
Advances in Medical Sciences 69 (2024) 434–442
Contents lists available at ScienceDirect

Advances in Medical Sciences

journal homepage: www.elsevier.com/locate/advms
Original research article
Differentiation of solid and friable tumour thrombus in patients with renal
cell carcinoma: The role of MRI apparent diffusion coefficient

Paweł Kowal a,*, Krzysztof Ratajczyk a, Wiktor Bursiewicz a, Maciej Trzciniecki a,
Karolina Marek-Bukowiec b, Joanna Rogala c, Vasyl Kowalskyi d, Jozef Dragasek e,
Andrea Botikova f, Peter Kruzliak g,**, Yulian Mytsyk h

a Department of Urology, Regional Specialist Hospital, Wroclaw, Poland
b Research and Development Center, Regional Specialist Hospital, Wroclaw, Poland
c Department of Pathology, Regional Specialist Hospital, Wroclaw, Poland
d Department of Oncology and Radiology, Danylo Halytsky Lviv National Medical University, Lviv, Ukraine
e Faculty of Medicine, Pavol Jozef Safarik University and University Hospital, Kosice, Slovakia
f Faculty of Health and Social Work, Trnava University, Trnava, Slovakia
g 2nd Department of Surgery, Faculty of Medicine, Masaryk University and St. Anne's University Hospital, Brno, Czech Republic
h Department of Urology, Danylo Halytsky Lviv National Medical University, Lviv, Ukraine
A R T I C L E I N F O

Keywords:
Renal cell carcinoma
Thrombus
Diffusion-weighted imaging
Texture analysis
* Corresponding author. Department of Urology,
** Corresponding author. 2nd Department of Surg
Republic.

E-mail addresses: pawelkowal13@gmail.com (P.

https://doi.org/10.1016/j.advms.2024.09.002
Received 17 January 2024; Received in revised for
Available online 14 September 2024
1896-1126/© 2024 Medical University of Bialystok.
technologies.
A B S T R A C T

Purpose: Inferior vena cava (IVC) involvement by renal cell carcinoma (RCC) is associated with a higher disease
stage and is considered a risk factor for poor prognosis. This study aimed to investigate the role of the apparent
diffusion coefficient (ADC) of MRI 3D texture analysis in the differentiation of solid and friable tumour thrombus
in patients with RCC.
Materials and methods: The study involved 27 patients with RCC with tumour thrombus in the renal vein or IVC,
surgically treated with nephrectomy and thrombectomy and in whom preoperatively abdominal MRI including
the DWI sequence was conducted. For 3D texture analysis, the ADC map was used, and the first-order radiomic
features were calculated from the whole volume of the thrombus. All tumour thrombi were histologically clas-
sified as solid or friable.
Results: The solid and friable thrombus was detected in 51.9 % and 48.1 % of patients, respectively. No differences
in mean values of range, 90th percentile, interquartile range, kurtosis, uniformity and variance were found be-
tween groups. Equal sensitivity and specificity (93 % and 69 %, respectively) of ADC mean, median and entropy in
differentiation between solid and friable tumour thrombus, with the highest AUC for entropy (0.808), were
observed. Applying the skewness threshold value of 0.09 allowed us to achieve a sensitivity of 86 % and a
specificity of 92 %.
Conclusions: In patients with RCC and tumour thrombus in the renal vein or IVC, the 3D texture analysis based on
ADC-map allows for precise differentiation of a solid from a friable thrombus.
1. Introduction

The global incidence of kidney cancer is estimated at approximately
431,288 new cases, with 138,611 occurring in Europe. The majority of
these cases, around 90 %, are attributed to renal cell carcinoma (RCC)
[1]. The high mortality rate of this disease prompts the research for novel
radiological and molecular biomarkers for early diagnosis. Within this
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context, exosomes have emerged as a novel source of non-invasive mo-
lecular tumour biomarkers. The unique bilayer membrane structure of
exosomes offers protection against external RNases and proteases, lead-
ing to enhanced stability of the enclosed mRNAs, miRNAs, and functional
proteins, thus making exosomes highly sensitive markers for disease
diagnosis. The cargo in tumour-derived exosomes, such as the range of
miRNAs, can also serve as biomarkers for clear cell RCC in patients' serum
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Table 1
Patient characteristics and descriptive statistics.

Variable All patients (n
¼ 27)

Solid VTT (n
¼ 14)

Friable VTT (n
¼ 13)

p-
value

Age, years 0.712*
Mean
(median)

62.81 (65.0) 63.29 (65.0) 62.31 (62.0)

Range 47–74 47–74 49–74
Sex, n (%) 0.842x

Male 14 (51.9) 7 (25.9) 7 (25.9)
Female 13 (48.1) 7 (25.9) 6 (22.2)

Tumour side, n
(%)

0.816x

Right 16 (59.3) 8 (29.6) 8 (29.6)
Left 11 (40.7) 6 (22.2) 5 (18.5)

T-stage, n (%) 0.964x

T3a 9 (33.3) 5 (18.5) 4 (14.8)
T3b 12 (44.4) 6 (22.2) 6 (22.2)
T3c 6 (22.2) 3 (11.1) 3 (11.1)

N-stage, n (%) 0.936x

N0 23 (85.2) 12 (44.4) 11 (40.7)
N1 4 (14.8) 2 (7.4) 2 (7.4)

M-stage, n (%) 0.936x

M0 23 (85.2) 12 (44.4) 11 (40.7)
M1 4 (14.8) 2 (7.4) 2 (7.4)

Tumour grade 0.989x

Grade 2 6 (22.2) 3 (11.1) 3 (11.1)
Grade 3 17 (63.0) 9 (33.3) 8 (29.6)
Grade 4 4 (14.8) 2 (7.4) 2 (7.4)

Abbreviations: VTT - venous tumour thrombus, SD – standard deviation, * - Stu-
dent t-test, x - χ2 test.
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and urine, offering valuable targets for early detection and monitoring of
the disease [2,3].

On the other hand, recent research emphasizes the vital importance of
magnetic resonance imaging (MRI) markers like the apparent diffusion
coefficient (ADC) in detecting kidney cancer despite their current omis-
sion from routine clinical usage [4]. Statistical models indicate that
age-adjusted rates for new kidney cancer cases have risen by an average
of 0.6 % annually over the past 5 years [5]. In recent findings, new
favourable subsets of cancers of undefined origin are emerging, resem-
bling RCC, suggesting a correlation with the current rise in this disease
incidence [6]. This data underscores the significance of discovering
precise preoperative biomarkers for kidney cancer.

RCC is well known for its propensity for extension into the inferior
vena cava (IVC), which accounts for 4–10 % of all RCC cases [7].
Extension of the tumour into the IVC is associated with a higher disease
stage and is considered a risk factor for recurrence and poor prognosis
[8]. To date, an aggressive surgical approach is the gold standard in the
management of most patients with IVC thrombus, offering the only
chance of long-term survival [9,10]. As RCC extending to IVC may pose
severe complications during the operation, the surgical approach to meta
thrombus plays a tremendous role in treatment outcome. The tumour
volume is one of the primary but not the only factor impacting the choice
of surgical approach, surgical complexity and postoperative complica-
tions [11]. Thrombi macroscopically described as solid, with regular
surfaces, are easier to manage than irregular, friable surfaces with a high
probability of crashing into smaller pieces, resulting in thrombo-embolic
and potentially fatal complications [12]. It has been proven that the
presence of a friable thrombus in IVC increases the difficulty of surgery
and is associated with adverse survival outcomes in patients with RCC;
the presence of a friable thrombus was associated with statistically
significantly lower median cancer-specific survival compared to the solid
variant (28 vs 76 months, respectably; P < 0.001) [13–16]. An accurate
prediction of thrombus consistency type in presurgical imaging studies
may help to better design the surgical procedures and avoid pulmonary
embolism during nephrectomy or thrombectomy [17]. However, pre-
operative differential diagnostics of tumour thrombus consistency on
imaging is still challenging and friable thrombus can be misdiagnosed as
bland [18,19]. There is a paucity of scientific data on this topic. Several
imaging modalities, such as preoperative contrast-enhanced computed
tomography (CT) and intraoperative contrast-enhanced ultrasound
(CEUS), were recently investigated to define the accurate techniques
feasible for differentiating solid and friable IVC thrombus; however, none
was widely accepted [20–22]. Earlier, it was demonstrated that quali-
tative analysis of diffusion-weighted imaging (DWI) and ADC of MRI
allowed for accurate differentiation of solid from bland thrombus of the
portal vein in patients with hepatocellular carcinoma (HCC) [23].
Nevertheless, such results appeared to be conflicting [24]. The diagnostic
performance of MR-DWI in distinguishing bland from friable thrombus in
IVC of patients with RCC still needs to be comprehensively assessed. This
study aimed to investigate the role of ADC of MRI 3D texture analysis in
the differentiation of solid and friable tumour thrombus in patients with
RCC.

2. Materials and methods

2.1. Patients

This retrospective study, conducted between 2022 and 2023, utilized
clinical and radiological data collected from 2011 to 2023 from the
database of the Department of Urology at the Regional Specialist Hospital
in Wroclaw. Initially, a cohort of 69 patients diagnosed with RCC and
tumour extension into the IVC was enrolled. The inclusion criteria were
patients with pathologically confirmed RCC with the spread of the
tumour thrombus into the renal vein or IVC, surgically treated with ne-
phrectomy accompanied by thrombectomy and in whom preoperative
abdominal MRI including the DWI sequence as an integral part was
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conducted. The exclusion criteria for this study included the lack of the
ADC map in the MRI data and the absence of histological verification of
the diagnosis. Therefore, 27 cases were selected for further analysis: 14
males and 13 females. The mean age of patients was 62.81 � 6.69 years
(range, 47–74 years). Based on the histological report, all patients were
stratified into one of the two groups depending on the consistency of the
thrombus - solid or friable (Table 1).
2.2. Histological examination

Thrombi were sent for histological examination either removed en
blocwith the kidney or as separate pieces of tissue. Thrombi forming solid
mass were cut longitudinally, with a representative whole cross-section
of the thrombus submitted for histology, while pieces of friable
thrombi were submitted randomly. Standard pathologic criteria for
submitting material were applied to make it the best representative: one
section per one cm of the thrombus length. On macroscopic examination,
thrombi presented as cohesive masses with regular outlines or as fragile
pieces of tissue. The microscopic examination was focused on estimating
the percentage of viable tumour cells in each thrombus. It ranged from 0
% (no cells) to 90 % of the thrombus surface. The histological composi-
tion of the thrombus was deemed solid if it comprised more than 50 % of
tumour cells and exhibited solid attributes characterized by density,
coherence, a rounded linear profile, and an endothelial lining resembling
a pseudo capsule. The non-cellular surface of the friable thrombi was
occupied mainly by fibrin, haemorrhages or non-viable, necrotic tumour
cells (Fig. 1). In addition, in all cases, during the nephrectomy/throm-
bectomy, the same surgeon assessed the concordance between the sur-
gical and pathological consistency.
2.3. MRI technique

MRI was performed using a 1.5 T body scanner (Signa HDxt, General
Electric, Wisconsin, USA) using an 8-channel phased-array body coil. The
MRI protocol included sequences with the following parameters: coronal
T2-weighted single-shot fast spin-echo (SSFSE), repetition time (TR) ¼
2625 ms, echo time (TE)¼ 90 ms, flip angle¼ 90�, field of view (FOV)¼



Fig. 1. Microphotography of the RCC tumour thrombus of solid and friable histologic consistency, hematoxylin and eosin, � 40. (A) A friable thrombus consistency,
<50 % of tumour cells, necrotic tumour tissue in the lower left corner; (B) a solid thrombus consistency, tumour thrombus composed of 90 % of tumour cells, the lower
left wall of IVC; (C) and (D) a friable thrombus consistency, <50 % of tumour cells, the regions of haemorrhages and fibrin are present.
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40 � 40 cm, matrix ¼ 200 � 192, breath-hold; axial 2D fast imaging
employing steady-state acquisition with fat saturation (FIESTA FAT SAT),
TR ¼ 4.1 ms, TE¼ 1.8 ms, flip angle ¼ 90�, FOV ¼ 40 � 40 cm, matrix ¼
224 � 320; sagittal T2-weighted SSFSE, TR ¼ 1760 ms, TE ¼ 87.4 s, flip
angle ¼ 90�, FOV ¼ 37 � 37 cm, matrix ¼ 384 � 256; axial T1-weighted
fast spoiled gradient-recalled echo dual-echo (FSPGR-DE), TR ¼ 130 ms,
TE ¼ 2.1 ms and 4.3 ms, flip angle ¼ 70�, FOV ¼ 43 � 43 cm, matrix ¼
320 � 192, breath-hold; axial DWI, TR ¼ 12000 ms, TE ¼ 90 ms, FOV ¼
40 � 40 cm; matrix ¼ 200 � 192; NEX ¼ 3; bandwidth ¼ 250 kHz,
diffusion direction ¼ slice, slice thickness ¼ 6.0 mm, interscan gap ¼ 1.0
mm with b-values ¼ 50, 200, 800 s/mm2, performed prior to contrast
media administration, using single-shot echo-planar imaging sequence
with parallel imaging technique and fat saturation during one breath-
hold; axial 3D fat-saturated T1-weighted spoiled gradient echo liver
acquisition with volume acquisition (LAVA), TR ¼ 4.5 ms, TE ¼ 2.2 ms,
flip angle ¼ 15�, FOV ¼ 38 � 38 cm, matrix ¼ 320 � 192, during, and
following administration of gadolinium diethylenetriamine pentaacetic
acid (Gd-DTPA) in a dose of 0.1 mmol/kg of body weight as a bolus in-
jection with 20 s between each breath-hold acquisition.
2.4. 3D texture analysis

The MRI data interpretation was performed qualitatively by visually
evaluating the T1-WI, T2-WI and DWI images and the corresponding ADC
map. A colour ADC map was generated at the workstation (Advantage
Windows, GE Healthcare, Wisconsin, USA); the Functool 4.5 software
(https://www.functool.com) was used. The MRI images were evaluated
by two experienced radiologists with 15 and 10 years of experience in
kidney imaging. The image readings were performed by consensus. There
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was perfect interobserver agreement (kappa¼ 1.0). The 3D Slicer v.5.0.2
software (https://www.slicer.org) was used to extract the volumetric
data and texture analysis. The region of interest (ROI) was placed over
the region of the thrombus (including the renal vein), carefully repeating
its contour on each slice directly on the ADCmaps; this segmentation was
used to generate a 3D model of the thrombus (Fig. 2). For the 3D texture
analysis, the ADC map was used, and the following radiomic first-order
features were calculated from the whole volume of the thrombus: ADC
mean, median, range, 10th percentile, 90th percentile, interquartile
range (IQR), entropy, kurtosis, skewness, uniformity and variance. Care
was taken to avoid including the IVC wall in the ROI.

2.5. Statistical Analysis

SPSS Statistics for Windows, version 22.0 (IBM Corp., Armonk, NY,
USA) was used for data processing. The radiomic features were expressed
as mean � standard deviation (SD). Differences among categoric vari-
ables were assessed utilizing the χ2 test. The normality of the data was
assessed using the Kolmogorov-Smirnov and the Shapiro-Wilk tests.
Given the non-normality of the data distribution, the radiomic features in
solid and friable thrombi cohorts were compared using the Mann-
Whitney test. For the correlation analysis, the Pearson method was
used. The diagnostic performance of radiomic features was measured
using the receiver operating characteristics (ROC) analysis. The results
were considered statistically significant when the p-value was <0.05.

2.6. Ethical issues

The study was approved by the Local Bioethical Committee at the



Fig. 2. Abdominal MRI of a 66 years old patient, with the right kidney conventional RCC and tumour thrombus in IVC, T3bN0M0, G3. (A) ADC map with region of
interest (ROI) over the region of the tumour thrombus in IVC; (B) 3D model of the tumour thrombus processed from the segmentation of ADC map, thrombus volume
¼ 77 cm3; (C) and (D) T2-WI in coronal and axial projections with the corresponding ROIs.
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Research and Development Center, Regional Specialist Hospital in
Wroclaw, Poland (approval number: KB/12/2021). All procedures per-
formed in studies followed the ethical standards of the institutional and
national research committee and the 1964 Helsinki Declaration with its
later amendments. All patients signed the written informed consent for
enrolment in the study.

3. Results

In 16 cases (59.3 %), tumours were located in the right kidney, and in
11 cases (40.7 %) they were located in the left kidney. All patients were
categorized according to the TNM classification: 9 (33.3 %) patients with
T3a stage, 12 (44.4 %) patients with T3b stage and 6 (22.2 %) patients
with T3c stage. The involvement of metastatic lymphatic nodules and the
presence of distant metastasis was observed in 4 (14.8 %) cases. The
distribution of the RCC grades was as follows: Grade 2–6 (22.2 %) pa-
tients, Grade 3–17 (63.0 %) patients, and Grade 4–4 (14.8 %) cases.
According to histological examination, the solid thrombus was detected
in 14 (51.9 %) patients, while the friable tumour variant was found in 13
(48.1 %) patients. The mean percentage of tumour cells within venous
tumour thrombus (VTT) in groups with solid and friable variants was
69.29 � 12.69 % and 32.31 � 18.33 %, respectively (p < 0.001). In all
cases, the histologic subtype of RCC was clear-cell. There was no differ-
ence in age, sex, tumour side, T-stage and grade in groups of patients with
solid and friable thrombus. The mean volume of the thrombi also did not
differ in both groups: 59.22 � 48,39 cm3 (range, 12.7–157.04 cm3) in
solid vs 60.44 � 28.36 cm3 (range, 23.56–112.34 cm3) in friable tumour
(p > 0.05).

The retrospective analysis uncovered perioperative complications in
5 (18.52 %) patients: thrombus detachment during thrombectomy
occurred in 1 (3.7 %) case, while pulmonary embolisms were observed
before and after surgical intervention in 2 (7.4 %) and 2 (7.4 %) patients
respectively. In every instance, these complications were identified in
patients with VTTs comprising less than 50% of tumour cells (exclusively
in friable VTTs, p < 0.001).
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As a result of 3D texture analysis, no significant difference in mean
values of such radiomic features as range, 90th percentile, IQR, kurtosis,
uniformity and variance was found between the groups (p > 0.05).
Nonetheless, a significant difference between the groups with solid and
friable thrombus was detected in such texture parameters as mean ADC
value, median, 10th percentile, entropy and skewness. The mean ADC
value of the whole volume of the thrombus was statistically significantly
higher in the group of patients with solid thrombi compared to those with
the friable thrombi. It amounted to 1454.16 � 243.93 vs 1219.45 �
114.88 mm2/s, respectively (p ¼ 0.002). The mean 10th percentile value
in solid compared to friable thrombi demonstrated a similar tendency
and was 1091.36 � 284.0 vs 885.67 � 260.92 mm2/s, respectively (p ¼
0.039). Likewise, the mean entropy value was statistically significantly
higher in the group with solid thrombi compared to those with the friable
thrombi: 5.69� 0.44 vs 5.27� 0.31, respectively (p¼ 0.006). Also, there
was a difference in mean skewness values between solid and friable
thrombus groups: �0.29 � 0.47 vs 0.52 � 0.42, respectively (p < 0.001)
(Fig. 3). The detailed statistical characteristics of the radiomic features in
both groups of patients are presented in Table 2.

We analyzed the associations between the percentage of RCC cells in
tumour thrombus and the values of the radiomic features, which
demonstrated a significant difference between groups of patients with
diverse thrombus consistency, namely: mean ADC value, median, 10th
percentile, entropy and skewness. According to correlation analysis,
there was a strong direct association between the percentage of RCC cells
in tumour thrombus and the mean ADC value, median, 10th percentile
and entropy. However, the strongest was an inverse association between
the percentage of RCC cells in tumour thrombus and skewness (Table 3;
Fig. 4). There were no associations between the RCC grade and radiomic
features of the thrombi (p < 0.05).

The ROC analysis demonstrated equal sensitivity and specificity (93
% and 69 %, respectively) of such radiomic features as ADC mean, me-
dian and entropy in differentiation between solid and friable tumour
thrombus in patients with RCC, with the largest area under the curve
(AUC) for entropy (AUC ¼ 0.808; 95 % confidence interval [CI] ¼



Fig. 3. Box plots of the mean ADC value, median, 10th percentile, entropy and skewness in groups of patients with RCC and with solid and friable thrombus con-
sistency according to the 3D texture analysis.
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0.633–0.983). At the same time, the application of the skewness
threshold value of 0.09 allowed us to achieve a sensitivity of 86 % and
specificity of 92 % with the highest performance of the model (AUC ¼
0.931; 95 % CI ¼ 0.840–1.0) (Table 4; (Fig. 5A andB).

An intraoperative palpatory test revealed a complete concordance
between the surgical and pathologic consistency in 100 % of cases (k ¼
1.0) (Fig. 6).

4. Discussion

The presence of friable venous tumour thrombus in patients with RCC
significantly affects the prognosis: according to systematic review and
meta-analysis by Qin et al. [25], the friable variant of thrombus in IVC
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was a predictor of poor overall survival using the fixed-effort model
(pooled HR¼ 1.60; 95 % CI, 1.13–2.26). Nevertheless, this topic remains
under active debate and is not devoid of controversy. Previously, it was
believed that the consistency of the tumour thrombus in IVC of patients
with RCC does not affect the choice of surgical tactics [26]. However,
today approaches to this issue have changed. Accurate preoperative
differentiation of friable from solid tumour thrombus in patients with
RCC spread into IVC plays an essential role in surgical treatment planning
[14,17]. Misdiagnosing the friable thrombus may lead to such fatal
complications as pulmonary embolism [12]. Bertini et al. [27] docu-
mented that the consistency of VTTs could serve as an independent
predictor of an unfavourable clinical trajectory. In particular, patients
with VTT displaying fragile characteristics, such as irregular shape,



Table 2
The detailed statistical characteristics of the ADCmap-based radiomic features in groups of patients with RCC and with solid and friable thrombus consistency according
to the 3D texture analysis.

Radiomic feature Solid thrombus (n ¼ 14) Friable thrombus (n ¼ 13) p-value

Mean SD 95 % CI Mean SD 95 % CI

Mean, mm2/sec 1454.16 243.93 1313.32–1595.0 1219.45 114.88 1150.02–1288.87 0.002
Median, mm2/sec 1457.54 254.52 1310.58–1604.49 1211.77 115.61 1141.91–1281.63 0.001
Range, mm2/sec 2576.29 278.11 2415.71–2736.86 2613.69 421.15 2359.20–2868.19 0.846
10th percentile, mm2/sec 1091.36 284.0 927.38–1255.34 885.67 260.92 728.00–1043.34 0.039
90th percentile, mm2/sec 1649.63 440.02 1395.57–1903.69 1516.72 85.31 1465.16–1568.27 0.645
IQR, mm2/sec 433.57 93.13 379.80–487.34 407.02 59.90 370.82–443.22 0.752
Entropy 5.69 0.44 5.44-5.95 5.27 0.31 5.08-5.46 0.006
Kurtosis 4.26 1.16 3.59-4.93 3.89 1.11 3.22-4.56 0.331
Skewness �0.29 0.47 �0.56–�0.02 0.52 0.42 0.27-0.78 <0.001
Uniformity 0.03 0.01 0.02-0.03 0.02 0.01 0.02-0.03 0.845
Variance 109747.60 72193.11 68064.54–151430.66 93341.99 28707.81 75994.04–110689.95 0.75

Abbreviations: SD – standard deviation, CI – confidence interval, IQR - interquartile range.

Table 3
Associations between the percentage of RCC cells in tumour thrombus and
radiomic features.

Radiomic feature Pearson correlation coefficient P value

Mean 0.720 <0.001
Median 0.715 <0.001
10th percentile 0.635 <0.001
Entropy 0.713 <0.001
Skewness �0.799 <0.001

Fig. 4. The scatter plot of the association between the percentage of RCC cells in
VTT and skewness.
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fragmented appearance, necrosis, and fibrin exudate, experienced poorer
outcomes. The results presented by Ayyathurai et al. [12] unmistakably
suggest that a friable thrombus alongside the tumour thrombus should
Table 4
The diagnostic performance of mean ADC value, median, 10th percentile, entropy and
with RCC.

Radiomic feature Threshold value Sensitivity

Mean 1240.0 mm2/s 0.93
Median 1249.0 mm2/s 0.93
10th percentile 859.50 mm2/s 0.86
Entropy 5.29 0.93
Skewness 0.09 0.86

Abbreviations: AUC – area under the curve, CI – confidence interval.
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signal the surgical team to anticipate a potentially intricate and
demanding surgical scenario. One out of two (50 %) patients with
concomitant bland thrombus required surgical interruption of the IVC.
Among patients with bland thrombus, 27 % underwent intraoperative
IVC filter placement, and 80 % required at least one additional surgical
procedure [12]. A heightened tumour thrombus level can induce greater
resistance as blood flows back into the right atrium, leading to signifi-
cantly abnormal hemodynamics and heightened potential for endothelial
damage. This is corroborated by the findings of Wang et al. [28], who
indicate that an elevated level of tumour thrombus (p ¼ 0.004) and in-
vasion of the IVC wall (p ¼ 0.030) were significantly linked to the
presence of friable VTT. As mentioned earlier, unlike solid tumour
thrombus, which displays a unified and dense structure with an intact
pseudo capsule, friable tumour thrombus exhibits an irregular, frag-
mented shape with numerous areas of necrosis, rendering them more
susceptible to collapse and shedding. Consequently, friable VTTs could
harbor shed tumour cells or tissue, potentially fostering tumour pro-
gression even after the complete removal of the tumour thrombus. This is
especially pertinent for distant friable VTTs, considering the common
practice of IVC interruption or ligation without removal of the friable
thrombus [12,29]. In our study, we found that perioperative complica-
tions, including thrombus detachment during thrombectomy and pul-
monary embolism before and after surgery, occurred in 18.52 % of cases.
Notably, these complications were consistently found in patients with
friable VTTs comprising less than 50 % tumour cells, characterized by a
substantial amount of fibrin, haemorrhages, or non-viable necrotic
tumour cells. Our data support the validity of using a threshold of more
than 50 % tumour cells in the thrombus to define its solid consistency.
Additionally, our findings suggest that the presence of a prominent
fragile thrombus component, such as blood clots and fibrin, may
contribute to embolism in fragile thrombus cases. This underscores the
significance of preoperative anticipation of tumour thrombus consis-
tency, as these histological traits are intrinsic to its fragile variant.

Precise differentiation of VTT consistency is only sometimes possible
using contemporary imaging modalities [18,19]. In general, CT and MRI
demonstrate equal performance in detecting and defining the spread of
IVC tumour thrombi in patients with RCC, with some advantages of the
skewness in differentiating between solid and friable tumour thrombus in patients

Specificity AUC (95 % CI) P value

0.69 0.857 (0.704–1.0) 0.002
0.69 0.860 (0.709–1.0) 0.001
0.62 0.734 (0.530–0.937) 0.039
0.69 0.808 (0.633–0.983) 0.007
0.92 0.931 (0.840–1.0) <0.001



Fig. 5. Receiver operation characteristics (ROC) of mean ADC value, median, 10th percentile, entropy (A) and skewness (B) in differentiating between solid and
friable tumour thrombus in patients with RCC.

Fig. 6. Abdominal MRI of a 68 years old patient, with the right kidney conventional RCC and tumour thrombus in IVC, T3bN0M0, G3, histologically confirmed solid
variant of thrombus (80 % of tumour cells). (A) ADC map with region of interest (ROI) over the region of the tumour thrombus in IVC; (B) 3D model of the tumour
thrombus processed from the segmentation of ADC map, thrombus volume ¼ 25 cm3, 3D texture analysis revealed a solid thrombus; (C) coronal T2-WI with the
corresponding ROI; (D) photography of kidney and tumour thrombus specimen after nephrectomy, intraoperative palpation was concordant with histological findings
(solid thrombus).
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latter [30,31]. While contrast-enhanced CT is used more often than MRI
in this category of patients, the latter may offer some preponderances in
the identification and characterization of IVC thrombi, such as the pos-
sibility of avoiding contrast usage, no radiation exposure of the patient
and using flow-sensitive sequences [32,33]. Currently, there are no
studies directly comparing the accuracy of CT and MRI in the differen-
tiation of IVC thrombus consistency, nor standardized imaging tech-
niques or definite imaging signatures for differentiation of IVC thrombus
consistency. The role of DWI of MRI for this purpose is essential, yet
remains unclear.
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The data obtained in our earlier studies [34–36] demonstrated a
significant restriction of hydrogen molecule diffusion in the tissues of
conventional RCC compared to the healthy renal parenchyma, pre-
conditioned by the greater density of the tumour. A statistically signifi-
cant difference in mean ADC values of RCC with different grades of
Fuhrman nuclear pleomorphism was observed - low-grade tumours
showed higher mean ADC values compared to high-grade tumours. The
MRI DWI modality and ADC measurement allowed for reliable differ-
entiation between solid RCC of main histologic subtypes and grades,
cystic RCC, benign renal lesions, and small renal masses. The data was
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substantiated by recent meta-analyses, indicating that DWI exhibited the
potential to differentiate between high-grade and low-grade clear cell
RCC [37,38]. In another meta-analysis by Surov et al. [39] regarding the
correlation between mean ADC value and RCC tumour cellularity, the
authors showed an association between the investigated parameters (p ¼
�0.53). Moreover, prior research has recognized a correlation between
ADC and immunohistochemical markers of tumour proliferation, such as
KI 67 in urinary tract cancers [40,41]. Our work was dedicated to
assessing the efficiency of ADC of DWI-MRI in differentiating friable from
solid IVC tumour thrombus in patients with RCC using 3D texture
analysis.

To date, only a handful of scientific works elucidate the possibilities
of contemporary imaging techniques such as CT, MRI or CEUS in
differentiating tumour thrombi consistency, primarily in patients with
RCC and HCC. Tublin et al. in their retrospective study (n ¼ 58), found
that in patients with cirrhosis, contrast-enhanced CT allowed for the
identification of malignant venous thrombus using such imaging pa-
rameters as neovascularity or thrombus diameter greater than or equal to
23 mm with sensitivity and specificity of 86 % and 100 %, respectively
[42]. Later, Canellas et al. [43], using contrast-enhanced CT texture
analysis and thrombus density in patients with HCC and portal vein
thrombosis (n¼ 109), found that in differentiating neoplastic from bland
thrombus, the most discriminative parameters were entropy (p< 0.001),
mean value of positive pixels (p < 0.001) and mean thrombus density (p
< 0.001). The sensitivity and specificity were 95 % and 92 % for positive
pixels, 87% and 85% for entropy, and 92% and 85% for mean thrombus
density, respectively, with a combined AUC of 0.99 [43]. In our study, 3D
texture analysis revealed that the radiomic features that demonstrated a
significant difference between friable and solid thrombus consistency
were mean ADC value, median, 10th percentile, entropy and skewness
measured from ADC maps, with sensitivity and specificity for the skew-
ness of 86 % and 92 %, respectively.

Contrast-enchanted MRI is a valuable tool for detecting and charac-
terizing IVC thrombi. Earlier, it was demonstrated that preoperative
magnetic resonance venography (1.0-T) allowed for more accurate dif-
ferentiation of neoplastic from bland RCC venous involvement using
FLASH-enhanced MR images (sensitivity 89 % and specificity 96 %)
compared to signal intensity and pre-contract FLASH images (sensitivity
79 % and specificity 94 %), McNemar's test p < 0.05. Even though the
radiological diagnosis was verified pathologically, one of the limitations
of this study is the lack of clear pathomorphological criteria for solid and
friable thrombi [44]. According to Akin et al. [32], friable thrombi were
most commonly found in the liver (35 %) and retroperitoneal cancers
(24 %) and most cases were located in the IVC (45 %) and the portal vein
(22 %), while solid tumour thrombi were most commonly observed in
RCC (55 %) and HCC (32 %). In contrast, the primary imaging feature
able to differentiate solid from bland thrombus was the presence of
contrast enhancement (n ¼ 171). The significant limitation of this study
was the lack of pathological verification of radiological diagnosis. In our
present study, differentiation of friable from solid venous thrombi was
possible in a pre-contrast setting, using the DWI sequence and ADC map
calculated from it. This can be of high importance for the design of the
surgical treatment in patients with contraindications to contrast media
administration.

In their work, Catalano et al. [23] reported the feasibility of ADC of
DWI MRI (1.5-T, b-values of 50, 400, and 800 s/mm2) for differentiation
of venous malignant thrombus from a friable one in HCC patients. The
mean ADC of solid and friable (bland) venous thrombus were 0.88 �
10�3 mm2/s and 2.89 � 10�3 mm2/s, respectively. The ADC ratio of the
thrombus to the tumour in the friable thrombus group was 2.9 compared
to 0.998 in the solid thrombus consistency group (P ¼ 0.0003) [23]. This
work faced drastic criticism due to inconsistency with previous obser-
vations of other authors, namely, regarding the degree of diffusion re-
striction by hematomas - most of them tend to demonstrate low ADCs
(contrary to Catalano et al. [23] findings), reflecting the restricted mo-
tion of water molecules due to the cellularity and viscosity of the fibrotic
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component [45]. In contrast to the previous study, Ahn et al. [24] sug-
gested that the application of DWI MRI for differentiating benign from
malignant portal vein thrombosis cannot differentiate the benign from
malignant venous thrombi accurately due to considerable overlap of the
ADC values, namely, the mean ADC of friable and solid portal venous
thrombi were 1.0 � 0.39 � 10�3 mm2/s and 0.92 � 0.25 � 10�3 mm2/s,
respectively (p¼ 0.799). In our study, in the MRI performed using a 1.5 T
body scanner (b-values of 50, 200, 800 s/mm2; Signa HDxt, General
Electric), friable thrombi demonstrated significantly lower ADCs
compared to solid ones: 1219.45 � 114.88 vs 1454.16 � 243.93 mm2/s,
respectively (p ¼ 0.002). The mean 10th percentile of ADC value in
friable compared to solid thrombi showed similar propensity (p¼ 0.039).

The role of ultrasound in differentiating friable from solid venous
thrombi in patients with RCC is still undefined. In one recent study, using
CEUS in patients with RCC complicated with IVC thrombus for differ-
entiating its bland from solid consistency, the sensitivity, specificity ac-
curacy, positive predictive value and negative predictive value were 100
%, 96 %, 96 %, 83 %, and 100 %, respectively, but only in an intra-
operative setting [20]. In another later retrospective study, the sensitivity
of CEUS used with the same purpose did not exceed 87.5 % [46].
4.1. Limitations of the study

The main limitations of our study are the relatively small cohorts of
patients with solid and friable venous thrombi and the lack of comparison
between MRI and CT imaging data, considering that CT remains the
standard for visualizing this pathology.

5. Conclusions

In patients with RCC and tumour thrombus in the renal vein or IVC,
the 3D texture analysis based on ADC map allows for precise differenti-
ation of solid from a friable variant of the thrombus. This can be
particularly important for surgical treatment planning and in patients
with CT or contrast media contraindications.
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