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“The absurd is lucid reason noting its limits.”

— Albert Camus
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1. LIST OF ABBREVIATIONS
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2. STUDENT PROFILE

2.1. Vision and mission statement, specific goals

My vision is to reduce patient discomfort in hospital settings by
advancing less invasive diagnostic tools and minimally invasive
treatments in everyday clinical practice. My mission is to remain at
the forefront of radiological interventions by researching innovative
techniques, staying current with technological advancements, and
applying image-guided procedures to enhance patient-centred care.
My specific goals include conducting research on ultrasound-based

ablation methods and techniques, as well as developing a high level

of expertise in ultrasound diagnostics and ultrasound-guided

interventional procedures.

2.2. Scientometrics

Number of all publications: 3
Cumulative IF: 9.5

Av IF/publication: 3.17
Ranking (SCImago): DI:1,Ql:2
Number of publications related to the subject of the thesis: 2
Cumulative IF: 4.9

Av IF/publication: 2.45
Ranking (Sci Mago): DI1:-, QI:2
Number of citations on MTMT (independent): 75
H-index: 2

The detailed bibliography of the student can be found on page 67.

2.3. Future plans

As a radiology resident passionate about interventional radiology, my future plans focus
on advancing ultrasound-based, minimally invasive therapies to improve patient
outcomes while reducing discomfort. [ aim to combine technical expertise with evidence-
based practice, precise patient selection, and clear communication, contributing to

radiology’s evolving role as a patient-centred, therapeutic speciality.



3. SUMMARY OF THE THESIS

Interventional radiology (IR) has an increasingly important role in modern medicine by
offering minimally invasive, image-guided diagnostic and therapeutic solutions that
reduce patient burden while maintaining clinical efficacy. This thesis evaluated two

ultrasound-based (US-based) applications that reflect these principles.

The first study is a retrospective analysis of prospectively collected data assessing liquid
nitrogen—based cryoablation (CA) in patients with biopsy-proven breast fibroadenomas
(Fas). Between 2017 and 2023, 78 patients with 123 FA were treated under real-time US
guidance using local anesthesia. The primary objectives were to evaluate safety, efficacy,
and the feasibility of cryoprobe relocation for treating large or multiple lesions in a single
session. At 12 months, a median FA volume reduction of 92.9% was achieved, including
lesions up to 80 mm in diameter. The complete treatment rate was 97.6%, and only one
minor complication was observed. Treatment efficacy was consistent across patient age,
body mass index, lesion size, and cryoprobe type. These findings support CA as a safe,

effective, and cosmetically favorable outpatient alternative to surgical excision for FA.

The second study is a systematic review and meta-analysis investigating the correlation
between US-based shear wave elastography (SWE) and renal allograft fibrosis and
dysfunction. Sixteen observational studies involving 931 kidney transplant recipients
were included. Pooled analyses demonstrated a moderate positive correlation between
renal stiffness and biopsy-proven fibrosis, as well as correlations with resistive index (RI)
and serum creatinine, and an inverse correlation with estimated glomerular filtration rate
(eGFR). However, substantial heterogeneity and variable risk of bias limited the strength
of these associations. While elastography reflects underlying structural and functional
changes in renal allografts, current evidence does not support its use as a substitute for

biopsy.

In conclusion, this thesis demonstrates the clinical value of US-based techniques across
both therapeutic and diagnostic domains. CA offers an effective, minimally invasive
treatment for benign breast disease, while SWE shows promise as an adjunctive,
noninvasive tool for monitoring kidney transplant function. Together, these findings

highlight the expanding role of IR in delivering patient-centered, image-guided care.



4. GRAPHICAL ABSTRACT

Ultrasound-Guided Minimally Invasive
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in Interventional Radiology
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5. INTRODUCTION

5.1. Overview of the topic

IR has transformed patient care by using imaging modalities to guide therapy with
minimal trauma. Modern IR procedures adhere to the guiding principle of “reducing
trauma via minimally invasive access” to shorten recovery times and lower complication

rates.(1)

In practice, US guided techniques exemplify this model: they provide real-time, radiation
free visualization of instruments and targets, enabling precise therapy under local
anesthesia. For example, percutaneous US-guided CA uses ultrasonic imaging to
visualize the growing ice-ball during tumor freezing. By sparing healthy tissues and
reducing procedural invasiveness, these approaches yield outcomes comparable to
surgery with fewer complications and shorter hospital stays. Indeed, recent reviews
emphasize that IR procedures improve quality of care and cost-effectiveness by enabling

fast recovery and outpatient treatment for complex conditions.(1, 2)

5.2. Cryoablation

Breast FA represent the most common benign breast lesion, particularly in women under
30 years of age, and account for a large proportion of the approximately 1.3 million breast
biopsies performed annually in Europe.(3, 4) Although benign, FAs frequently cause
psychological distress due to concerns about malignancy, discomfort, and cosmetic
issues.(5) Standard management includes observation or surgical excision, including
vacuum-assisted excision (VAE); however, minimally invasive techniques such as

thermal ablation have emerged as alternative treatment options.(6-9)

CA is the only thermal ablation technique utilizing cooling agents, such as liquid nitrogen,
and is approved by both the United States Food and Drug Administration (U.S. FDA) and

the European conformité européenne (CE) for the treatment of FAs.(9, 10)

CA is a minimally invasive thermal ablative technique that destroys tissue by rapid
freezing by applying extreme cold, tipically under image guidance. A cryoprobe inserted
into the center of the target lesion induces formation of an expanding ice ball, within
which temperatures progressively decrease toward the probe. Rapid cooling increases

intracellular osmolarity and freezes extracellular water, leading to dehydration and



rupture of cells, while intracellular ice crystal formation during freezing and subsequent
thawing phases further disrupts cellular membranes and organelles. Experimental data
indicate that irreversible cell death generally occurs at temperatures between
approximately —20°C and —40°C, with the —20°C isotherm commonly regarded as the
minimum lethal threshold for most soft tissues. Additional injury results from
microvascular damage, thrombosis, and ischemia during freeze—thaw cycles, which

enhance the extent of necrosis and ensure complete ablation of the target lesion.(11, 12)

CA offers several advantages over surgery, including real-time US visualization of the
ice ball, minimal scarring, use of local anesthesia, rapid recovery, and suitability for
office-based procedures.(13) Previous studies have demonstrated CA to be a safe and
effective treatment for both benign and malignant breast lesions, with favorable short-
and long-term outcomes and high patient and physician satisfaction.(14, 15) The present
study aimed to further support existing evidence regarding the effectiveness and safety of
CA and to demonstrate the feasibility of cryoprobe relocation, which enables the
treatment of large and/or multiple FAs in a single session through multiple treatment

cycles.

5.3. Shear Wave Elastography

Renal allograft dysfunction commonly progresses to interstitial fibrosis and tubular
atrophy (IF/TA), which represents the leading cause of kidney transplant failure.(16)
IF/TA develops early after transplantation and arises from multiple factors, including
acute or subclinical rejection and ischemia—reperfusion injury.(17) Clinically, it may
manifest as elevated serum creatinine, reduced eGFR, proteinuria, and hypertension.(16,

18)

Monitoring graft function is essential, and kidney biopsy remains the diagnostic gold
standard, providing critical information for clinical management.(19) However, biopsies
are invasive and associated with risks such as hemorrhage, arteriovenous fistula, and,
rarely, graft loss, and they are contraindicated in several clinical situations. Additionally,
undergoing a biopsy represents significant psychological burden due to increased
vulnerability, fear of the unknown and of procedural pain, as well as the requirement to
remain bedridden for two hours after the procedure. Consequently, there is a growing

interest in noninvasive alternatives.(20-25)
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SWE is an advanced US technique that quantifies the elastic properties of tissue by
generating and measuring the propagation of shear waves within that tissue. SWE uses
focused acoustic radiation force pulses from the US transducer to induce localized tissue
displacement, which creates shear waves that travel perpendicular to the primary US
beam. These shear waves move much more slowly than conventional US waves, and their
velocity is directly related to tissue stiffness: stiffer tissues allow faster shear-wave
propagation, while softer tissues slow the waves. By tracking the shear-wave velocity at
each location, SWE calculates the shear modulus and displays it in a color-coded
elastogram overlaid on standard B-mode images, allowing quantitative measurement of
elasticity in units such as meters per second or kilopascals. This quantitative stiffness
mapping helps distinguish different tissue properties beyond conventional grayscale
imaging and has proven useful in evaluating traumatic or pathologic conditions in a

variety of soft tissues.(26)

US-based elastography has emerged as a promising tool, as tissue stiffness reflects
underlying pathological changes.(27) SWE has proven utility in assessing liver fibrosis,
with expanding applications to other organs, including the kidney.(28) However, kidney
SWE measurements are influenced by several confounders such as anisotropy, perfusion,
urinary pressure, hydronephrosis, and body mass index (BMI).(16) While some studies
report a positive correlation between kidney stiffness and fibrosis,(24, 29) others show
no significant association.(30, 31) In light of the controversy, we performed a meta-
analysis to examine the relationship between SWE findings, biopsy results, and clinical

parameters of renal dysfunction in kidney transplant recipients.

11



6. OBJECTIVES

6.1. Study I. — Cryoablation for Fibroadenoma with Liquid Nitrogen Based

System: a retrospective analysis of prospectively collected data

Our retrospective analysis investigates the safety and therapeutic efficacy of liquid
nitrogen-based CA in patients with single or multiple FAs, including those with large
lesions. Furthermore, to demonstrate the feasibility of a cryoprobe relocation approach
that enables treatment of large and/or multiple FAs in a single session using multiple

treatment cycles.

6.2. Study II. — Investigating the role of ultrasound-based shear wave
elastography in kidney transplanted patients: Correlation of non-invasive
fibrosis detection, kidney dysfunction and biopsy results. A systematic

review and meta-analysis

In our meta-analysis we aimed to analyse if SWE findings can be correlated to the many
measures of kidney dysfunction, most importantly biopsy results. Other parameters
assessed were various clinical renal dysfunction indicators, like the decrease of eGFR,
increased serum creatinine and arterial RI. We hypothesized that change in tissue stiffness

assessed by SWE can be correlated to the changes in these factors.

12



7. METHODS

7.1. Study I

7.1.1. Study Design

This retrospective, single-centre observational study aimed primarily to demonstrate the
efficacy of CA for FA. The study was designed and reported in accordance with the
Strengthening the Reporting of Observational Studies in Epidemiology (STROBE)
guidelines to ensure clear and comprehensive reporting. A secondary objective was to
assess the safety of CA for the treatment of FA overall, including its use with the

cryoprobe relocation technique.

7.1.2. Study Setting and Participants

All procedures and data acquisition were conducted at Premier Med Healthcare, Training
and Research Institute in Budapest, Hungary, a private centre that treats FAs using liquid
nitrogen—based CA. All CA procedures performed at the centre between 2017 and 2023
were consecutively included, provided that the FA had been confirmed by core needle
biopsy. Data were accessed for research purposes through June 1, 2024. The authors had
access to information that could identify individual participants during and after data

collection.

7.1.3. Ethics and Patient Consent

This study was approved by the local institutional ethics review board (License No.
70/2024). All procedures were conducted in accordance with the ethical standards of the
institutional research committee and the principles of the 1964 Declaration of Helsinki
and its subsequent amendments or comparable ethical standards. Written informed

consent was obtained from all participants included in the study.

7.1.4. Procedure

All patients underwent CA based on personal preference and were deemed suitable
candidates for the procedure. They presented to Premier Med Healthcare, Training, and
Research Institute after declining surgical excision, which is the standard of care for FA
patients in Hungary. CA procedures were performed under US guidance (Fig. 1) using

the ProSense™ liquid nitrogen—based CA system and cryoprobes (IceCure Medical Ltd.,

13



Israel). Cryoprobes (FAP7800000, 2.4 mm, 13G, 134 mm, elliptic ice ball shape;
FAP7100000, 3.4 mm, 10G, 127 mm, spherical ice ball shape; or FAP7200000, 3.4 mm,
10G, 140 mm, elliptic ice ball shape) and cycle durations were selected by the treating
physician based on the size, number, accessibility, and anatomical location of the FA, in
accordance with the manufacturer’s user manual.(32)

positioning B Ice ball formation
= : e

A Cryoprobe

i

'l
|

Figure 1. Procedure real-time images (Original images taken by the authors.)

US-guided cryoprobe (white arrow) centering within the FA (a) and subsequent

ice ball (arrowheads) formation (b)

The 2.4 mm (13G) probe was primarily used for smaller FAs or in situations where a
narrower diameter minimized tissue trauma during insertion. The 3.4 mm (10G) probes
produced larger ice balls and were therefore suitable for medium to larger lesions.
Variations in probe length (127 mm vs. 134-140 mm) enabled the physician to access
lesions at different depths while ensuring accurate positioning of the cooling zone at the
lesion centre. Additionally, the availability of spherical and elliptical ice-ball
configurations allowed better adaptation to lesion geometry, facilitating complete

coverage of the FA.

Freeze—thaw—freeze cycle durations were individualized to achieve full lesion coverage
by the —20 °C lethal isotherm of the ice ball, which was monitored in real time under US

guidance. When the ice ball did not fully encompass the lesion, such as in larger FAs, the

14



cryoprobe was sequentially repositioned after each freeze—thaw—freeze cycle to ensure

complete treatment.

All patients received local anaesthesia with 1% lidocaine (10 ml) prior to the procedure.
When the FA was located within 1 cm of the skin, saline hydrodissection (10-50 ml) was
performed to prevent skin frostbite. None of the patients underwent surgical excision

following CA.

7.1.5. Variables and Outcome Measures

FA dimensions before and after CA were assessed using US imaging, and the volume
was calculated as [n/6xlengthxwidthxdiameter (cm3)]. The duration of the CA freeze—
thaw—freeze cycles and any complications occurring during the procedure or within 3

days post-CA were recorded. Follow-up visits were scheduled at 1, 3, 6, and 12 months.

7.1.6. Statistical Methods and Evidence Synthesis

For statistical analysis, two analysis sets were defined. The Safety Analysis Set (SAS)
included all patients who underwent the CA procedure and captured adverse events
occurring during the procedure and up to 3 hours post-procedure. The Analysis Set (AS)
comprised all patients who underwent CA without major protocol deviations and had at
least one follow-up visit at either 6 months (+1.5 months) or 12 months (+1.5 months)
post-CA. Major protocol deviations included incomplete treatment, missing follow-up,

or a follow-up duration of less than 1.5 months.

Continuous variables were summarized using the mean, standard deviation (SD), median,
and range, while categorical variables were presented as counts and percentages. The
proportion of procedure-related adverse events was reported with 95% confidence

intervals (95% CI).

For each lesion and at each follow-up visit, the percentage reduction in lesion size relative
to baseline was calculated. The statistical significance of lesion size reduction at the 6-

and 12-month follow-up visits was assessed using the Wilcoxon signed-rank test.

Subgroup analyses were performed according to probe type using the Kruskal-Wallis

test, and correlations with age and body mass index (BMI) were evaluated using

15



Spearman’s rank correlation coefficient. A p-value < 0.05 was considered statistically

significant for all analyses.

Statistical analyses and data management were conducted using SAS version 9.4 (SAS

Institute Inc., Cary, NC, USA).

7.2. Study I

7.2.1. Methodology and Protocol

The study was reported in accordance with the PRISMA 2020 guidelines, with reference
to the Cochrane Handbook for Systematic Reviews of Interventions.(33) The study
protocol was registered in the PROSPERO database under registration number

CRD42021283152.

7.2.1. Information Sources, Search Strategy and Eligibility Criteria

A systematic literature search was conducted on October 17, 2021, across three major
medical databases (MEDLINE, Embase, and CENTRAL). The search was repeated on
February 15, 2023, to identify any additional relevant studies. No language or date
restrictions were applied. The same search strategy was used in all databases: “(kidney
OR renal) AND (transplant OR graft OR recipients OR allograft) AND (elasticity OR
elastograph® OR "shear-wave" OR "shear wave" OR SWE OR ultrasonograph®* OR
ultrasound OR acoustic OR ARFI) AND (dysfunction OR stiffness OR fibrosis OR

structure OR parenchyma)”.

Observational studies involving kidney transplant recipients that reported correlation
coefficients between SWE values and parameters of kidney dysfunction were considered
eligible. Kidney dysfunction parameters included fibrosis, RI, serum creatinine, and
eGFR. Animal studies, reviews, letters, case reports, and studies employing transient or

magnetic resonance elastography (MRE) were excluded.

7.2.2. Study Selection and Data Extraction

Two independent reviewers (TF and ASz) screened potentially eligible studies. EndNote
X9 (Clarivate Analytics) reference management software was used during the study
selection process. Following the removal of duplicates, studies were screened by title and

abstract, after which full-text articles were assessed for eligibility. Inter-rater agreement

16



was evaluated using Cohen’s kappa coefficient (k) after each screening step. Any
disagreements regarding study eligibility were resolved by consultation with a third
reviewer (BT). Backward and forward citation searching of all eligible articles was also

performed to identify additional relevant studies.

Data extraction was conducted independently by two authors (TF and AF), with
disagreements resolved by a third reviewer (BT). Data were collected using predefined
Excel spreadsheets (Microsoft Corporation). Extracted information included study
characteristics (first author, year of publication, Digital Object Identifier [DOI], study
design, study location, and number of patients), baseline patient characteristics (age, sex,
time since transplantation, donor type [living or deceased], and Banff fibrosis scores,
when available), and technical details of the US devices and SWE techniques. Raw SWE
data, available information on operators, and outcome data were also collected. For study
outcomes, correlation coefficients (Pearson’s or Spearman’s) and corresponding p values
between SWE measurements and kidney dysfunction parameters were extracted or

calculated. When key data were missing, study authors were contacted for clarification.

7.2.3. Quality of Evidence Assessment and Risk of Bias

Risk of bias was assessed independently by two authors (FT and AF) using the QUADAS-
2 tool,(34) which evaluates both risk of bias and concerns regarding applicability. Risk
of bias was examined across four domains: patient selection, index test, reference
standard, and flow and timing. Applicability concerns were assessed in three domains:
patient selection, index test, and reference standard. Any disagreements in quality

assessment were resolved with the involvement of a third reviewer (BT).

Assessment of publication bias was not performed, as the number of included studies did

not reach the minimum threshold of 10 required for this analysis.

7.2.4. Data Synthesis and Analysis

A minimum of three studies per outcome was required for inclusion in the meta-analysis.
Outcomes that did not meet this criterion were presented in Forest plots for descriptive
visualization only. Statistical analyses were performed using the R programming
language (R Core Team, 2019; version 4.1). Random-effects meta-analyses of correlation

data were conducted using the metacor function from the meta package (version 5.5).(35)

17



Using the extracted correlation coefficients (r) from individual studies, pooled correlation
coefficients with 95% CI were calculated employing a random-effects model with
inverse-variance weighting and Restricted Maximum Likelihood method estimator for
between-study variance.(36) Prior to analysis, correlation coefficients were transformed
to Fisher’s z values (z = 0.5 log e (1+1/1-1)), except in studies with very large sample
sizes.(37) This transformation was performed automatically by the metacor function by

setting the sm argument to "ZCOR".

Pearson’s and Spearman’s correlation coefficients were analyzed separately and not
pooled together, as Pearson’s correlation assumes a linear relationship between
continuous variables, whereas Spearman’s rank correlation assesses monotonic but
potentially nonlinear associations. Correlation strength was interpreted as follows: 0.00—
0.10 negligible, 0.10-0.39 weak, 0.40—0.69 moderate, 0.70-0.89 strong, and 0.90-1.00
very strong.(38) A p value < 0.05 was considered statistically significant. Forest plots

were used to visually summarize the results.

Statistical heterogeneity was assessed using Cochran’s Q test, with p < 0.10 indicating
significant heterogeneity. The I* statistic and its 95% CI were also reported, representing
the proportion of total variation across studies attributable to between-study
heterogeneity.(39) In accordance with the Cochrane Handbook for Systematic Reviews
of Interventions,(33) I? values of 0%—40% were considered potentially unimportant,
30%—60% moderate, 50%—-90% substantial, and 75%—100% considerable heterogeneity.
Where applicable, prediction intervals were also reported to indicate the expected range

of effects in future studies.(40)

18



8. RESULTS

8.1. Study I: Retrospective Analysis of Prospectively Collected Data

8.1.1. Study Population

In total, 78 patients with 123 FAs underwent CA procedures. Cases in which a palpable
lump was detected after treatment were followed and monitored regularly. None of
these lesions showed growth, and consequently, no patients required surgical excision

following CA. The patient flow is illustrated in Figure 2.

Database query
Patients treated with
cryoablation for
fibroadenoma
n=123

Safety analysis set

n=123
»| Excluded
L - incomplete treatment (n=3)
Analysis Set - no follow-up data (n=1)
n=119

/ N\

6 1.5 Months 12 £1.5 Months
Follow-up Follow-up
n=69 n=80

Figure 2. Patient's flow (n number of fibroadenomas)

The mean and median ages of the patients were 34.2 years (SD £+ 9.8) and 31.5 years (IQR
26-34), respectively, with an age range of 17 to 66 years. The majority of patients (62%)
were 35 years old or younger. The mean body mass index (BMI) was 22.3 + 4.5, and most

women (81.7%) had a BMI below 25 (Table 1).
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Table 1. Patient characteristics

Parameter SAS AS
Age (years) N 78 76
Mean + SD 342+£9.8 343+£99
Min, Max 17, 66 17, 66
Median [IQR] 31.5[26, 43] 32.5[26, 43]
Weight (kg) N 60 58
Mean + SD 61.8 +10.7 61.7+£10.8
Min, Max 42,100 42,100
Median [IQR] 61 [54, 66] 61 [54, 66]
BMI N 60 58
Mean + SD 22.3+4.5 223+4.5
Min, Max 16,37.8 16,37.8
Median [IQR] 21.9[19.1,23.9] 21.8[19.1, 23.9]
BMI <25 N 49 47
% 81.7 81.0

SAS Safety Analysis Set; A4S Analysis Set; N number of patients with

available data; SD standard deviation; Min minimum; Max maximum,;

IOR interquartile range; kg kilogram; BMI body mass index;

The number of FAs per patient ranged from 1 to 4. Most patients (85%) had one or two

FAs, with 60% presenting with a single lesion and 25% with two lesions (Table 2).
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Table 2. Number of FAs per patient

Number of Number of  Total Number

FAs Patients (%) of FAs
1 47 (60) 47
2 19 (25) 38
3 10 (13) 30
4 2 (3) 8
Total 78 123

FA fibroadenoma

FAs were evenly distributed between the left and right breasts, with the upper outer

quadrant being the most common location (28%) (Figure 3).

Upper

¥ 13

(8%)

Lower

Outer Inner

Figure 3. Fibroadenoma localisation

Distribution of the different FAs by quadrant location.
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FAs’ size, assessed by the maximum lesion diameter, and volume showed wide

variability. Diameters ranged from 7 mm to 80 mm (mean 25.0 = 10.8), while volumes

ranged from 0.1 to 62.8 cm® (mean 5.7 cm’®+ 7.9 cm?).

In the majority of procedures (90.2%), a 3.4 mm (10G) cryoprobe was used, in accordance

with the manufacturer’s recommendations (see Methods section for details). The mean

procedure time for the freeze—thaw—freeze cycle was 13.0 = 10.4 minutes (Table 3).

Table 3. FA characteristics at baseline and procedure features

SAS AS
Parameter
N=122 N=119
FA
FA size Width Mean = SD 25+10.9 24.8 +10.7
(mm) Min, Max 7, 80 7, 80
Median [IQR] 25 [16, 32] 25 [16, 31]
Height Mean + SD 19.7 £ 8.6 19.6 + 8.6
(mm) Min, Max 6, 50 6, 50
Median [IQR] 19.5 [13, 25] 19.0 [13, 25]
Depth Mean = SD 142+74 13.8+£6.5
(mm) Min, Max 3,54 3,38
Median [IQR] 1319, 18] 1319, 18]
Volume Mean + SD 5.7+£8.0 54+75
(cnv) Min, Max 0.1, 62.8 0.1, 62.8
Median [IQR] 3.510.9,7.4] 3.3[0.9,7.2]
FA location Left breast 59 (48.4%) 58 (48.7%)
Right breast 63 (51.6%) 61 (51.3%)
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SAS AS
Parameter
N=122 N=119
Procedure
Cryoprobe diameter 2.4 (13G) 12 (9.8%) 12 (10.1%)
(mm) 3.4 (10G) 110 (90.2%) 107 (89.9%)
Probe length 127 (10G) 70 (57.4%) 68 (57.1%)
(mm) 134 (13G) 12 (9.8%) 12 (10.1%)
140 (10G) 40 (32.8%) 36 (32.8%)
Cryoablation time N 116! 112!
(minute) Mean + SD 13.0+10.4 128+ 9.9
Min, Max 33,56 3.3,56
Median [IQR] 916, 15] 916, 15]
Follow up time N 123 119
(months) Mean + SD 16.3+10.0 16.2+10.0
Min, Max 1.1,42.2 1.1,42.2
Median [IQR] 13.011.7,23.3] 12.9[11.7,23.3]

!For 5 subjects, the cryoablation procedure was done on two FAs during the same procedure.
Therefore, the procedure time for these cases was only considered once.
SAS Safety Analysis Set; A4S Analysis Set; N number of patients; SD standard deviation; /OR

interquartile range; Min minimum; Max maximum; kg kilogram; cm centimeter

8.1.2. Procedure

In most cases (76%, 91/119), a single freeze-thaw-freeze cycle was used per FA. The
same approach was applied more than one lesion was present, provided the lesions were
located close to each other ( <5 mm apart). In the remaining cases, one or more cryoprobe

relocations were performed by partially or completely withdrawing and repositioning the
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probe to allow additional freeze—thaw—freeze cycles. Probe relocation was employed
when 1) two or more FAs were located far apart, 2) the FA was large, or 3) the lesion’s

location did not permit complete treatment within a single cycle.

8.1.3. Primary Outcome: Efficacy — Volume Reduction

At the 12-month follow-up (mean 16.3 + 10 months), patients with available data
demonstrated a significant median reduction in FA volume of 92.9% (IQR 73.6—100; p <
0.0001). Volume reduction occurred gradually over time, with a pronounced decrease
observed at the 6-month follow-up (median 80.6% [IQR 56.6-92.6]) followed by a more
modest reduction between 6 and 12 months (Figure 4). Analyses included all treated FAs
regardless of initial size, encompassing lesions with maximum diameters of up to 80 mm

and volumes as large as 62.8 cm?.

0
10
20
30
40
50
60

70 80.6%

80 92.9%

% volume Reduction (median)

90
100

Figure 4. Median percent FA volume reduction.

The median percentage volume reduction of FA at 6 + 1.5 and 12 + 1.5 months
was calculated for all FAs that had data at either time point (see Methods for
details).
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8.1.4. Efficacy — Volume Reduction Subgroup Analyses

Subgroup analyses were conducted to assess whether patient-, lesion-, or procedure-
related characteristics influenced the percentage of FA volume reduction at 12 months.
Variables evaluated included age, body mass index (BMI), lesion size (>4 cm), and
cryoprobe type. None of these factors showed a statistically significant association with
treatment response, indicating that the efficacy of CA was consistent across different
patient characteristics, lesion sizes, and cryoprobe types.

Spearman’s correlation analyses for age and BMI were not statistically significant (p =
0.69 and p = 0.46, respectively). Similarly, the Kruskal-Wallis test demonstrated no
significant difference in 12-month volume reduction among the three cryoprobe types
used (p = 0.6831).

Seven patients presented with large FAs (>4 cm in the largest dimension), accounting for
a total of eight lesions. Patient ages ranged from 17 to 45 years, and lesion sizes ranged
from 41 to 80 mm. Three patients (P1, P3, and P6) each had a single lesion larger than 4
cm; one patient (P2) had two lesions larger than 40 mm; and three patients (P4, P5, and
P7) had one large lesion along with two additional lesions smaller than 40 mm (Table 4).
As observed for smaller lesions, the volumes of large FAs decreased over time following
CA, with an initial marked reduction followed by a more gradual decrease during
extended follow-up (Figure 5). At a mean follow-up of 12.9 + 4.6 months (range 3.2—-17.7
months), the mean and median volume reduction rates were 87 = 1% and 91% (IQR 82%—
91%), respectively. One lesion (L3) in patient 5 (P5) demonstrated a rapid linear
reduction, reaching an 84% volume decrease at 3.2 months; however, this patient was

subsequently lost to follow-up, and the final reduction could not be determined.
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Table 4. Characteristics of patients with a lesion(s) larger than 40 mm

Patient Age  Number Lesion (L) Lesion Number Total
P) of number and Location  of cycles Cryoablation
number lesions size* time
(Years) (mm) (minute)
P1 26 1 L1, 45 UuoQ 2 15
L1,42 9:00 3
P2 17 2 56
L2,44 9:00 3
P3 45 1 L1, 80 U0oQ 3 24
L122 9:00 1
P4 42 3 L2,32 6:00 1 51
L3,41 12:00 1
L1, 16 LIQ 1
P5 38 3 L2,28 6:00 1 36
L3, 42 LIQ 1
P6 30 1 T1, 48 UlQ 3 33
T1, 21 LOQ 1
P7 34 3 T2, 21 9:00 1 48
T3, 43 9:00 1

UOQ Upper Outer quadrant; UIQ Upper Inner Quadrant; LOQ Lower Outer Quadrant; L/Q
Lower Inner Quadrant; mm millimeter

* In the largest dimension
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Figure 5. Volume reduction for lesions larger than 40 mm

The graph presents the percentage volume reduction over time following CA of
eight FAs in seven patients. Each line represents an individual FA with available
follow-up measurements. Volume reduction was calculated at each time point

where post-procedural data were available (see Methods for more details).

8.1.5. Secondary Outcome — Safety

One adverse event was reported (1/123=0.81% [95%CI: 0.02%-4.45%]), consisting of a
minor skin burn that resolved with conservative management using warming pads,

without the need for further intervention.

Three incomplete treatments were documented (3/125, 2.4%). One was due to a technical
limitation (cryoprobe malfunction), which resulted in an untreated peripheral zone of
approximately 2 mm. Another was related to the lesion’s proximity to the nipple, leaving
a 1 mm peripheral zone untreated. The third involved a patient who had previously
undergone CA for two FAs; at the 1-year follow-up, residual viable (vascularized) tissue
was detected on US in the medial (12 x 23 mm) and caudolateral (13 x 7 mm) regions,
prompting a second CA procedure to complete treatment. Consequently, the overall

complete treatment rate was 97.6% (122/125).
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8.2. Study II: Meta-Analysis

8.2.1. Study Search and Selection

The systematic search identified a total of 6,956 records. Inter-rater reliability was high,
with Cohen’s kappa values of 0.82 for title and abstract screening and 1.00 for full-text
selection. Following the study selection process, 16 studies (24, 29, 41-54) were included
in the meta-analysis, including one study (41) identified through reference searching. A

detailed overview of the study selection process is presented in Figure 6.

[ Identification of studies via databases and registers ] [ Identification of studies via other methods ]
o
c
= Records identified from: Records removed before
E Central (n = 108) screening: Records identified from:
= Embase (n = 2362) Duplicate records removed Citation searching (n = '1)
g PubMed (n = 4486) (n =846) 9
}
)
Records screened Records excluded
(n=6110) (n = 6058)
Reports sought for retrieval Reports not retrieved Reports sought for retrieval
o (n =59) (n=0) (n=1)
e
<
8 ! l
[x]
(2]
Reports assessed for eligibility Reports assessed for eligibility
(n=61) Reports excluded: 45 (n=1)
Conference abstracts (n= 19)
Outcome not reported (n= 22)
Reviews (n=4)
-/
3
° Studies included in review
3 (n=16)
=
S

Figure 6. PRISMA 2020 flowchart representing the study selection process.(55)
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8.2.2. Basic Characteristics of Included Studies

Baseline characteristics of the study populations and technical features of the included
studies are summarized in Tables 5 and 6, respectively. The articles were published
between 2010 and 2022, and a total of 931 patients were included in the meta-analysis.
One study (45) focused on a pediatric population, while all others evaluated adult
participants. Overall, the studies included patients from nine different countries. Two
articles (48, 54) were published in languages other than English and were translated with

the assistance of a professional translator.

Study populations were heterogeneous with respect to age (range: 4 months to 79 years),
sex distribution (15%—49.2% female), and kidney function. Inclusion criteria varied
across studies but were generally based on the assessment of renal transplant recipients
using US. Some studies enrolled patients with suspected graft pathology, whereas others

included stable recipients or a combination of both.
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Table 5. Main characteristics of included studies

Age (year) Sex Donor Time elapsed |Mean
Study Correlation | Study Country |No. of |Mean Range |(Female, |living/ since Tx (m) creatinine Mean eGFR
coefficient |period patien |+SD %) deceased | MM (range) | (mg/dl)
ts
Agrawal Pearson's 10.2018- |India 40 39.2 21-61 |15 N/A 22 (12-26) N/A 63.3
et al. 2021 07.2020 +11.7
Barsoum Spearman’s |02.2021- |Egypt 36 N/A N/A N/A 36/0 4,33 (2-8) 2,76 N/A
et al. 2022 08.2021
Chhajer Pearson's 01.2017- |India 172 43.8 9-64 |26.1 N/A 23.9 (3-180) N/A N/A
et al. 2021 03.2019
Chiocchini | Spearman's | N/A Italy 41 52 £16 N/A 38.1 1/40 9%(1-288) 3.6 24.9
etal. 2017
Dai Spearman's | 10.2010- |China 54 38 +10 20-65 |N/A N/A N/A N/A N/A
et al. 2014 07.2013
Desvignes Spearman's | N/A France 26 N/A 4m- 38.5 N/A N/A N/A N/A
et al. 2021 18y
Grenier Pearson's 01.2010- |France 39 512 18.5- |51 47/2 26.6% (0.3- 1.9 34
et.al. 2012 05.2010 69.9 214.3)
Ghonge Pearson's 10.2014- |India 60 40.8 20-73 |15 60/0 26.8 (0.3-160) |0.76/1.9/ |83.1/
etal. 2018 3.2016 +11.3 3.9 47.7/31.3°
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He Spearman's | 12.2011- |China 102 38 +£12 18-64 |32.3 N/A 31 (1-120) N/A N/A
etal. 2014 03.2013

Jarv Spearman's | 03.2017- |Estonia 100 53.3+9.4 |22-79 |41 N/A N/A N/A 53.8
et al. 2019 11.2017

Quin Pearson’s & |09.2020- |China 43 43¢ 38-56 |11.6 7/36 48 * (28-64) 235¢ 31.2
etal. 2022  |Spearman’s |08.2021

Soudmand | Pearson's N/A Turkey 65 38.8+14 |24.8- |23.1 51/14 N/A 24 N/A
etal. 2018 52.8

Stock Spearman's | 03.2009- |Germany |18 543 26-76 |27.8 2/16 22%(4.4-54.3) |2.6 28
et al. 2010 06.2009 +14.6

Tukhbatullin | Pearson's 02.2015- |Russia 32 42,9 £2.4 |N/A N/A N/A N/A N/A N/A
etal. 2017 05.2017

Wang Pearson's N/A Taiwan |40 45.3 21-68 |35 27/13 N/A 3.9 27.6
et al. 2017

Yang Spearman’s |03.2021- |China 63 45% 32-52 |49.2 N/A 382 (12-90) 24°% N/A
et al. 2022 11.2021

@ parameters represented as median, °: stable group/acute dysfunction group/chronic dysfunction group

eGFR estimated glomerular filtration rate, m months, mg/dl milligrams/deciliter, N/A not available, SD standard deviation, Tx

transplantation
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Table 6. Technical attributes of elastography in included studies

Elast h
Operators Technical attributes ROI as og.r aphy
evaluation
Study
Experience Renal
0. |( )p Device Manufacturer Transducer compartme | Location Technique | U
|V nt
A 1 iddl
grawa N/ N/A iu22 Philips Healthcare C5-1 convex (5-1 MHz) N/A upper, middle, SWE kPa
etal. 2021 |A lower pole
Barsoum N/ . 6C1 curvilinear (B-mode)/
N/A Aplio 500 | TOSHIBA N/A N/A WE kP

ctal. 2022 |A o 05 14L5 linear (SWE) 5 e
Chhajer N/ . upper, middle,
ctal 2001 | A N/A Logiq E9 | GE Healthcare N/A N/A lower pole SWE kPa
Chiocchini ) . . .

2 15 1U22 Philips Healthcare C5-1 convex N/A middle third |SWE kPa
etal. 2017
Dai N/ Acuson . ) upper, middle,
ctal 2014 | A N/A 32000 Siemens Healthineers | 4C1 convex (2-4 MHz) cortex lower pole p-SWE m/s
Desvignes . . .
et al. 2021 4 |7-25 Aixplorer® | SuperSonic Imagine |convex low frequency (2-5MHz) | cortex lower pole 2D-SWE  |kPa
Grenier cortex and kPa
etal. 2012 |2 |N/A Aixplorer® | SuperSonic Imagine |SC6-1 convex (3.5 MHz) medulla N/A 2D-SWE
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Ghonge o upper, lower,

1|1 EPIQ- Philips Health -1 A -SWE kP
et al. 2018 5 Q-7G ilips Healthcare C5—-1 convex N/ midinterpolar p-SW a
He Acuson Siemens 4C1 curved linear array . .

2 IN/A N/A ddle third -SWE /
et al. 2014 $2000 Healthineers (1,75-4MHz) fiddie tird - \p s
Jarv C5-1 convex 1
stal 2019 |2 320 Affiniti 70 | Philips Healthcare cortex APPEL TOWEL | swe kPa

' (5-1 MHz) pole

Quin MyLab

1 |>1 E A 1- A P-SWE kP
ot al. 2022 0 SExp saote Sp C1-8 convex cortex N/ SW a
Soudmand Acuson . . e
et al. 2018 1 |N/A $2000 Siemens Healthineers | 6C1 curvilinear cortex N/A p-SWE m/s
Stock Acuson . . upper, middle,
et al. 2010 3 |N/A $2000 Siemens Healthineers | curved array (4-1 MHz) N/A lower pole p-SWE m/s
Tukhbatullin | N/ 1
etual. 2?)117 n A N/A Aixplorer® | SuperSonic Imagine |convex  (1-6 MHz) N/A Ezfeer’ W 1oD.SWE  |kPa
Wang 1 |N/A Acuson Siemens Healthineers | linear (4-9 MHz) rtex N/A SWE m/
etal. 2017 $3000 e core P °
Yang N/ Voluson Cé6-1 curvilinear (B-mode)/
etal. 2022 | A N/A £20 GE Healthcare cortex N/A SWE kPa

L2-9 linear (SWE)

kPa kilopascal, MHz megahertz, m/s millimeters/second, N/A not available, p-SWE point-shear wave elastography, SWE shear wave

elastography, y year
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8.2.3. Quantitative and qualitative synthesis
8.2.3.1. Correlation between elastography and biopsy results

Nine studies (24, 29, 42-45, 47, 50, 51), comprising a total of 494 patients, reported
correlation coefficients between stiffness measured by SWE and histopathologically
assessed fibrosis (Figure 7). Pooled analyses demonstrated a moderate positive
correlation for Pearson (r=0.48; CI: 0.20, 0.69) and Spearman correlation coefficients
(r=0.57; CI: 0.35, 0.72). Heterogeneity analyses ondicated marked heterogeneity among
the studies with I* values of 84% (p = 0.002) and 74% (p= 0.002) for Pearson and

Spearman correlations, respectively.

Study Total Correlation COR 95%-Cl Weight
Spearman

Desvignes et al. 2021 26 0.18 [-0.22; 0.53] 156.1%
Chiocchini et al. 2017 41 — 0.38 [0.08;0.62] 17.9%
Stock et al. 2010 18 ; 0.47 [0.00;0.77] 12.5%
Barsoum et al. 2022 36 —&— 0.57 [0.30;0.76] 171%
Quin et al. 2022 43 —— 0.71 [053;083] 181%
Dai et al. 2014 54 —+ 0.80 [0.67;0.88] 19.2%
Random effects model 218 - 0.57 [0.35;0.72] 100.0%
Prediction interval [-0.25; 0.91]

2
Heterogeneity: 12 =74% [41%; 89%], T =0.08, p =0{002

Pearson

Grenier et al. 2012 39 + 0.28 [-0.04;0.54] 29.1%
Soudmand et al. 2018 65 — 0.38 [0.15;057] 33.1%
Chhajer et al. 2021 172 ] 0.66 [0.57;0.74] 37.7%
Random effects model 276 _ 0.48 [0.20; 0.69] 100.0%
Prediction interval [-1.00; 1.00]

2
Heterogeneity: 1% = 84% [62%; 95%] ,7 =0.08, p = 0J002
I I I |

-1 -0.5 0 0.5 1

negative correlation with biopsy positive correlation with biopsy

Test for subgroup differences: X f =032,df=1 (p =0.573)

Figure 7. Forest plot representing a moderate positive correlation between elastography

and biopsy results
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8.2.3.2. Correlation between elastography and arterial Resistive Index

Eight studies (24, 41, 43, 46, 50, 51, 53, 54), including a total of 371 patients, evaluated
the association between SWE measurements and renal arterial RI (Figure 8). Pooled
Pearson's correlation between SWE and RI demonstrated a weak positive association
(r=0.37; CI: 0.12, 0.57), with substantial heterogeneity among studies (I>= 73%; p <
0.011). In contrast, pooled Spearman correlation for the same outcome showed no
significant association (r= —0.02; CI: —0.24 to 0.20) and low heterogeneity (1>=17%;
p=0.302)

Study Total Correlation COR 95%-Cl Weight
Pearson

Soudmand et al. 2018 65 — 0.04 [-0.21;0.28] 21.7%
Quin et al. 2022 43 T 0.20 [-0.11;0.47] 19.3%
Wang et al. 2017 40 — & 0.42 [0.12;0.65] 18.9%
Agrawal et. al. 2021 40 L 042 [0.12;0.65] 18.9%
Ghonge et al. 2018 60 —a 0.56 [0.36;0.71] 21.3%
Random effects model 248 - 0.34 [ 0.13; 0.51] 100.0%
Prediction interval e [-0.36; 0.79]

Heterogeneity:.’2 =67% [15%; 87%, = 0.04, p = 0[016

Spearman

Chiocchini et al. 2017 42 — -0.21 [-0.48; 0.10] 35.8%
Stock et al. 2010 18 — 0.03 [-0.44;0.49] 23.9%
Yang et al. 2022 63 —EE— 0.10 [-0.15;0.34] 40.2%
Random effects model 123 s -0.02 [-0.24; 0.20] 100.0%
Prediction interval [-0.97; 0.96]

Heterogeneity: /> = 17% [ 0%; 91%, 7> = 0.01, p = 0.302
[ [ I 1

-1 -0.5 0 0.5 1
negative correlation with Rl  positive correlation with Rl
Test for subgroup ciiffer<=.~nces.:X12 =5.39, df = 1(p = 0.020)

Figure 8. Forest plot representing a weak positive correlation between RI and

elastography

8.2.3.3. Correlation between elastography and creatinine

The association between SWE measurements and serum creatinine levels was examined
in nine studies (24, 29, 41, 43, 46, 49, 50, 52, 54), encompassing a total of 478 patients

(Figure 9). Our results show a moderate positive Pearson's correlation between these two
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parameters (r= 0.50; CI: 0.1, 0.72), with considerable heterogeneity among studies (I*=
73%; p <0.001). Pooled results for Spearman’s correlation showed negligible correlation

(r=0.10; CI: —0.04 to 0.23), with no observed heterogeneity (1>=0%; p=0.953).

Study Total Correlation COR 95%-Cl Weight
Pearson

Soudmand et al. 2018 65 —— 0.03 [-0.22;0.27] 17.9%
Quin et al. 2022 43 —— 0.37 [0.08;0.60] 16.7%
Tukhbatullin et al. 2017 32 —_— 0.38 [0.03;0.64] 15.6%
Chhajer et al. 2021 33 —_— 0.43 [0.10; 0.67] 15.7%
Ghonge et al. 2018 60 —+— 0.71 [0.56;0.82] 17.7%
Agrawal et. al. 2021 40 —+— 0.76 [0.59;0.87] 16.4%
Random effects model 273 _ 0.48 [0.22; 0.68] 100.0%
Prediction interval [-0.46; 0.91]

Heterogen.c.\ity:i2 = 85% [69%; 93%,7? = 0.11, p < 0|001

Sperman

Chiocchini et al. 2017 42 —— 0.06 [-0.25;0.36] 31.2%
Jarv et al. 2019 100 — 0.10 [-0.10;0.29] 35.3%
Yang et al. 2022 63 T 0.12 [-0.13;0.36] 33.5%
Random effects model 205 T 0.10 [-0.04;0.23] 100.0%
Prediction interval [-0.67; 0.76]

Heterogeneity:/* = 0% [ 0%: 90%,1° =0, p = 0.953
[ [

-1 -0.5 0 0.5 1
negative correlation with Creatinine positive correlation with Creatinine

Test for subgroup dif'feren(:es:X12 =6.43,df =1(p =0.011)

Figure 9. Forest plot representing a moderate positive correlation between creatinine

and elastography

8.2.3.4. Correlation between elastography and eGFR

For eGFR six studies (41, 43, 46, 48-50) reported correlation coefficients, comprising a
total of 380 patients (Figure 10). The pooled Pearson correlation demonstrated a moderate
negative association between SWE and eGFR (1= —0.65; CI: -0.81 to 0.40). In this case,
heterogeneity was substantial (1>=73%, p=0.023). The results with pooled Spearman's
correlation coefficient did not show a statistically significant correlation (= —0.24; CI:
—0.66 to 0.30), and heterogeneity between the studies was significant (I>= 95%; p <
0.001).
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Study Total Correlation COR 95%-Cl Weight

Pearson

Agrawal et. al. 2021 40 . -0.76 [-0.86;-0.58] 33.0%
Ghonge et al. 2018 60  m -0.72 [-0.83;-058] 34.4%
Quin et al. 2022 36 — -0.37 [-0.63;-0.05] 32.5%
Random effects model 136 = -0.65 [-0.81; -0.40] 100.0%
Prediction interval [-1.00; 1.00]

Hetr—:rogeneity:l2 =73% [11%:; 92%] +* = 0.07, p = 0/023

Spearman

He et al. 2014 102 . -0.66 [-0.76;-0.53] 34.1%
Chiocchini et al. 2017 42 — -0.02 [-0.33; 0.28] 31.8%
Jarv etal. 2019 100 It 0.10 [-0.10; 0.29] 341%
Random effects model 244 _— -0.24 [-0.66; 0.30] 100.0%
Prediction interval [-1.00; 1.00]

Heterogeneity:i2 =95% [89%; 98%)] v =0.22 p < 0{001
I I I |

-1 -0.5 0 0.5 1
negative correlation with eGFR positive correlation with eGFR

Test for subgroup differences:xf =2.54,df=1(p =0.111)

Figure 10. Forest plot representing no correlation between eGFR and elastography

8.2.4. Risk of Bias Assessment

Among the four studies (43-45, 51) that evaluated the correlation between SWE and
histopathology using Spearman's correlation, only two (44, 51) did not report whether the
index test and reference standard were interpreted blindly. Regarding RI, concerns about
bias were high in the domains of index test and reference standard, as SWE and Doppler
US were examinations performed in the same session by the same radiologist, precluding
blinded interpretation. However, one study (46) reported that US examinations were
conducted blinded to clinical data. Consequently, the overall risk of bias for this outcome
was considered high, although concerns regarding applicability were deemed low.
Assessment of outcomes related to laboratory parameters was more challenging because
detailed laboratory test results were often not reported. Nevertheless, most studies (29,
43, 46, 48, 49) stated that SWE assessments were performed blinded to clinical data.
Overall, the risk of bias varied from low to high across different outcomes, while concerns

regarding applicability were consistently judged to be low (Table 6-13, Figure 10-17).
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Table 6. Assessment of the risk of bias and applicability of included studies for

Spearman's correlation between elastography and biopsy results representing a low risk

of bias with some uncertainty and no applicability concerns

STUDY RISK OF BIAS APPLICABILITY CONCERNS

Patient Index test | Reference | Flow and Patient Index test | Reference
selection standard timing selection standard

Desvignes © © © © © © ©

et al. 2021

Chiocchini © © © © © © ©

etal. 2017

Stock et al. © © 2 © © © ©

2010

Barsoum © ? ? © © © ©

et al. 2022

Quin © © © © © © ©

etal. 2022

Dai et al © ? ? Vi © © ©

2014

©Low Risk ®High Risk ? Unclear Risk

in

QUADAS-2 Doma

FLOW AND TIMING

REFERENCE STANDARD

INDEX TEST

PATIENT SELECTION

OLlow OHigh OUnclear

0% 20% 40% 60%
Proportion of studies with low, high or unclear

RISK of BIAS

80% 100%

0% 20%

40% 60%

80% 100%

Praportion of studies with low, high, or unclear
CONCERNS regarding APPLICABILITY

Figure 10. Diagram representing a low risk of bias with some uncertainty and no

applicability concerns of included studies for the correlation between elastography and

biopsy results assessed by Spearman's correlation
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Table 7. Assessment of the risk of bias and applicability of included studies for Pearson's

correlation between elastography and biopsy results showing low risk

STUDY RISK OF BIAS APPLICABILITY CONCERNS
Patient Index test | Reference | Flow and Patient Index test | Reference
selection standard timing selection standard
Gernier © © © © © © ©
et.al. 2012
Soudmand @ @ @ @ @ @ @
etal. 2018
Chhajer © © © © © © ©
etal. 2021

©Low Risk ®High Risk ? Unclear Risk

FLOW AND TIMING OLlow O High OUnclear
=
E REFERENCE STANDARD
3
~N
wv
<
2 INDEX TEST
>
o
PATIENT SELECTION
0% 20% 40% 60% 80% 100% 0% 20% 40% 60% 80% 100%
Proportion of studies with low, high or unclear Proportion of studies with low, high or unclear
RISK of BIAS CONCERNS regarding APPLICABILITY

Figure 11. Diagram representing a low risk of bias and applicability of included studies
for the correlation between elastography and biopsy results assessed by Pearson's

correlation
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Table 8. Assessment of the risk of bias and applicability of included studies for Pearson's

correlation between elastography and RI representing a high risk of bias in "reference

standard" and "index test" domains and no applicability concerns

STUDY RISK OF BIAS APPLICABILITY CONCERNS
Patient Index test | Reference | Flow and Patient Index test | Reference
selection standard timing selection standard
Soudmand @ @ @ @ @ @ @
etal. 2018
Quin © ® ® © © © ©
et al. 2022
Wang © ® ® © © © ©
etal. 2017
Agrawal © ® ® © © © ©
et.al. 2021
Ghonge © ® ® © © © ©
etal. 2018
©Low Risk ®High Risk ? Unclear Risk
FLOW AND TIMING OLow OHigh OUnclear

.g REFERENCE STANDARD

Q

2

2 INDEX TEST

3

PATIENT SELECTION
0% 40% 60% 80% 100% 0% 20% 40% 60% 80% 100%
Proportion of studies with low, high or unclear Proportion of studies with low, high or unclear
RISK of BIAS CONCERNS regarding APPLICABILITY

Figure 12. Diagram representing a high risk of bias in "reference standard" and "index

test" domains and no applicability concerns of included studies for the correlation

between elastography and RI assessed by Pearson's correlation
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Table 9. Assessment of the risk of bias and applicability of included studies for

Spearman's correlation between elastography and RI representing a high risk of bias in

"reference standard" and "index test" domains and no applicability concerns

STUDY RISK OF BIAS APPLICABILITY CONCERNS
Patient Index test | Reference | Flow and Patient Index test | Reference
selection standard timing selection standard
Chiocchini @ @ @ @ @ @ @
etal. 2017
Stock et al. @ @ @ @ @ @ @
2010
Yang et al. © ® ® © © © ©
2022
©Low Risk ®High Risk ? Unclear Risk
FLOW AND TIMING OLow OHigh OUnclear

£

g REFERENCE STANDARD

a

2

2 INDEX TEST

3

PATIENT SELECTION
0% 20% A40% 60% 80% 100% 0% 20% 40% 60% 80% 100%
Proportion of studies with low, high or unclear Proportion of studies with low, high or unclear
RISK of BIAS CONCERNS regarding APPLICABILITY

Figure 13. Diagram representing a high risk of bias in "reference standard" and "index
test" domains and no applicability concerns of included studies for the correlation

between elastography and RI assessed by Spearman's correlation
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Table 10. Assessment of the risk of bias and applicability of included studies for

Pearson's correlation between elastography and creatinine representing an uncertain risk

of bias in "reference standard" and "index test" domains and no applicability concerns

STUDY RISK OF BIAS APPLICABILITY CONCERNS
Patient | Index test | Reference | Flow and Patient Index test | Reference
selection standard timing selection standard
Soudmand @ 9 9 @ @ @ @
etal. 2018
Quin @ 9 9 @ @ @ @
et al. 2022
Tukhbatullin @ 9 9 @ @ @ @
etal. 2017
Chhajer @ @ ? @ @ @ @
et al. 2021
Ghonge © © ? © © © ©
etal. 2018
Agrawal © ? ? © © © ©
et.al. 2021
©Low Risk ®High Risk ? Unclear Risk
FLOW AND TIMING OLow OHigh OUnclear

‘E REFERENCE STANDARD
8
2
g INDEX TEST
]

PATIENT SELECTION

0% 26% 46% s(;% 36% 100% 0% 0% 4% 0% s0%  100%
Proportion of studies with low, high or unclear Proportion of studies with low, high, or unclear
RISK of BIAS CONCERNS regarding APPLICABILITY

Figure 14. Diagram representing an uncertain risk of bias in "reference standard" and

"index test" domains and no applicability concerns of included studies for the correlation

between elastography and creatinine assessed by Pearson's correlation
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Table 11. Assessment of the risk of bias and applicability of included studies for

Spearman's correlation between elastography and creatinine representing an uncertain

risk of bias in "reference standard" domain and no applicability concerns

STUDY RISK OF BIAS APPLICABILITY CONCERNS
Patient | Index test | Reference | Flow and Patient Index test | Reference
selection standard timing selection standard
Chiocchini et © 2 © © © ©
al. 2017
Jary © ? © © © ©
etal. 2019
Yang ? ? © © © ©
et al. 2022
©Low Risk ®High Risk ? Unclear Risk
FLOW AND TIMING OLlow OHigh OUnclear

‘E REFERENCE STANDARD
8
o
2
2 INDEX TEST
=2
<4

PATIENT SELECTION

0% 0% 0% 6% s 100% 0% 0% 4% 0% s0%  100%
Proportion of studies with low, high or unclear Proportion of studies with low, high, or unclear
RISK of BIAS CONCERNS regarding APPLICABILITY

Figure 15. Diagram representing an uncertain risk of bias in "reference standard" and

domain and no applicability concerns of included studies for the correlation between

elastography and creatinine assessed by Spearman's correlation
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Table 12. Assessment of the risk of bias and applicability of included studies for

Pearson's correlation between elastography and eGFR representing an uncertain risk of

bias in "reference standard" and “index test” domain and no applicability concerns

STUDY RISK OF BIAS APPLICABILITY CONCERNS
Patient Index test | Reference | Flow and Patient Index test | Reference
selection standard timing selection standard
Agrawal © ? ? © © © ©
etal. 2021
Chiocchini @ @ 2 @ @ @ @
etal. 2017
Quin © ? ? © © © ©
et al. 2022
©Low Risk ®High Risk ? Unclear Risk

QUADAS-2 Domain

FLOW AND TIMING

REFERENCE STANDARD

INDEX TEST

PATIENT SELECTION

Olow OHigh OUnclear

0% 20%
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Proportion of studies with low, high or unclear

RISK of BIAS
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Proportion of studies with low, high, or unclear
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40%
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Figure 16. Diagram representing an uncertain risk of bias in "reference standard" and

“index test” domain and no applicability concerns of included studies for the correlation

between elastography and eGFR assessed by Pearson's correlation
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Table 13. Assessment of the risk of bias and applicability of included studies for

Spearman's correlation between elastography and eGFR representing an uncertain risk of

bias in "reference standard" domain and no applicability concerns

STUDY RISK OF BIAS APPLICABILITY CONCERNS
Patient Index test | Reference | Flow and Patient Index test | Reference
selection standard timing selection standard
He © © ? © © © ©
etal. 2014
Chiocchini @ @ 2 @ @ @ @
etal. 2017
Jarv © © ? © © © ©
etal. 2019
©Low Risk ®High Risk ? Unclear Risk
FLOW AND TIMING Olow OHigh OUnclear
.E REFERENCE STANDARD
o
2
2 INDEX TEST
2
[=]
PATIENT SELECTION
0% 2(;% 4(3% 6(;% B(;% 100% 0% 20% 40% 80% 100%
Proportion of studies with low, high or unclear Proportion of studies with low, high, or unclear
RISK of BIAS CONCERNS regarding APPLICABILITY

Figure 17. Diagram representing an uncertain risk of bias in "reference standard" domain

and no applicability concerns of included studies for the correlation between elastography

and eGFR assessed by Spearman's correlation
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9. DISCUSSION

9.1. Summary of Findings, International Comparisons

9.1.1. Studyl

This retrospective, single-center study represents the first Hungarian experience with CA
for breast FA and evaluated treatment outcomes in a heterogeneous population with
respect to age, lesion number, and FA size. CA was performed under local anesthesia,
required a short procedural time, and allowed same-day discharge with immediate return
to normal activities. Despite the use of multiple cryoprobe relocations in some cases, the
complication rate was extremely low, with only one minor adverse event reported,
comparing favorably with complication rates reported for VAE and surgical excision.(56-

58)

Aesthetic outcomes were uniformly excellent, with no unfavorable cosmetic changes
observed, and the complete treatment rate (97.6%) was comparable to or exceeded rates
reported after VAE.(58) Treatment efficacy was high, with a median FA volume
reduction of approximately 93% at 12 months, including lesions up to 80 mm in maximal
diameter. No significant associations were found between volume reduction and patient
age, body mass index, or cryoprobe type, suggesting a consistent treatment response

across subgroups.

Compared with earlier studies reporting lower response rates in larger lesions,(6, 14, 15)
the present study demonstrated volume reductions at 6 and 12 months that were equal to
or greater than those previously published. Variability among studies is likely attributable
to differences in lesion size, assessment methods, CA protocols, and follow-up
duration.(15) The individualized treatment approach applied in this study—tailoring
freeze cycles, probe relocation, and ice-ball coverage through multidisciplinary

planning—Ilikely contributed to the high efficacy observed.

Breast size, FA location, and breast tissue composition significantly affect the technical
success and safety of CA. Maintaining a safe distance from the skin and chest wall is
essential to avoid frostbite.(59, 60) Although FAs near the nipple can be technically
challenging due to risks to nipple function and sensation, CA can be performed safely in

this location. Dense breast tissue may further complicate cryoprobe positioning.(61)
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Treatment may be recommended for patients with symptomatic FAs, such as those
associated with pain, palpability, or growth, and includes hormone therapy, surgical
excision (including VAE), and US-guided CA. The American Society of Breast Surgeons
(October 2018) guidelines report that CA has comparable efficacy and safety to open
surgical excision and endorse its use for FAs measuring less than 4 cm in maximum
diameter.(9) CA offers cosmetic advantages for breast tumors, including FAs and breast
cancer, as it preserves surrounding normal breast tissue and allows restoration of normal
or near-normal breast appearance. Consistent with the present study, recent reports of CA
for breast cancer show 100% patient satisfaction(62-64), compared with lower
satisfaction rates following VAE.(58) Moreover, CA is a significantly shorter procedure
(mean 13.0 £ 10.4 minutes per cycle in our study) and can be performed in an office
setting under local rather than general anesthesia,(64, 65) which is particularly beneficial
for women with multiple FAs.(6) Finally, CA is more cost-effective than surgical

excision, with substantially lower procedural costs(14).

US-based volumetric follow-up was considered an appropriate surrogate for treatment
success in biopsy-proven benign FAs.(8, 66) Given the predictable involution of treated
lesions and their confirmed benign nature, post-treatment excision was neither clinically
nor ethically justified. Overall, these findings support CA as a safe, effective,
cosmetically favorable, and cost-efficient alternative to surgical management for breast

FAs.

9.1.2. Study Il

This systematic review and meta-analysis assessed the association between renal allograft
stiffness measured by SWE, histopathological fibrosis, and clinical dysfunction
parameters in kidney transplant recipients. Overall, the analysis demonstrated a positive
correlation between SWE-measured kidney stiffness and biopsy-proven fibrosis, as well
as positive correlations with RI and serum creatinine, and a negative correlation with

eGFR.

SWE is already well established in the assessment of liver fibrosis,(67-71) and its
application in renal allografts is technically advantageous due to the superficial pelvic
location of transplanted kidneys.(72) Several studies have reported moderate-to-high

diagnostic performance of SWE in identifying graft dysfunction and differentiating
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fibrosis grades, with sensitivities and specificities ranging from approximately 70% to
over 90%.(29, 41, 48) Compared with MRE, US-based SWE offers faster, more

accessible, and cost-effective evaluation.(73-75)

IF/TA is a progressive process leading to declining kidney function and represents a major
cause of allograft injury, with generally poor graft survival once chronic tubulointerstitial
damage is established.(76, 77) The process begins early after transplantation, when
histological changes precede functional impairment, and progresses rapidly during the
first post-transplant year under the influence of immunologic factors, ultimately causing
irreversible glomerulosclerosis and nephron loss.(17, 78) Currently, fibrosis assessment
relies on biopsy, an invasive method that samples only a small fraction of the kidney.(76)
Moreover, interpretation is limited by the semi-quantitative Banff classification, which is

subject to variability and interobserver disagreement.(16, 79, 80)

Across the included studies, correlations between SWE and fibrosis varied widely, likely
reflecting differences in patient populations, fibrosis severity, biopsy indications, and
timing post-transplantation. Stronger correlations tended to be observed in cohorts with a
higher prevalence of advanced fibrosis, suggesting that SWE may be more sensitive in

detecting moderate-to-severe disease.(29, 43, 45, 47, 50, 51)

The relationship between SWE and Doppler-derived RI remains complex. R reflects both
vascular and parenchymal factors and is influenced by numerous systemic variables.(81-
88) Although a moderate positive correlation between SWE and RI was identified,
substantial heterogeneity across studies suggests these parameters may reflect

overlapping but not identical pathophysiological processes.

Regarding laboratory markers, kidney stiffness correlated positively with serum
creatinine and inversely with eGFR. However, since creatinine rises only in later stages
of graft dysfunction,(89) these parameters are limited in detecting early IF/TA. Overall,
while IF/TA has strong prognostic significance, conventional clinical markers alone
cannot reliably predict their presence, supporting SWE as a potentially valuable

adjunctive, noninvasive tool for allograft monitoring.

Since our publication interest is growing in applying SWE to monitor kidney allograft
health, with several studies focusing on prognostic value, fibrosis assessment, and

correlation with clinical parameters. A large prospective cohort (2020-2023) showed that
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increased allograft stiffness measured by SWE—especially medullary stiffness >10
kPa—is associated with higher risk of adverse outcomes such as a decline in kidney
function. Incorporating SWE parameters into machine-learning models (e.g., XGBoost)
improved prediction of graft deterioration compared with conventional labs alone.(90) A
prospective observational study by Ruidas et al. found that SWE parenchymal stiffness
correlated with histopathological grades of IF/TA in chronic renal allograft injury,
suggesting SWE may distinguish between mild, moderate, and severe graft fibrosis.(91)
SWE medullary stiffness has been repeatedly shown to add incremental prognostic value
for adverse outcomes in transplant recipients beyond traditional measures like eGFR and
albumin, supporting its potential role in risk stratification.(92) Technical and variability
issues (e.g., measurement heterogeneity, anisotropy effects, and operator dependence)
continue to be noted, underlining the need for standardized protocols and larger
multicenter studies to validate SWE as a reliable noninvasive biomarker in transplant

care.(93)
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9.1.3. Shared Advantages and Clinical Impact

Both US-guided CA and SWE illustrate the shared principles of modern image-guided

interventions:

. Real-time US guidance allows continuous monitoring of instruments and
treatment effects. During CA the growing ice-ball is directly seen, ensuring complete
ablation margin.(2) Similarly, SWE provides instantaneous stiffness maps to guide

diagnosis. Crucially, US involves no radiation, making repeated use safe.

. Reduced patient burden: These techniques avoid major surgery. CA is
percutaneous and often outpatient, sparing patients large incisions, general anesthesia,
and lengthy recovery.(1, 13) SWE entirely avoids any puncture, eliminating risks of

bleeding or infection. In both cases, recovery is faster and discomfort is minimal.

. Safety and cost-effectiveness: By minimizing complications, these methods cut
costs and improve value. IR procedures like CA have been shown to lower hospital days
and complication rates relative to surgery.(2) SWE also reduces costs by limiting invasive

tests. Overall, IR techniques are safer, faster, and more cost-effective for patients.(1, 13)

. Diagnostic and therapeutic roles: Together, they span IR’s dual mission. CA
provides a targeted therapy under imaging control, whereas SWE offers a diagnostic
biomarker from imaging. Both leverage US’s versatility: for example, SWE can
noninvasively track response to therapy (e.g. measuring residual stiffness post-ablation)

and help select patients for intervention.(13, 94)

. Alignment with current practice: In recent years these US-based methods have
been integrated into guidelines and practice algorithms. Major societies now endorse US
elastography for liver disease assessment (94) and increasingly for breast, thyroid, and
musculoskeletal imaging. Similarly, CA’s strong results have placed it in treatment
guidelines for renal and other tumors.(2, 95) These trends reflect radiology’s move toward

image-guided, minimally invasive care and precision diagnostics.(96)

In summary, US based techniques like CA and SWE exemplify the value IR brings to
modern medicine. They combine precision imaging with minimal invasiveness, yielding
high-quality care with less morbidity. Recent literature strongly supports their expanding

role in clinical practice.(2, 95) As IR continues to innovate, such approaches underscore
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the specialty’s impact: improving patient outcomes by making diagnosis and therapy

safer, faster, and more patient centric.(1, 13)
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9.2. Strengths

9.2.1. Study

Our retrospective study represents one of the largest reported cohorts from the Central
European region. A key strength is the demonstration that cryoprobe relocation—an
approach that has been infrequently described in the literature—can be performed safely
and effectively, particularly in the treatment of larger or multiple FAs. Furthermore, the
study cohort was heterogeneous with respect to patient age, as well as the number and
size of FAs, thereby reflecting the diversity encountered in routine clinical practice and

enhancing the real-world relevance of the findings.

9.2.2. Study Il

The systematic review and meta-analysis presented in this thesis is the first to evaluate
the correlation between SWE and parameters of kidney dysfunction. The use of a rigorous
and transparent methodology enabled a comprehensive assessment of renal function in a

kidney transplant population, thereby strengthening the validity of the findings.

9.3. Limitations

9.3.1. Study I

Some limitations should also be acknowledged. This was a single-centre study without a
control group, which limits the ability to draw comparative conclusions. In addition, the
study population consisted exclusively of patients who preferred to undergo CA, which
may introduce selection bias and limit the generalisability of the results to all patients
with FAs. Finally, the retrospective study design resulted in incomplete capture of certain
variables, such as palpation findings, which are inherently subjective and difficult to

standardize.

9.3.2. Study Il

Considering our work's limitations, only a limited number of studies were eligible for
inclusion in the meta-analysis, and the study populations were heterogeneous. A more
detailed exploration of heterogeneity was not feasible due to insufficient reporting of

relevant variables, which precluded meaningful subgroup analyses. In particular,
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subgroup analyses according to different grades of fibrosis could not be performed, as

such data were not consistently reported in the included studies.

Transplanted kidneys are located in the iliac fossa, and therefore lie more superficially
than native kidneys, allowing higher-quality SWE imaging.(48, 72, 97) Despite this
technical advantage, further research is required to determine the sensitivity and
specificity of SWE for detecting fibrosis in transplanted kidneys. In addition, the
relationship between renal elasticity and clinical dysfunction parameters, including RI,
serum creatinine, and eGFR, warrants further investigation to establish the reliability of
SWE as an adjunctive tool in renal function assessment. Future studies should also report

detailed population characteristics to facilitate more robust analyses.
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10. CONCLUSIONS

10.1. Study I

In summary, this study provides further evidence that CA using a liquid nitrogen system
is a safe and effective treatment modality for biopsy-proven breast FAs, resulting in a
92.9% reduction in lesion volume at one year following treatment. The findings suggest
that the indications for CA may extend beyond traditionally selected patients to include
those with larger lesions and multiple FAs. Importantly, the data demonstrate that
multiple sequential probe repositionings can be performed without compromising
procedural safety or therapeutic efficacy. CA was well tolerated, minimally invasive, and
associated with rapid post-procedural recovery, supporting its feasibility as an outpatient
alternative to surgical excision. By presenting real-world data from a heterogeneous
patient population, this work contributes to the growing body of evidence supporting the
broader clinical application of CA in the management of benign breast disease. However,
despite these encouraging results, further prospective, controlled studies are warranted to
confirm these findings and to more clearly define the role of CA within contemporary

treatment paradigms.

10.2. Study 1I

In conclusion, this study demonstrated a moderate positive correlation between renal
stiffness measured by SWE and histopathological findings on biopsy. The ability to
noninvasively assess renal fibrosis following transplantation is of substantial clinical
importance. Nevertheless, the current body of evidence remains insufficient to support
the use of elastography as an alternative to biopsy in the longitudinal management and

follow-up of kidney transplant recipients.
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11. IMPLICATIONS FOR PRACTICE

The findings of this work support the broader clinical integration of minimally invasive,
US-based diagnostic and therapeutic techniques. In kidney transplant careSWE shows
potential as a complementary, noninvasive tool for assessing renal allograft fibrosis and
dysfunction, particularly in patients where biopsy is contraindicated or repeated sampling
is undesirable. While SWE cannot yet replace biopsy, its use may help guide clinical
decision-making, risk stratification, and follow-up strategies when interpreted alongside

conventional clinical and laboratory parameters.

For benign breast disease, CA using a liquid nitrogen-based system represents a safe,
effective, and patient-centered alternative to surgical excision. Its minimal invasiveness,
favorable cosmetic outcomes, rapid recovery, and suitability for outpatient settings
support its broader adoption in appropriately selected patients. The demonstrated
feasibility of treating larger and multiple FA in a single session further expands its

practical applicability when performed by experienced interventional radiologists.

12. IMPLICATIONS FOR RESEARCH

12.1. Methodology and Study Design

Future research should focus on the development of standardized, vendor-specific SWE
acquisition protocols to improve reproducibility and comparability across studies and
clinical settings. Particular attention should be given to optimizing US parameters for
renal tissue, addressing known confounders such as anisotropy, perfusion, and patient-
related factors. Large, prospective studies correlating SWE findings with histopathology
are needed to define clinically meaningful cut-off values for fibrosis grading and stages

of allograft dysfunction.

In the context of CA, further prospective and multicenter studies with larger cohorts and
standardized outcome reporting would strengthen the evidence base. While randomized
comparisons with surgical techniques may be challenging due to fundamental differences
in invasiveness and patient preference, well-designed comparative effectiveness studies
could provide valuable insights into long-term outcomes, cost-effectiveness, and patient-

reported measures.
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12.2. New Areas

Emerging research should explore the integration of SWE with multiparametric US
approaches, combining elasticity measurements with Doppler indices, contrast-enhanced
US, and artificial intelligence—based image analysis to enhance diagnostic accuracy in
renal transplantation. Longitudinal SWE monitoring may also help identify early,

subclinical graft injury before irreversible damage occurs.

For interventional oncology and benign disease management, innovation should focus on
refining image-guided ablation strategies, including real-time treatment monitoring,
probe optimization, and personalized treatment planning. Expanding the use of CA to
additional benign and selected malignant indications may further reduce reliance on

surgery and advance the role of IR as a cornerstone of minimally invasive patient care.
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13. IMPLICATIONS FOR POLICY MAKERS

Although CA is an accepted and U.S. FDA—approved treatment for benign breast lesions,
specifically core-needle biopsy—confirmed FAs, it is not currently reimbursed by the
National Health Insurance Fund of Hungary, nor widely funded across Europe.(10) It is
anticipated that the efficacy and safety data presented in this study will contribute to the
growing body of evidence supporting CA and help facilitate its future inclusion within

national health insurance funds.
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14. FUTURE PERSPECTIVES

The findings of this thesis reinforce the evolving role of radiology from a primarily
diagnostic discipline toward a patient-centered, minimally invasive clinical specialty. As
a radiology resident with a strong interest in IR, this work has further shaped my
professional perspective on how imaging-guided therapies and advanced US techniques
can directly improve patient outcomes while minimizing physical and psychological

burden.

On a broader level, both CA and SWE exemplify the direction in which radiology is
heading: toward precision medicine, reduced invasiveness, and closer patient interaction.
As an aspiring interventional radiologist, my goal is to contribute to this transition by
combining technical excellence with thoughtful patient selection, clear communication,
and evidence-based practice. Future advances in US-based interventions will not only
expand therapeutic possibilities but also place radiologists in a more active clinical role—
one that allows us to offer patients treatments that are not only effective, but also safer,

gentler, and more aligned with their individual needs and values.
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