
storlek har. I denna studie kunde samtliga undersökta stenmått förutsäga 
stenavgång med ungefär samma säkerhet. Variationer i hur olika radiologer 
skattade stenstorleken visade sig ge stora skillnader i förutsagd sannolikhet 
för spontan stenavgång. Dessa skillnader minskade om stenens längd mättes 
i ett mjukdelsfönster istället för dess bredd i ett skelettfönster.  

I den tredje artikeln utvecklades och validerades en maskininlärningsal-
goritm för att skilja distala urinledarstenar från fleboliter (små venförkalk-
ningar) i lilla bäckenet. Här kunde vi se att denna algoritm kunde klassifi-
cera förkalkningar i lilla bäckenet med större säkerhet än radiologer, men 
att det krävs mer än bara informationen i och nära förkalkningen för att 
göra en bedömning så säker att den är kliniskt användbar.  



JOHAN JENDEBERG Non-enhanced single-energy computed tomography of urinary stones 73 

Slutligen validerade vi i arbete IV tre metoder, baserade på täthetsför-
delningen i en urinvägssten på CT urinvägar, för att förutsäga om en urin-
vägssten består av urinsyra eller inte. Två av metoderna visade sig kunna 
ställa denna diagnos med säkerhet jämförbar med dubbelenergi-CT.  

Resultaten i denna avhandling visar att informationen i den initiala da-
tortomografiundersökningen kan användas för att avgöra sannolikheten för 
stenavgång och om en sten består av urinsyra eller inte, vilket kan förenkla 
den kliniska handläggningen. Resultaten understryker också vikten av nog-
granna stenmätningar och utgör ett steg i utvecklingen av en metod för att 
rätt klassificera bäckenförkalkningar.  
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