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PURPOSE
To examine the diagnostic performance for the longitudinal extent of extrahepatic bile duct (EHD) 
cancer on computed tomography (CT) after biliary drainage (BD) and investigate the appropriate 
timing of magnetic resonance imaging (MRI) acquisition.

METHODS
This retrospective study included patients who underwent curative-intent surgery for EHD cancer and 
CT pre- and post-BD between November 2005 and June 2021. The biliary segment-wise longitudinal 
tumor extent was evaluated according to the 2019 Korean Society of Abdominal Radiology consen-
sus recommendations, with pre-BD CT, post-BD CT, and both pre- and post-BD CT. The performance 
for tumor detectability was compared using generalized estimating equation (GEE) method. When 
preoperative MRI was performed, patients were divided into two subgroups according to the timing 
of MRI with respect to BD, and the performance of MRI obtained pre- and post-BD was compared.

RESULTS
In 105 patients (mean age: 67 ± 8 years; 74 men and 31 women), the performance for tumor detect-
ability was superior using both CT scans compared with using post-BD CT alone (reader 1: sensitiv-
ity, 72.6% vs. 64.6%, P < 0.001; specificity, 96.9% vs. 94.8%, P = 0.063; reader 2: sensitivity, 77.2% vs. 
72.9%, P = 0.126; specificity, 97.5% vs. 94.2%, P = 0.003), and it was comparable with using pre-BD 
CT alone. In biliary segments with a catheter, higher sensitivity and specificity were observed using 
both CT scans than using post-BD CT (reader 1: sensitivity, 74.4% vs. 67.5%, P = 0.006; specificity, 
92.4% vs. 88.0%, P = 0.068; reader 2: sensitivity, 80.5% vs. 74.4%, P = 0.013; specificity, 94.3% vs. 
88.0%, P = 0.016). Post-BD MRI (n = 30) exhibited a comparable performance to pre-BD MRI (n = 
55) (reader 1: sensitivity, 77.9% vs. 75.0%, P = 0.605; specificity, 97.2% vs. 94.9%, P = 0.256; reader 2: 
sensitivity, 73.2% vs. 72.6%, P = 0.926; specificity, 98.4% vs. 94.9%, P = 0.068).

CONCLUSION
Pre-BD CT provided better diagnostic performance in the preoperative evaluation of EHD cancer. 
The longitudinal tumor extent could be accurately assessed with post-BD MRI, which was similar 
to pre-BD MRI.

CLINICAL SIGNIFICANCE
The acquisition of pre-BD CT could be beneficial for the preoperative evaluation of EHD cancer 
when BD is planned. Post-BD MRI would not be significantly affected by BD in terms of the diagnos-
tic performance of the longitudinal tumor extent.

KEYWORDS
Extrahepatic cholangiocarcinoma, computed tomography, magnetic resonance imaging, biliary 
tract surgical procedures, drainage

You may cite this article as: Cho SB, Kim YY, Park J, Shin HJ. Preoperative CT and MRI of the longitudinal tumor extent of extrahepatic bile duct cancer after 
biliary drainage. Diagn Interv Radiol. 2024;30(4):212-219.

Extrahepatic bile duct (EHD) cancer originates below the intrahepatic secondary biliary 
confluence and encompasses perihilar and distal bile duct cancers.1 This type of cancer 
constitutes the majority of cholangiocarcinoma, with a mortality rate below 2 in 100,000 

person-year.2 Surgical resection is the sole curative treatment for it, underscoring the critical 
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need for an accurate assessment of surgical 
resectability at the initial diagnosis.3 Despite 
the pivotal role of the longitudinal extent 
of the tumor in determining the surgical 
approach, there is a lack of international ra-
diologic reporting guidelines for EHD cancer. 
Recently, the Korean Society of Abdominal 
Radiology (KSAR) published consensus rec-
ommendations for the structured radiolog-
ic reporting of EHD cancer using computed 
tomography (CT) or magnetic resonance 
imaging (MRI).4 Recent studies have demon-
strated the utility of these recommendations 
in assessing resectability in EHD cancer.5,6

Approximately 90% of patients with EHD 
cancer initially present with cholangitis due 
to biliary obstruction.7 Consequently, urgent 
endoscopic or percutaneous biliary drainage 
(BD) is necessary when biliary infection is sus-
pected.7-10 Moreover, BD can induce inflamma-
tion in the bile duct, mimicking or obscuring 
EHD cancer on CT or MRI and posing challeng-
es in the imaging evaluation of the longitudi-
nal tumor extent.11 A previous study indicated 
a higher frequency of achieving no residual 
tumor (R0) resection in perihilar cholangiocar-
cinoma for patients who underwent CT before 
BD compared with those who underwent CT 
after BD. This shows the difficulty in assessing 
the exact longitudinal tumor extent post-BD.12 
While previous studies have suggested the 
challenges of post-BD imaging evaluation in 
perihilar cholangiocarcinoma,13,14 there is cur-
rently no published data examining the im-
pact of BD on the diagnostic performance of 
imaging studies in an intraindividual manner. 
Therefore, it is essential to evaluate the diag-
nostic performance of CT evaluation after BD 
to devise a more effective strategy for report-
ing these examinations before the curative re-
section of EHD cancer. Furthermore, given the 
limited usage of MRI compared with CT, it is 
crucial to investigate if BD affects tumor extent 
evaluation using MRI. A study involving 26 pa-
tients observed less accurate performances of 
MRI after BD in perihilar cholangiocarcinoma, 
which lacked a statistical comparison and war-
ranted further investigation.15

This study aims primarily to examine the 
diagnostic performance of evaluating the 
longitudinal extent of EHD cancer after BD 
and improve performance in the preoper-
ative setting. The secondary aim is to de-
termine the appropriate timing of MRI ac-
quisition concerning BD for evaluating the 
longitudinal extent of EHD cancer.

Methods

Patients

The Severance Hospital Institutional Re-
view Board approved this study (IRB no: 
4-2021-1139, date: 10.05.2021) and waived 
the requirement for patient consent because 
this study involved a retrospective review of 
medical records and images. This study iden-
tified potentially eligible patients with EHD 
cancer who underwent curative-intent sur-
gery at our institution between November 
2005 and June 2021 (Figure 1). The inclusion 
criteria were as follows: (a) BD performed 
before surgery, (b) contrast-enhanced CT 
scans obtained both pre- and post-BD, and 
(c) age of patients >18 years. The exclusion 
criteria were as follows: (a) preoperative 
embolization of the hepatic artery or portal 
vein causing metal artifacts on CT scans, (b) 
preoperative chemotherapy or chemoradia-
tion hampering radiologic–pathologic cor-
relation, (c) palliative surgery, and (d) lack 
of a reference standard for the longitudinal 
tumor extent.

Image acquisition

Multiphase or single-portal venous-phase 
CT images were acquired according to in-
stitutional routine protocols. Patients un-
derwent CT using either a 16- or 64-chan-

nel scanner (Somatom Sensation 16 or 64, 
Siemens, Erlangen, Germany; Brilliance iCT 
or 64, Philips Healthcare, Cleveland, Ohio, 
U.S.A.; Lightspeed VCT, GE Medical Systems, 
Milwaukee, Wisconsin, U.S.A.). After obtain-
ing unenhanced images, 120–150 mL of 
non-ionic contrast medium was adminis-
tered intravenously at a rate of 2–5 mL/sec. 
Using the bolus-tracking technique, the 
arterial phase was obtained 10–25 seconds 
after the attenuation value reached 100 
Hounsfield units at the abdominal aorta. The 
portal venous and delayed phases were ob-
tained 70–80 seconds and 3 minutes after 
contrast injection, respectively. The scanning 
parameters were as follows: beam collima-
tion, 0.625 or 0.75 mm; slice thickness, 3 or 
5 mm; reconstruction interval, 3 or 5 mm; 
rotation time, 0.5 seconds; effective tube 
current-time charge, 150–250 mAs; and tube 
voltage, 100–120 kVp. Coronal images were 
reconstructed with a slice thickness of 3 or 
5 mm and a reconstruction interval of 3 or 
5 mm. The routine protocol for MRI with MR 
cholangiopancreatography is described in 
the Online Resource 1.

Computed tomography analysis

The CT images were retrospectively and 
independently reviewed by two readers 
(S.B.C., a radiology resident, and Y.Y.K., a 
board-certified abdominal radiologist with 
5 years of practice experience) who were 
blinded to the surgical and pathological 
findings. Pre-BD CT scans, post-BD CT scans, 
and both pre- and post-BD CT scans were ex-
amined in each image review session with a 
washout period of at least 2 weeks between 
sessions to reduce recall bias. Image analysis 
was performed based on the 2019 KSAR con-
sensus recommendations.4 Moreover, the 

Main points

•	 Determining surgical resectability is crucial 
in extrahepatic bile duct cancer.

•	 Biliary drainage (BD) obscures the longitu-
dinal tumor extent on cross-sectional im-
aging.

•	 Evaluation of pre-BD computed tomogra-
phy improved the diagnostic performance.

•	 Similar performance was observed in mag-
netic resonance imaging pre- and post-BD.

Figure 1. Patient flow diagram. Out of 1,007 consecutive patients who underwent EHD cancer surgery 
between November 2005 and June 2021 at our institution, 245 met the inclusion criteria. After following 
the exclusion process, 105 patients who underwent CT both pre- and post-biliary drainage were finally 
included. EHD, extrahepatic bile duct cancer; Op, operation; CCRT, concurrent chemoradiotherapy; CTx, 
chemotherapy; CT, computed tomography.
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readers recorded the presence or absence 
of tumors in each segment of the biliary tree 
(both secondary confluences, both hepatic 
ducts, primary confluence of the bile duct, 
common hepatic duct, and supra- and in-
tra-pancreatic common bile duct) and deter-
mined the Bismuth–Corlette classification in 
perihilar cholangiocarcinoma.4 Distal cholan-
giocarcinoma was classified as Bismuth–Cor-
lette type 0. Moreover, the Bismuth–Corlette 
classification on the CT scan was compared 
with the reference standard and categorized 
as overestimation, correct assessment, or un-
derestimation of the longitudinal extent of 
the tumor. When a Bismuth type IIIA tumor 
was determined to be IIIB on the CT scan or 
vice versa, it was categorized as incorrect. 
Furthermore, tumor involvement was eval-
uated based on the morphology (e.g., wall 
thickening of the bile duct, intraductal soft 
tissue mass, and asymmetric stricture) and 
degree of contrast enhancement (e.g., hype-
renhancement to the liver parenchyma).4,16 
Hyperenhancement of the bile duct wall was 
assessed mainly in the arterial phase, if avail-
able, for intrapancreatic extent, and it was as-
sessed in the portal venous phase for extra-
pancreatic extent.4,16 Reader confidence on 
the longitudinal tumor extent was recorded 
on the 3-point Likert scale as follows: 0, 50%–
75% confidence; 1, 76%–90% confidence; 
and 2, >90% confidence.17 The location of the 
biliary stent was also recorded in each seg-
ment of the biliary tree to evaluate the effect 
of the biliary stent on the CT assessment. 

Magnetic resonance imaging analysis

When preoperative MRI was performed, 
the patients were divided into two sub-
groups according to the timing of MRI with 
respect to BD to compare the performance 
of MRI obtained pre- and post-BD. MRI scans 
were retrospectively and independently re-
viewed by two readers (S.B.C., a radiology 
resident, and J.P., a board-certified abdomi-
nal radiologist with one year of practice ex-
perience) who were blinded to the surgical 
and pathological findings. Moreover, tumor 
involvement was evaluated in the same man-
ner as in the CT scan evaluation. Additional 
consideration was included for mild-to-mod-
erate hyperintensity on T2-weighted images, 
intraductal filling defects due to a soft tissue 
mass using MR cholangiopancreatography, 
and high signal intensity of wall thickening 
or intraductal mass on high b value diffu-
sion-weighted imaging.4,18 The presence or 
absence of a tumor in each segment, loca-
tion of the biliary stent (if obtained after BD), 
and reader confidence were recorded.

Reference standard

The reference standard was determined 
by the surgical and pathological reports. 
Additionally, pathological reports were cor-
related with preoperative CT or MRI scans 
when necessary to verify the length of bili-
ary tree segments. The presence or absence 
of tumors in each segment of the biliary tree 
and the longitudinal tumor extent were sum-
marized using the Bismuth–Corlette classifi-
cation. 

Statistical analysis

Continuous variables were summarized 
using either mean with standard deviation 
or median with interquartile range (IQR), 
whereas categorical variables were summa-
rized as counts and percentages. Continuous 
variables were compared using the Wilcoxon 
signed-rank test and categorical variables by 
chi-squared test, according to data normal-
ity. After pooling all segments of the biliary 
tree in all patients, the biliary segment-wise 
sensitivity, specificity, and accuracy of CT 
scans for detecting tumors were estimated 
using the generalized estimating equation 
(GEE) method. The GEE method was used to 
compare the estimates, considering that the 
segments were nested within each patient. 
The comparison was also performed for 
segments with and without a catheter. The 
Bismuth–Corlette classification and reader 
confidence were compared using the McNe-
mar test. Inter-reader agreement for the Bis-
muth–Corlette classification in each reading 
session was assessed using Cohen κ statistics. 
In the subgroup of patients who underwent 
MRI, the biliary segment-wise performance 
of MRI for detecting tumors was compared 
between patients who underwent MRI pre-
BD and those who underwent MRI post-BD 
using the GEE. Inter-reader agreement for 
the Bismuth–Corlette classification on MRI 
was assessed using Cohen κ statistics. More-
over, P values were adjusted for multiple 
comparisons using the Bonferroni correc-
tion, and a two-sided P value of less than 
0.05 indicated statistical significance. The R 
package (version 4.2.2; The R Foundation for 
Statistical Computing, Vienna, Austria) was 
used for analyses.

Results

Patient characteristics

A total of 105 patients [mean age: 67 
± 8 years; 74 men (70.5%) and 31 women 
(29.5%)] were included in this study (Ta-
ble 1). Among the patients, 64 (61.0%) had 
distal cholangiocarcinoma, and 41 (39.0%) 

had perihilar cholangiocarcinoma. Further-
more, BD was performed using endoscopic 
retrograde cholangiopancreatography in 
most patients (83.8%). Among the perihilar 
cholangiocarcinoma cases, Bismuth types I 
(26.8%) and IV (24.4%) were the most com-
mon. Pylorus-preserving pancreaticoduo-
denectomy was most commonly performed 
in patients with distal cholangiocarcinoma 
(98.4%), and hepatectomy was most com-
monly performed in those with perihilar 
cholangiocarcinoma (51.2%). Moreover, the 
median time interval between pre-BD CT 
and BD was 3 days (IQR, 1–9 days), and that 
between CT pre- and post-BD was 30 days 
(IQR, 18–40 days). The median time interval 
between pre-BD CT and surgery was 38 days 
(IQR, 28–57 days), and that between post-BD 
CT and surgery was 7 days (IQR, 2–23 days). 
Arterial phase CT images were available in 
81 (77.1%) pre-BD and in 69 (65.7%) post-BD, 
with no statistical differences in the frequen-
cy (P = 0.182).

The MRI subgroup included 85 patients: 
55 underwent MRI pre-BD [median time in-
terval between MRI and BD, 1 day (IQR, 0–4 
days)], and the remaining underwent MRI 
post-BD [median time interval between MRI 
and BD, 1 day (IQR, 1–3 days)]. Most MRIs 
(90.6%) were performed using contrast me-
dia, either a hepatobiliary (63.5%) or extra-
cellular (27.1%) contrast agent. The median 
time interval between MRI and surgery was 
33 days (IQR, 26–52 days), which was shorter 
than that between pre-BD CT and surgery (P 
< 0.001).

Diagnostic performance of computed to-
mography

In all biliary segments, the performance 
for tumor detectability using both pre- and 
post-BD CTs was superior to post-BD CT and 
comparable with pre-BD CT for both readers 
(Table 2). The sensitivity and specificity for 
detecting the tumor segment were higher 
using both pre- and post-BD CTs than using 
post-BD CT alone (reader 1: sensitivity, 72.6% 
vs. 64.6%, P < 0.001; specificity, 96.9% vs. 
94.8%, P = 0.063; reader 2: sensitivity, 77.2% 
vs. 72.9%, P = 0.126; specificity, 97.5% vs. 
94.2%, P = 0.003). In biliary segments with 
a catheter in the lumen, the sensitivity was 
higher using both pre- and post-BD CTs than 
using post-BD CT. Moreover, the specificity 
was higher in reader 2 using both CTs, reduc-
ing the overestimation of the longitudinal 
tumor extent (reader 1: sensitivity, 74.4% vs. 
67.5%, P = 0.006; specificity, 92.4% vs. 88.0%, 
P = 0.068; reader 2: sensitivity, 80.5% vs. 
74.4%, P = 0.013; specificity, 94.3% vs. 88.0%, 



 

Preoperative CT and MRI in EHD cancer after biliary drainage  • 215

P = 0.016) (Figures 2, 3). In biliary tree seg-
ments without a catheter, the sensitivity was 
higher using both pre- and post-BD CTs than 
using post-BD CT for reader 1 (sensitivity, 
67.1% vs. 55.7%, P = 0.001; specificity, 98.9% 
vs. 97.8%, P = 0.156), yet remained compara-
ble for reader 2 (sensitivity, 67.1% vs. 68.4%, 
P = 0.763; specificity, 98.9% vs. 96.9%, P = 
0.019). 

The Bismuth–Corlette classification was 
comparable among the three reading ses-
sions (all Ps > 0.05 for both readers), but there 
were fewer cases of overestimating the Bis-
muth–Corlette classification using pre-BD 
CT or both pre- and post-BD CTs than using 
post-BD CT alone (reader 1: 4.8% vs. 11.4% 
vs. 13.3%; reader 2: 6.7% vs. 12.4% vs. 16.2%) 
(Table 3). Both readers performed one in-
correct classification using post-BD CT but 
none using pre-BD CT or both CTs (Figure 3). 
Inter-reader agreement for the Bismuth–Cor-
lette classification in each reading session was 
substantial (κ = 0.67 using pre-BD CT, κ = 0.71 

using both pre- and post-BD CTs, κ = 0.79 us-
ing post-BD CT).

Reader confidence was significantly 
higher using pre-BD CT or both CTs than 
using post-BD CT, with a higher proportion 
of >90% reader confidence (reader 1: 64.8–
65.7% vs. 13.3%; reader 2: 81.0–87.6% vs. 
6.7%, P < 0.001 for both readers) (Table 4).

Diagnostic performance of magnetic reso-
nance imaging

The performance for tumor detectability 
was not significantly different between pre- 
and post-BD MRIs (Supplementary Table S1, 
Supplementary Figures S1, S2). Post-BD MRI 
scans exhibited a comparable performance 
with pre-BD MRI scans, but the pre-BD MRI 
was minimally superior (reader 1: sensitivity, 
77.9% vs. 75.0%, P = 0.605; specificity, 97.2% 
vs. 94.9%, P = 0.256; reader 2: sensitivity, 
73.2% vs. 72.6%, P = 0.926; specificity, 98.4% 
vs. 94.9%, P = 0.068). Inter-reader agreement 

for the Bismuth–Corlette classification was 
almost perfect using MRI (κ = 0.85).

Discussion
The accurate evaluation of surgical resect-

ability is crucial in EHD cancer; however, BD 
poses limitations in the assessment of the 
longitudinal tumor extent. This study inves-
tigated the diagnostic performance of eval-
uating the longitudinal extent of EHD cancer 
after BD based on the recent KSAR consensus 
recommendations. It also explored the best 
strategy to improve CT performance in the 
preoperative setting. In 105 patients, reading 
pre-BD CT scans or the combined reading of 
pre- and post-BD CT scans showed better di-
agnostic performance than reading post-BD 
CT scans alone, which was supported by sig-
nificantly higher reader confidence. In a sub-
group of 85 patients, MRI performance was 
compared between those who underwent 
MRI pre- and post-BD, and no significant 
difference was found in diagnostic perfor-
mance, which was similar to that of the com-
bined CT reading.

The biliary segment-wise performance for 
tumor detectability was higher when both 
pre- and post-BD CT scans were considered 
compared with post-BD CT alone. These re-
sults may be attributed to the overestima-
tion of the longitudinal tumor extent owing 
to post-BD cholangitis, which contributes 
to wall thickening and enhancement on CT 
scans.19-21 Catheter-related beam-hardening 
artifacts from BD may also obscure the tumor, 
causing challenges in the evaluation.14,22 In a 
previous study, the acquisition of CT post-BD 
was associated with decreased R0 resection 
rates in EHD cancer in comparison with the 
acquisition of CT pre-BD, which led to poorer 
survival rates in patients who underwent CT 
post-BD.12 The results of that study are rein-
forced by the limited performance of post-
BD CT scans in this study. The head-to-head 
comparison of the performance between 
pre-BD CT and post-BD CT corroborates the 
previous observation that the evaluation of 
secondary biliary confluence was less accu-
rate in patients who underwent CT after BD 
than those who underwent CT before BD.13 
Moreover, in the biliary segment where the 
drainage catheter was located, post-BD CT 
alone showed a particularly decreased speci-
ficity. Therefore, considering pre-BD CT scans 
is useful for the accurate evaluation of surgi-
cal resectability even after BD.

For the Bismuth–Corlette classification 
evaluated on CT scans, all reading sessions 
showed accuracies of 66.7%–74.3%. This 

Table 1. Clinicopathological characteristics of patients with extrahepatic bile duct cancer

Variable Total (n = 105) Perihilar (n = 41) Distal (n = 64)

Age at the time of surgery (y), mean ± SD 67 ± 8 67 ± 7 68 ± 8

Male/female 74 (70.5)/31 
(29.5)

33 (80.5)/8 
(19.5)

41 (64.1)/23 
(35.9)

Biliary decompression method

PTBD 17 (16.2) 7 (17.1) 10 (15.6)

ERCP 88 (83.8) 34 (82.9) 54 (84.4)

Bismuth–Corlette classification

I NA 11 (26.8) NA

II NA 9 (22.0) NA

IIIA NA 7 (17.1) NA

IIIB NA 4 (9.8) NA

IV NA 10 (24.4) NA

Type of surgery

PPPD 75 (72.4) 12 (29.3) 63 (98.4)

Hepatectomy 21 (20.0) 21 (51.2) 0 (0.0)

Segmental resection of bile duct  5 (4.8)  4 (9.8)  1 (1.6)

Segmental resection of bile duct with 
hepatectomy 3 (2.9) 3 (7.3) 0 (0.0)

Hepatopancreatoduodenectomy 1 (1.0) 1 (2.4) 0 (0.0)

Resection margin status

R0 64 (61.0) 20 (48.8) 44 (68.8)

R1 41 (39.0) 21 (51.2) 20 (31.3)

Pathologic grade

Well differentiated 12 (11.4) 4 (9.8) 8 (12.5)

Moderately differentiated 71 (67.6) 27 (65.9) 44 (68.8)

Poorly or undifferentiated 22 (21.0) 10 (24.4) 12 (18.8)

Data are presented as numbers of patients with percentages in parentheses unless otherwise specified. 
SD, standard deviation; PTBD, percutaneous transhepatic biliary drainage; ERCP, endoscopic retrograde 
cholangiopancreatography; PPPD, pylorus-preserving pancreaticoduodenectomy; NA, not applicable.
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result is similar to the previously reported 
CT accuracy for the longitudinal tumor ex-
tent, which ranged between 56.3%–74.1%.23 
When both CT scans were considered, there 
were fewer cases of overestimation com-
pared with using post-BD CT scans alone. This 
can be attributed to the limited performance 
of post-CT scans in differentiating between 
tumors and inflammation caused by BD.11 
Moreover, reader confidence was higher 
when both CT scans were considered. There-
fore, when evaluating the longitudinal tumor 
extent using post-BD CT scans, considering 
pre-BD CT scans, whenever available, may 
improve the diagnostic performance of CT 
scans. Furthermore, inter-reader agreement 
for the Bismuth–Corlette classification was 
substantial for CT readings, either pre-BD or 
post-BD, which was comparable with the re-
sults of a prior study.23 These results may be 
explained by the standardized evaluation of 
biliary tree segments based on the radiolog-
ic consensus guidelines, which supports the 
structured reporting approach.

A recent study showed that the perfor-
mance of CT and MRI was comparable before 
BD for the resectability evaluation of EHD 
cancer.6 Of note, MRI scan performance did 
not significantly decrease after BD in this 
study in contrast with the CT scan perfor-

Table 2. Diagnostic performance of CT scans for determining the longitudinal extent of the extrahepatic bile duct cancer

Reader Examined biliary segment Pre-BD (A) Pre- and post-BD (B) Post-BD (C) P (A vs. B) P (B vs. C) P (C vs. A)

Sensitivity (%)

1

All segments 72.6 (67.8–77.5) 72.6 (67.8–77.5) 64.6 (59.4–69.8) >0.999 <0.001 <0.001

Segments with a catheter NA 74.4 (68.9–79.8) 67.5 (61.6–73.3) NA 0.006 NA

Segments without a catheter NA 67.1 (56.7–77.5) 55.7 (44.7–66.7) NA 0.001 NA

2

All segments 72.9 (68.1–77.8) 77.2 (72.7–81.8) 72.9 (68.1–77.8) 0.114 0.126 >0.999

Segments with a catheter NA 80.5 (75.5–85.4) 74.4 (68.9–79.8) NA 0.013 NA

Segments without a catheter NA 67.1 (56.7–77.5) 68.4 (58.1–78.6) NA 0.763 NA

Specificity (%)

1

All segments 97.7 (96.4–99.0) 96.9 (95.4–98.4) 94.8 (92.8–96.7) 0.471 0.063 0.015

Segments with a catheter NA 92.4 (88.3–96.5) 88.0 (82.9–93.1) NA 0.068 NA

Segments without a catheter NA 98.9 (97.8–100.0) 97.8 (96.2–99.3) NA 0.156 NA

2

All segments 96.7 (95.2–98.2) 97.5 (96.1–98.8) 94.2 (92.2–96.2) 0.855 0.003 0.069

Segments with a catheter NA 94.3 (90.7–97.9) 88.0 (82.9–93.1) NA 0.016 NA

Segments without a catheter NA 98.9 (97.8–100.0) 96.9 (95.1–98.7) NA 0.019 NA

Accuracy (%)

1

All segments 88.0 (85.8–90.2) 87.5 (85.3–89.7) 83.1 (80.6–85.6) 1.515 <0.001 <0.001

Segments with a catheter NA 81.4 (77.6–85.2) 75.5 (71.3–79.7) NA 0.001 NA

Segments without a catheter NA 93.1 (90.7–95.5) 90.1 (87.3–92.9) NA 0.001 NA

2

All segments 87.5 (85.3–89.7) 89.6 (87.6–91.7) 86.0 (83.6–88.3) 0.060 <0.001 0.600 

Segments with a catheter NA 85.9 (82.5–89.3) 79.7 (75.8–83.6) NA 0.001 NA

Segments without a catheter NA 93.1 (90.7–95.5) 91.7 (89.2–94.3) NA 0.179 NA

Data are performance measures with 95% confidence intervals in parentheses. CT, computed tomography; BD, biliary drainage; NA, not applicable.

Figure 2. Overestimation of the longitudinal extent of distal cholangiocarcinoma after biliary drainage (BD) 
in a 68-year-old woman. (a-c) Coronal (a, b) and axial (c) portal venous phase computed tomography (CT) 
images obtained one month after BD showing diffuse enhancing wall thickening (arrows) of common bile 
duct (CBD), common hepatic duct, primary biliary confluence, and right hepatic duct. Both readers assessed 
the tumor as a Bismuth–Corlette type II hilar cholangiocarcinoma using post-BD CT scan. (d) Coronal portal 
venous phase CT image obtained before BD depicting segmental wall thickening and luminal narrowing of 
the intra- and supra-pancreatic CBD (arrow). Therefore, both readers correctly determined that the tumor 
was a distal cholangiocarcinoma using both pre- and post-BD CT scans.

a

c

b

d
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mance. This is probably because of the high-
er contrast resolution of the bile duct lumen 
and wall on MRI scans than on CT scans.24 
Moreover, there was no significant difference 
in the diagnostic performance between MRI 

scans obtained pre- and post-BD, and the 
sensitivity, specificity, and accuracy were 
similar to those of the combined reading 
of pre- and post-BD CT scans. The previous 
study by Chryssou et al.15 observed a tenden-

cy toward overestimating the tumor extent 
after BD on MRI. However, this study, which 
recruited a larger number of patients, ob-
served a comparably accurate performance 
of MRIs pre- and post-BD, approaching the 
reported near-perfect performance of pre-
BD MRI.25 Hence, it was assumed that even 
when MRI is performed after an urgent BD, 
there would be no significant difference in 
the diagnostic performance. In addition, the 
almost perfect inter-reader agreement for 
the Bismuth–Corlette classification on MRI 
indicates the benefits of radiologic consen-
sus guidelines. However, another study using 
pre-BD MRI observed only moderate agree-
ment for four readers, which may better re-
flect the real world.6

This study had some limitations. First, a 
selection bias might have been introduced in 
the surgical cohort. However, evaluating the 
longitudinal tumor extent would be more 
challenging in resectable cancers than in 
advanced cancers with higher T stages. Sec-
ond, the validity of surgical and pathological 
reference standards can be suboptimal in pa-
tients with R1 resection margin status. How-
ever, the effect would be small in patients 
where R1 resection margins are attributable 
to the circumferential margin instead of the 
ductal margin. Third, multiphasic CT was less 
frequently performed after BD, albeit statis-
tically insignificant, because single-phase CT 
was a preferred modality for follow-up imag-
ing due to a lower radiation dose. This might 
have affected post-BD CT performance 
for tumors involving intrapancreatic CBD. 
Fourth, the diagnostic performance of pre- 
and post-BD MRI could not be compared in 
the same patient. This was because CT was 
the preferred imaging modality for EHD can-
cer, and no patient underwent MRI both pre- 
and post-BD. Fifth, the interval between MRI 
and surgery was shorter than that between 
pre-BD CT and surgery because MRI was 
the secondary imaging modality performed 
after CT. Nonetheless, the median interval 
showed approximately a one-week differ-
ence, and the longitudinal tumor extent 
could not have changed significantly during 
this interim period.26 Lastly, the study results 
might not be generalizable to patients who 
undergo preoperative chemotherapy or ra-
diotherapy, as preoperative treatment would 
affect the longitudinal tumor extent.

In conclusion, the consideration of pre-
BD CT scans provided better diagnostic 
performance than reading post-BD CT scans 
alone. Therefore, the acquisition of pre-BD 
CT would be beneficial for the preopera-
tive evaluation of EHD cancer when BD is 

Figure 3. Overestimation of the longitudinal extent of Bismuth–Corlette type IIIA perihilar 
cholangiocarcinoma after biliary drainage (BD) in a 64-year-old man. (a, b) Axial (a) and coronal (b) 
portal venous phase computed tomography (CT) images obtained one month after BD showing diffuse 
enhancing wall thickening (arrows) of the hilar bile duct extending to both hepatic ducts. Both readers 
assessed the tumor as a Bismuth–Corlette type IIIB hilar cholangiocarcinoma using post-BD CT scan 
(incorrect assessment), which was probably attributable to cholangitis extending to the left hilar bile duct. 
(c) Coronal portal venous phase CT image obtained before BD depicts segmental wall thickening and 
luminal narrowing of the hilar bile duct with the proximal end at the primary biliary confluence (arrow). 
Therefore, both readers decided that the tumor was a Bismuth–Corlette type II using both pre- and post-BD 
CT scans (underestimation). The involvement of the right secondary biliary confluence was not detected on 
the pre-BD CT scan, which was probably because of microscopic tumor extension.

a b c

Table 3. Results of the Bismuth–Corlette classification using CT scans

Pre-BD (A) Pre- and 
post-BD (B)

Post-BD 
(C)

P

A vs. B B vs. C C vs. A

Reader 1

Overestimation 5 (4.8) 12 (11.4) 14 (13.3)

0.390 >0.999 0.864
Correct 78 (74.3) 70 (66.7) 70 (66.7)

Underestimation 22 (21.0) 23 (21.9) 20 (19.1)

Incorrecta 0 (0.0) 0 (0.0) 1 (1.0)

Reader 2

Overestimation 7 (6.7) 13 (12.4) 17 (16.2)

>0.999 >0.999 0.405
Correct 76 (72.4) 72 (68.6) 73 (69.5)

Underestimation 22 (21.0) 20 (19.1) 14 (13.3)

Incorrecta 0 (0.0) 0 (0.0) 1 (1.0)

Data are numbers of patients with percentages in parentheses. aBismuth type IIIA determined as IIIB or vice versa. CT, 
computed tomography; BD, biliary drainage.

Table 4. Comparison of reader confidence

Pre-BD (A) Pre- and 
post-BD (B)

Post-BD (C) P

A vs. B B vs. C C vs. A

Reader 1

50%–75% 4 (3.8) 6 (5.7) 57 (54.3)

>0.999 <0.001 <0.00176%–90% 33 (31.4) 30 (28.6) 34 (32.4)

>90% 68 (64.8) 69 (65.7) 14 (13.3)

Reader 2

50%–75% 1 (1.0) 0 (0.0) 42 (40.0)

0.723 <0.001 <0.00176%–90% 12 (11.4) 20 (19.1) 56 (53.3)

>90% 92 (87.6) 85 (81.0) 7 (6.7)

Data are numbers of patients with percentages in parentheses. BD, biliary drainage.



 

218 • July 2024 • Diagnostic and Interventional Radiology Cho et al.

planned. Moreover, MRI evaluation would 
not be significantly affected by BD in terms 
of the diagnostic performance of the longi-
tudinal tumor extent.
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Supplementary Table S1. Diagnostic performance of MRI scans in determining longitudinal extent of extrahepatic bile duct cancer

Reader Sensitivity (%) P Specificity (%) P Accuracy (%) P

Pre-BD MRI Post-BD MRI Pre-BD MRI Post-BD MRI Pre-BD MRI Post-BD MRI

1 77.9 (72.0–83.8) 75.0 (65.7–84.3) 0.605 97.2 (95.2–99.3) 94.9 (91.4–98.3) 0.256 88.9 (85.9–91.8) 87.9 (83.8–92.0) 0.256

2 73.2 (66.9–79.5) 72.6 (63.1–82.2) 0.926 98.4 (96.8–100.0) 94.9 (91.4–98.3) 0.068 87.5 (84.4–90.6) 87.1 (82.8–91.3) 0.876

Data are performance measures in percentages, with 95% confidence intervals in parentheses. MRI, magnetic resonance imaging; BD, biliary drainage.
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Supplementary Figure S2. MRI evaluation of distal cholangiocarcinoma after biliary drainage in a 
61-year-old man. (a-c) Axial T1-weighted fat-suppressed image in arterial phase (a) and portal venous 
phase (b), and axial T2-weighted fat-suppressed image (c) show segmental enhancing wall thickening 
(arrow) of intrapancreatic CBD, and biliary stent in the center. (d) Two-dimensional magnetic resonance 
cholangiopancreatography shows biliary stent (arrow) located at common hepatic duct to intrapancreatic 
CBD, with upstream biliary tree dilatation. Both readers correctly determined the longitudinal tumor extent 
as distal cholangiocarcinoma. CBD, common bile duct; MRI, magnetic resonance imaging. 

a

c

b

d

Supplementary Figure S1. MRI evaluation of perihilar cholangiocarcinoma before biliary drainage in a 
80-year-old woman. (a-c) Axial (a) T1-weighted fat-suppressed image in portal venous phase, and coronal (b) 
and axial (c) T2-weighted images show segmental enhancing wall thickening (arrows) of common hepatic 
duct, extending to primary biliary confluence, and left secondary biliary confluence. (d) Two-dimensional 
magnetic resonance cholangiopancreatography shows a filling defect (arrow) in biliary tree by the tumor, 
with dilatation of left intrahepatic bile ducts. Both readers correctly assessed the tumor as Bismuth-Corlette 
type IIIB perihilar cholangiocarcinoma. MRI, magnetic resonance imaging.

a

c

b

d

Online Resource 1. Magnetic resonance imaging 
(MRI) acquisition. For MRI acquisition, either a 1.5-
T (Intera Achieva, Philips Medical Systems, Best, 
Netherlands) or 3.0-T scanner (Magnetom Trio Tim, 
Siemens Medical Solutions, Erlangen, Germany; 
Intera Achieva or Ingenia, Philips Medical Systems, 
Best, Netherlands; Discovery MR750w MRI unit, GE 
Medical Systems, Waukesha, Wisconsin, U.S.A.) with 
a 4-,16-, or 32-channel torso-array coil was used. A 
breath-hold axial T1-weighted dual-echo gradient-
recalled echo sequence was used for pre-contrast 
T1 images. T2-weighted single- or multi-shot turbo 
spin-echo with or without spectral fat suppression 
was performed either before or after contrast use. 
Magnetic resonance cholangiopancreatography 
was performed with a two-dimensional thick-slab 
single-shot turbo spin-echo or three-dimensional 
T2-weighted respiratory-triggered fast spin-
echo sequence using the navigator technique. 
Dynamic contrast-enhanced T1-weighted imaging 
was performed after administration of either 
a hepatobiliary or extracellular contrast agent 
(Primovist, gadoxetic acid, Bayer Schering Pharma, 
Berlin, Germany; Dotarem, gadoterate meglumine, 
Guerbet, France). The contrast was injected as 0.1 
mL/kg of Primovist bolus injection at a rate of 1 
mL/sec or 0.2 mL/kg of Dotarem at a rate of 1 or 2 
mL/sec, followed by 20 mL of saline flush. Arterial 
phase timing was determined using the test-bolus 
or bolus tracking method, 2-5 sec after peak aorta 
enhancement. Portal venous phase (50–60 sec) and 
delayed or transitional (2–3 min) phase images were 
obtained. Hepatobiliary phase (15–20 min) images 
were obtained using gadoxetic acid. Diffusion-
weighted imaging was performed at b values of 0 
or 50, 400, and 800 s/mm2.
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Volumetric segmentation analysis of the levator ani muscle using 
magnetic resonance imaging in pelvic floor function assessment

PURPOSE
In this case-control study, we aimed to evaluate how muscle volume affects pelvic floor function 
by analyzing the levator ani muscle (LAM) using volumetric segmentation in addition to standard 
magnetic resonance (MR) defecography assessments.

METHODS
We enrolled 85 patients with varying degrees of pelvic floor dysfunction (PFD) and 85 age- and gen-
der-matched controls in this retrospective study. All patients had MR defecography images, while 
all controls had pelvic MR images obtained for other reasons. Group comparisons were performed 
using independent samples t-tests and Mann–Whitney U tests. The receiver operating curve (ROC) 
was constructed to establish a cut-off value for a normal LAM volume. Interrater reliability was as-
sessed by calculating the intraclass correlation coefficient. A P value of less than 0.05 was consid-
ered statistically significant. 

RESULTS
Volumetric measurements revealed that the control group had higher LAM volumes, and the ROC 
curve analysis indicated a cut-off value of 38934.3 mm3 with a sensitivity of 0.812 and specificity 
of 0.8 for PFD assessment using LAM volumetric measurement. Gender did not significantly affect 
LAM volume in the control group. 

CONCLUSION
Alongside the useful structural and functional information acquired from MR defecography images, 
volumetric analysis, and three-dimensional reconstructions of LAM may help to improve the accu-
racy of the diagnosis.

KEYWORDS
Segmentation, levator ani muscle, pelvic floor dysfunction, magnetic resonance defecography, vol-
umetric measurement

You may cite this article as: Buz Yaşar A, Yüzok RB, Dağıstan E. Volumetric segmentation analysis of the levator ani muscle using magnetic resonance imaging 
in pelvic floor function assessment. Diagn Interv Radiol. 2024;30(4):220-227.

Pelvic floor dysfunction (PFD) is a comprehensive term that refers to a broad group of 
medical conditions that can affect the suspensory ligaments, fascial coverings, and mus-
cles supporting the pelvic organs.1,2 It is a common disorder with an estimated preva-

lence of 25 percent among women in the United States.3 The etiological factors of PFD include 
female gender, a history of vaginal childbirth, chronic constipation, pelvic surgery, obesity, 
genetic predisposition, menopause, and aging.1,3,4

The anatomical structures in the pelvic region include the bladder, prostate, uterus, vagina, 
and rectum, which are evaluated in three compartments: anterior (bladder and urethra), mid-
dle (uterus and vagina), and posterior (rectum, anal canal).2,4 These structures are attached by 
the endopelvic fascia, the pelvic diaphragm, and the urogenital diaphragm and function as a 
single unit.1 The levator ani muscle (LAM) is a complex funnel-shaped structure consisting of 
three main components: the pubococcygeus (pubovaginalis, puboprostaticus, puboperineal, 
puboanal), puborectalis, and iliococcygeus.4-6 Damage or weakening of the LAM is the most 
common cause of pelvic organ prolapse (POP), resulting in a distorted shape of muscle that 
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tends to tilt more vertically and widen the le-
vator hiatus. An insult to the pelvic floor mus-
cles or ligaments can lead to urinary or fecal 
incontinence, dyspareunia, constipation, and 
pelvic pain.2,6

Radiologically, for the assessment of 
these structures, magnetic resonance (MR) 
defecography uses sagittal balanced steady-
state gradient echo (GRE) (different ven-
dors have similar sequences with different 
trade names, such as True-FISP, FIESTA, and 
balanced-FFE) images, and a reference line 
called the pubococcygeal line (PCL) is drawn 
from the lower border of the pubic symphy-
sis to the last coccygeal joint.1,2,7 The distance 
perpendicular from the posterior wall of the 
anorectal component to the PCL is called the 
“M line”, which corresponds to a measure of 
the location of the anorectal junction. The “H 
line” is the distance from the inferior border 
of the pubic symphysis to the posterior of 
the anorectal component and represents the 
anteroposterior width of the levator hiatus 
(Figure 1).7

MR defecography is a dynamic examina-
tion that allows evaluation at rest, during 
contraction, and defecation.1,2,4 In the anteri-
or compartment, the position of the urethra 
and bladder can be assessed for diagnoses 
such as urethral hypermobility and cystocele. 
In the middle compartment, uterine or cervi-
cal prolapse can be observed. In the posterior 
compartment, pathologies like rectocele or 
rectal intussusception can be detected.4,8 The 
classic PCL, H, and M lines are utilized for the 
radiological grading of these pathologies. 
Additionally, measuring the anorectal angle 
(ARA) and its dynamic changes are important 
in diagnosing pelvic floor dyssynergia.9

The thickness and volume measurement 
of the LAM have been investigated through 
ultrasound (US), computed tomography (CT), 
and MR studies, and the factors influencing 
the muscle volume and architecture have 
been explored.10-12 In our study, we hypothe-
size that the LAM volume is lower in patients 
with PFD than in healthy individuals. Along-
side routine evaluations in MR defecography, 
we aimed to assess the impact of muscle vol-
umes on the POP by conducting a volumetric 
segmentation analysis of the LAM.

Methods
This retrospective study was approved by 

the Bolu Abant İzzet Baysal University Clini-
cal Research Ethics Committee and written 
informed consent was waived by it (date of 
project: 22.08.2023; project decision num-
ber: 262). This research study was conducted 
in accordance with the Declaration of Helsin-
ki. The STARD guidelines were followed for 
reporting and joint recommendations of the 
ESUR and ESGAR Pelvic Floor Working Group 

were followed for patient preparation, image 
acquisition, and interpretation.8,13-15

Patient selection

A total of 85 patients (M: 16, F: 69), aged be-
tween 19 and 92 years old, with varying levels 
of PFD, as well as 85 controls (M: 16, F: 69) with 
ages ranging from 20 to 85 years old, were in-
cluded in this study. The control group consist-
ed of individuals without pelvic floor pathology 
identified in MR imaging (MRI) assessments at 
rest but with pelvic MRI taken for other medi-
cal reasons. The participants’ MR defecography 
and pelvic MRI were recruited from picture ar-
chiving communication systems. All MRI were 
acquired at the radiology department between 
September 2020 and November 2023. Patients 
with poor quality imaging due to artifacts on 
MR scan, inadequate or incomplete imaging, 
or in whom volumetric measurements could 
not be performed were excluded from partici-
pation, as were control group participants with 
findings of PFD on pelvic MRI. There were no 
patients with a history of pelvic region radio-
therapy or oncological surgery in the patient 
population and control group (Figure 2 shows 
a flowchart of the study).

Patient preparation 

For MR defecography images, patients 
were asked to empty their bladders and 
bowels 1–2 hours before the MRI examina-
tion. The patient should be trained about the 
imaging steps (rest, squeeze, strain, Valsalva 
maneuver, and defecation) prior to the MRI 
examination. Immediately before imaging, 
120–180 mL of rectal gel was injected gently 
through the anal canal in the decubitus posi-
tion to fill the rectum. Preparation for a pelvic 
MRI involves wearing comfortable clothes, 
removing all metallic accessories, and dis-
cussing potential contrast allergies. 

Magnetic resonance imaging protocol and 
image acquisition

The MRI scans of all patients participating 
in the study were performed on the General 

Main points

•	 Pelvic floor dysfunction (PFD) encompass-
es various medical conditions affecting the 
supportive ligaments, fascial coverings, and 
the muscles in the pelvic region. 

•	 The levator ani muscle (LAM) is a critical 
component, and damage or weakening of 
this muscle is a common cause of pelvic or-
gan prolapse (POP) and related conditions 
like incontinence, dyspareunia, and pelvic 
pain.

•	 Our study indicates that individuals with 
PFD tend to have a lower LAM volume, with 
a specific cut-off value for muscle volume 
linked to a higher tendency for PFD.

•	 However, contrary to initial assumptions, 
no linear correlation between the severity 
of POP or pelvic floor relaxation and muscle 
volume was observed in this study.

Figure 1. Reference lines of magnetic 
resonance defecography measurements at rest 
(pubococcygeal line: yellow line; H-line: green line; 
M-line: red line). PCL, pubococcygeal line; FLP, foot 
left posterior; HRA, head right anterior.

Figure 2. Flowchart of the study. MR, magnetic resonance. 
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Electric SignaTM Explorer MR 1.5T closed sys-
tem device (GE Healthcare, Chicago, Illinois, 
IL, United States) using a phased array body 
coil without contrast material administration. 
The patient was positioned lying horizontally 
with the face and torso facing up with knees 
elevated on a pillow. To protect the scanner 
during imaging, adult diapers and disposable 
sheets were used. MR defecography consists 
of both statical and dynamical sequences 
including sagittal, coronal, and axial static 
T2-weighted images at rest, sagittal and cor-
onal cine balanced steady-state GRE while 
squeezing and straining, and coronal cine 
balanced steady-state GRE images during 
defecation at least three times until the rec-
tum is emptied as much as possible (detailed 
information is summarized in Table 1). The 
entire defecography procedure duration var-
ied between 15 to 30 minutes. Pelvic MR pro-
tocol includes sagittal and axial T2-weighted, 
coronal fat-saturated T2-weighted images, 

axial T1-weighted fast-spin echo images, ax-
ial diffusion-weighted images with a b value 
of 50 and 800, and axial liver acquisition with 
volume acceleration (LAVA) images. In cases 
where contrast media was required, dynam-
ic sagittal LAVA images (for female patients 
only) and axial contrast-enhanced LAVA im-
ages were obtained. Pelvic MRI lasts approxi-
mately 20–30 minutes (Table 2). 

Routine magnetic resonance defecography 
and pelvic magnetic resonance imaging in-
terpretation

Two radiologists (E.D. and A.B.Y.) evalu-
ated the MRI in consensus. An independent 
radiologist (R.B.Y.), who was blinded to the 
outcomes, concurrently interpreted a ran-
domly selected subset of 35 cases. All metric 
measurements including PCL, H, and M-lines 
at rest and defecation, ARA at rest, squeezing 
and defecation, levator plate angle (LPA, the 
angle between the levator plate and PCL) at 

maximal straining, and urethral angle (the 
angle between the urethra and PCL) were 
completed on midline sagittal MRI. The se-
verity of cystocele and uterine prolapse was 
graded according to the depth of the herni-
ation under the PCL as mild (less than 3 cm), 
moderate (3  to 6 cm), and severe (greater 
than 6 cm).8,16,17 A rectocele is characterized 
by the rectal wall extending beyond the an-
ticipated typical shape, with grading based 
on the extent of protrusion: small (<2 cm), 
moderate (2-4 cm), and large (>4 cm), de-
termined by the depth of the bulge.18 The 
assessment of pelvic diaphragm relaxation 
based on M-line lengths was evaluated using 
the H-line, M-line, and organ prolapse (HMO) 
classification system. A normal hiatal posi-
tion was defined as an M-line measurement 
between 0 and 2 cm (grade 0), while mild de-
scent was categorized as an M-line measure-
ment ranging from 2 to 4 cm (grade 1). Mod-
erate descent was characterized by an M-line 

Table 1. Magnetic resonance defecography protocol

Plane MR sequence TR/TE (ms) Matrix size/NEX Slice thickness 
(mm)

Spacing 
(mm)

FOV (cm x cm) Information 
type

Phase

Sagittal Static, T2 PROPELLER  7570/152.32 288 x 288/4 4 1 25 x 25 Structural Rest

Coronal Static, T2 PROPELLER  3859/148.99 288 x 288/4 4 1 34 x 34 Structural Rest

Axial Static, T2 PROPELLER  5195/121.3 320 x 320/4 4 1 35 x 35 Structural Rest

Sagittal 
midline Dynamic, Cine FIESTA 4/1.4 256 x 288/4 6 1 25 x 25 Functional Squeeze 

(Kegel)

Coronal Dynamic, Cine FIESTA 5/2.02 256 x 288/4 6 1 25 x 25 Functional Squeeze 
(Kegel)

Sagittal 
midline Dynamic, Cine FIESTA 4/1.91 256 x 288/4 6 1 25 x 25 Functional Strain 

(Valsalva)

Coronal Dynamic, Cine FIESTA 5/2.01 256 x 288/4 6 1 25 x 25 Functional Strain 
(Valsalva)

Sagittal 
midline Dynamic, Cine FIESTA 5/1.9 256 x 288/4 6 1 25 x 25 Functional

Defecation 
(at least 3 

times)

MR, magnetic resonance; TR, time of repetition; TE, time of echo; NEX, number of excitations; FOV, field of view.

Table 2. Pelvic magnetic resonance protocol

Plane MR sequence TR/TE (ms) Matrix size/NEX Slice 
thickness 

(mm)

Spacing (mm) FOV (cm x cm)

Sagittal T2 PROPELLER  6.121/113.74 288 x 288/4 5 1 25 x 25

Axial T2 PROPELLER  4.146/96.62 300 x 300/4 5 1 32 x 32

Coronal T2 FAT-SAT PROPELLER  6.446/96.82 300 x 300/4 5 1 32 x 32

Axial T1 fast spin echo 552/10.28 320 x 224/4 5 1 32 x 32

Axial Diffusion-weighted imaging b value: 50–800 5.835/78.90 256 x 288/4 5 1 32 x 32

Axial Apparent diffusion coefficient 5.835/78.90 128 x 128/4 5 1 32 x 32

Axial LAVA 6/3.15 280 x 192/4 6 1 32 x 32

Sagittal* 
(female protocol) Dynamic, contrast-enhanced LAVA 3/1.84 320 x 192/4 4 1 32 x 32

Axial* Contrast-enhanced LAVA 6/3.15 280 x 192/4 4 1 32 x 32

*Only obtained for contrast-enhanced studies. MR, magnetic resonance; TR, time of repetition; TE, time of echo; NEX, number of excitations; FOV, field of 
view; LAVA, liver acquisition with volume acquisition.
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measurement between 4 and 6 cm (grade 2), 
and severe descent was indicated when the 
M-line measurement exceeded 6 cm (grade 
3).19 On the other hand, a normal hiatal width 
was defined as an H-line measurement be-
tween 0 and 6 cm (grade 0), while mild hiatal 
enlargement was categorized as an H-line 
measurement ranging from 6 to 8 cm (grade 
1). Moderate enlargement was characterized 
by an H-line measurement between 8 and 
10 cm (grade 2), and severe enlargement 
was indicated when the H-line measurement 
exceeded 10 cm (grade 3).19 Urethral hyper-
mobility is a condition of excessive horizon-
tal translation (more than 30°) of the urethra 
due to a weak pelvic floor.1 

Levator ani muscle manual segmentation 
and volumetric measurements

For analyzing the medical image data, a 
free and open-source imaging package soft-
ware [three-dimensional (3D) Slicer version 
5.2.2 for Mac OS X] was utilized. A radiologist 
with eight years’ experience (A.B.Y.), and a ra-
diology resident with five years’ experience 
(R.B.Y.) manually segmented the LAM from 
the contiguous axial T2-weighted MRI slices 
using the “Segment Editor” module in the 
3D Slicer software. The anterior boundary 
of the LAM is defined as the pubic symphy-
sis, whereas the posterior boundary of the 
LAM is defined as the coccyx. The muscles 
surrounding the anal canal and rectum were 
delineated. Quantitative information, includ-

ing the number of voxels, the volume of the 
muscle, minimum, maximum, mean, and 
median values, standard deviation, and sur-
face area, derived using the “Segment Sta-
tistics” module, was noted. For each patient 
and control, 3D reconstruction models of the 
LAM were also created (Figures 3, 4). The av-
erage time to segment the LAM required 10 
minutes per patient. 

Statistical analysis

All statistical analyses were conducted 
using the SPSS 24.0 software (IBM Corp., Ar-
monk, NY, USA). Metric measurements and 
quantitative segmentation results were re-
ported with means and standard deviations. 
The normality of distribution was assessed 
using the Shapiro–Wilk test. Normally dis-
tributed data were compared using the inde-
pendent samples t-test, while non-normally 
distributed data were evaluated using the 
Mann–Whitney U test. A chi-square test was 
used to compare the observed frequencies 
of categorical data. Subgroup comparisons 
within the patient group were done using 
the Kruskal–Wallis test. The receiver opera-
tor characteristic (ROC) curve was drawn to 
assess the sensitivity and specificity of the 
volumetric measurement, and the optimal 
cut-off value was selected. The intraclass cor-
relation coefficient was used to estimate the 
interrater reliability of the MR defecography 
measurements. A P value of less than 0.05 
was considered statistically significant. 

Results

Demographic characteristics

The mean age was calculated as 53.54 ± 
15.7 years for the patient group and 51.99 ± 
13.4 years for the control group. There was 
no significant difference between the groups 
in terms of age. In both groups, the distribu-
tion of men and women was equal. Among 
69 female participants, 14 in the case and 13 
in the control groups had undergone a hys-
terectomy (P value, 0.632).

Routine magnetic resonance imaging 
of pelvic floor and magnetic resonance 
defecography findings

Pelvic floor measurements were per-
formed in both the patient and control 
groups where applicable. The mean PCL 
length was calculated as 102.24 ± 9.9 mm, 
the H-line at rest was 49.35 ± 9.8 mm, and 
the M-line at rest was 15.97 ± 11.7 mm for 
the patient group. Conversely, the mean PCL 
length was calculated as 103.06 ± 10.9 mm, 
the H-line at rest as 31.06 ± 5.4 mm, and the 
M-line at rest as 6.12 ± 3.2 mm for the control 
group. The remaining measurements were 
only performed in the patient group. The 
H-line at defecation was calculated as 69.07 
± 17.1 mm, and the M-line at defecation was 
43.21 ± 21.3 mm. The average ARA angle at 
rest was 96.11 ± 17.04°, 82.71 ± 17.8° at strain, 
and 113.01 ± 22.4° at defecation. The mean 
LPA at maximal straining was 37.86 ± 20.1°; 
61.2 percent of the patients (n = 52) had 
urethral hypermobility. Only 4 patients had 
peritoneocele (Table 3). The most common 
pathologies were grade 1 cystocele (n = 36, 
42.4%) and mild hiatal enlargement (n = 35, 
41.2%) followed by grade 1 anterior rectocele 
(n = 32, 37.6%), grade 2 anterior rectocele (n 
= 26, 30.6%), and mild pelvic floor descent (n 
= 25, 29.4%). Data regarding POP and pelvic 
floor relaxation are outlined in Table 4.

Interrater reliability of magnetic resonance 
defecography assessment

To determine interrater reliability, 35 pa-
tients were selected randomly and two re-

Figure 3. An example of levator ani muscle (LAM) segmentation and three-dimensional (3D) image 
reconstruction in a healthy individual. Image (a) represents a completed volume rendered segmentation 
model of the LAM. On the right is a screenshot of the 3D-Slicer software “Segment Editor” module. Image 
(b) shows an axial T2-weighted series, which are the source images we loaded for segmentation analysis. 
Images (d, e) show a coronal and sagittal view of the LAM, reconstructed by 3D-Slicer to edit the segment, 
and image C is a real-time 3D model of LAM.

Figure 4. Pipeline of the study. MR, magnetic resonance.

a d e

b c
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viewers (blinded to each other) interpreted 
the PCL line at rest, H-line at rest and defe-
cation, M-line at rest and defecation, ARA at 
rest, maximal strain and defecation, and LPA. 
The intraclass correlation analysis revealed 
excellent agreement (Table 5).20 

Levator ani muscle volumetric measure-
ment

The mean number of voxels was calculat-
ed as 12,896.5 ± 5202.9 for the patient group 
and 18,778.1 ± 6784.1 for the control group. 
The mean volume of LAM was quantified 
as 33,214.6 ± 11,884.6 mm3 for the patient 
group and 48,107.9 ± 12,274.2 mm3 for the 
control group. The mean surface area of the 
patient group was 15,425.8 ± 4,022.2 mm2 
and 19.458.4 ± 4,467.9 mm2 for the control 
group (Table 3). 

Association of levator ani muscle volume 
and pelvic floor dysfunction

Voxel numbers, LAM volumes, and surface 
area were higher in the control group. Since 
the data were not normally distributed, the 
number of voxels, segment volume, and sur-
face area of the patients and controls’ LAM 
were compared using the Mann–Whitney 
U test. For each variable, a statistically sig-
nificant difference was observed (P values 
were <0.001). PFD is defined as the presence 
of conditions that may affect any compart-
ments, including hiatal enlargement, pelvic 
floor descent, cystocele, uterine prolapse, 
rectocele, and peritoneocele. The ROC curve 
analyses were performed to evaluate the 
sensitivity and specificity of the volume and 
surface area measurement of the LAM on 
PFD. A cut-off value of 38,934.3 mm3 was set 

with a 0.812 sensitivity and 0.8 specificity for 
the LAM volume. The area under the curve 
(AUC) was computed as 0.834. For surface 
area measurement, the AUC was calculated 
as 0.753, and the cut-off value was set as 
16,639.4 mm2 with a sensitivity of 0.753 and 
specificity of 0.706 (Figure 5). We also com-
pared the mean volume of the LAM in the 
patient group, depending on the severity 
of hiatal enlargement, pelvic floor descent, 
and POP. When the disease worsened, no 
statistically significant change in the muscle 
volume was observed (P values were 0.440, 
0.929, and 0.732, respectively). 

Effect of gender on levator ani muscle vol-
ume

No statistically significant difference was 
observed between female (n = 69) and male 

Table 3. Magnetic resonance imaging measurements of patient and control groups

  Patient group Control group P value

Age (year, mean ± SD) 53.54 ± 15.7 51.99 ± 13.4 0.489a

Gender distribution (M/F, n) 16/69 16/69 1b

Hysterectomy rate of women (n, and percent) 14 (16.5%) 13 (15.3%) 0.632b

PCL rest (mm, mean ± SD) 102.24 ± 9.9 103.06 ± 10.9 0.609a

H-line rest (mm, mean ± SD) 49.35 ± 9.8 31.06 ± 5.4 P < 0.001c

M-line rest (mm, mean ± SD) 15.97 ± 11.7 6.12 ± 3.2 P < 0.001c

H-line defecation (mm, mean ± SD) 69.07 ± 17.1 N/A N/A

M-line defecation (mm, mean ± SD) 43.21 ± 21.3 N/A N/A

ARA rest (°, mean ± SD) 96.11 ± 17.04 N/A N/A

ARA strain (°, mean ± SD) 82.71 ± 17.8 N/A N/A

ARA defecation (°, mean ± SD) 113.01 ± 22.4 N/A N/A

LPA maximal straining (°, mean ± SD) 37.86 ± 20.1 N/A N/A

LAM volume (mm3, mean ± SD) 33,214.6 ± 11884.6 48,107.9 ± 12274.2 P < 0.001a

LAM surface area (mm2, mean ± SD) 15425.8 ± 4022.2 19,458.4 ± 4467.9 P < 0.001a

LAM number of voxels (mean ± SD) 12896.5 ± 5202.9 18,778.1 ± 6784.1 P < 0.001a

  n, percentage

Urethral hypermobility 52 (61.2%) N/A N/A

Peritoneocele 4 (4.7%) N/A N/A
aIndependent samples t-test results; bFisher’s exact test results; cMann–Whitney U test results. SD, standard deviation; M, male; F, female; n, number; PCL, pubococcygeal line; ARA, 
anorectal angle; LPA, levator plate angle; LAM, levator ani muscle.

Table 4. Magnetic resonance defecography assessment of patient group 

  Absent Grade 1 Grade 2 Grade 3

(n, percent) (n, percent) (n, percent) (n, percent)

Cystocele 41 (48.2%) 36 (42.4%) 7 (8.2%) 1 (1.2%)

Uterine prolapse 40 (72.7%) 11 (20%) 4 (7.3%) 0 (0%)

Anterior rectocele 21 (24.7%) 32 (37.6%) 26 (30.6%) 6 (7.1%)

  Healthy Mild Moderate Severe

(n, percent) (n, percent) (n, percent) (n, percent)

Hiatal enlargement (n, percent) 26 (30.6%) 35 (41.2%) 20 (23.5%) 4 (4.7%)

Pelvic floor descent (n, percent) 15 (17.6%) 25 (29.4%) 23 (27.1%) 22 (25.9%)

n, number.
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(n = 16) controls concerning the number of 
voxels, LAM volumes, and surface areas (P 
values were 0.419, 0.449, and 0.449, respec-
tively). 

Effect of aging on levator ani muscle vol-
ume

A weak negative correlation was observed 
between the age and LAM volume in only 
the patient group (r: −0.227, P value, 0.037). 
All participants (n = 170) were divided into 
two groups according to their age; individ-
uals older than 50 years comprised the first 
group (n = 93) and the remaining individuals 
represented the second group (n = 77). The 
average volume of the LAM was significantly 
lower in the first group (P value, 0.019). 

Effect of history of hysterectomy on levator 
ani muscle volume

No statistically significant difference was 
observed among the women controls based 
on their history of hysterectomy (n = 69, and 
P value is 0.671).

Discussion
In the diagnosis of PFD, clinical examina-

tion is generally indefinite in isolation and 
may lead to the underestimation of patholo-
gies and involved compartments.2,15 Various 
imaging modalities are employed to assess 
the pelvic floor, particularly the LAM, which 
represents the active component, including 
translabial–endovaginal US, CT, fluoroscopy, 
and MRI.15,21 MR defecography imaging offers 
exceptional spatial and contrast resolution, 
enabling the delineation of even small tears 
or injuries, and providing detailed anatom-
ical and functional information.3 In this re-
gard, it plays a crucial role in the concurrent 
assessment of pelvic organs and pelvic floor 
muscles without radiation exposure and 
contrast media administration, unlike dy-
namic fluoroscopic defecography.22

In this retrospective case-control study, 
our primary objective was to investigate the 
relationship between the volume of the LAM 
and PFD, and its potential contribution to 

routine MR defecography measurements. As 
we assumed, our results confirmed the pres-
ence of a correlation between a decreased 
LAM volume and PFD. Patients with an LAM 
volume calculated below 38,934.3 mm3 have 
a higher tendency toward PFD. However, 
contrary to our initial hypothesis, we did not 
observe a linear correlation between the se-
verity of POP or pelvic floor relaxation and 
muscle volume. The small number of sub-
groups in the patient group may have affect-
ed the reliability of the subgroup comparison 
results. Further work on larger populations is 
thus needed to validate our results. 

Previous studies focused on LAM seg-
mentation based on transperineal or en-
dovaginal US and MRI.10-12 Rabbat et al.23 
proposed using deep learning algorithms 
to automate LAM segmentation as a means 
to improve the diagnostic ability of the US. 
Another study utilizing MRI suggests a mod-
ified Chan–Vese segmentation model, which 
uses intensity information and the influence 
of shape to segment the LAM in axial slices.24 
Compared to manual segmentation, auto-
mated segmentation models may shorten 
the time taken to complete the procedure, 
which can assist physicians in executing 
muscle identification, segmentation, 3D re-
construction, and automatic volume mea-
surement.22

In the current study, we chose manual 
segmentation, despite the extended time of 
the process, because it is the reference stan-
dard. Despite employing manual segmenta-
tion, the fact that one segmentation could 
be completed in approximately 10 minutes 
demonstrates its feasibility and appropriate-
ness for clinical work. 

As predicted in prior studies, our study 
participants mostly included women. One 
of our secondary objectives was to assess 
the influence of gender on LAM volume 
in healthy participants. A publication by 
Cheung et al.25 reports that the LAM has ex-
traordinary androgen sensitivity in rodents 
and humans. We hypothesized that the vol-
ume of the LAM in women may be lower 
than in men, potentially giving rise to vulner-
ability to pelvic floor disorders. However, we 
found that LAM volume, LAM surface area, 
and the number of voxels were similar for 
both genders. This suggests that it is the dif-
ference in processes, such as pregnancy and 
childbirth, rather than gender, which may 
be at play. Cheung et al.25 investigated the 
LA and walking muscle volumes in patients 
with prostate cancer receiving androgen 
deprivation therapy and found that the ther-

Table 5. Interobserver correlations of routine magnetic resonance defecography 
measurements 

Observer 1 Observer 2 ICC P value

Measurements (n = 35) (Mean ± SD) (Mean ± SD) (95% CI)

PCL rest (mm) 100.49 ± 10.7 102.09 ± 10.1 0.985 (0.970–0.992) <0.001

H-line rest (mm) 50.9 ± 9.9 51.2 ± 10.1 0.992 (0.985–0.996) <0.001

M-line rest (mm) 19.5 ± 12.2 18.6 ± 12.1 0.976 (0.952–0.988) <0.001

H-line defecation (mm) 71.9 ± 18.5 74.2 ± 18.5 0.955 (0.914–0.977) <0.001

M-line defecation (mm) 47.5 ± 21.5 48.8 ± 21.2 0.967 (0.936–0.983) <0.001

ARA rest (°) 99.8 ± 15.7 98.7 ± 14.6 0.948 (0.9–0.973) <0.001

ARA strain (°) 84.9 ± 18.9 83.4 ± 17.2 0.943 (0.891–0.971) <0.001

ARA defecation (°) 112.3 ± 22.8 113.7 ± 22.4 0.991 (0.982–0.995) <0.001

LPA maximal straining (°) 35.6 ± 19.3 37.3 ± 19.6 0.967 (0.936–0.983) <0.001

ICC, intraclass correlation coefficient; CI, confidence interval; n, number; SD, standard deviation; PCL, pubococcygeal 
line; ARA, anorectal angle; LPA, levator plate angle.

Figure 5. The receiver operating curve analyses of the LAM volume measurement and surface area in the 
presence of pelvic floor dysfunction. Volumetric measurement: AUC: 0.834, cut-off value: 38,934.3 mm3 with 
a sensitivity of 0.812 and specificity of 0.8 (a). Surface area measurement: AUC: 0.753, cut-off value 16,639.4 
mm2 with a sensitivity of 0.753 and specificity of 0.706 (b). LAM, levator ani muscle; AUC, area under the 
curve.

a b
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apy process caused muscle volume loss. The 
limitation of their study is that patients with 
prostate cancer often concurrently receive 
radiation therapy (RT); it should thus be kept 
in mind that the outcomes may have been 
influenced by RT rather than the androgen 
sensitivity of the muscle. There is therefore a 
need to elucidate the molecular mechanism 
of androgen sensitivity of the LAM.

Wyman et al.26 conducted a study to eval-
uate the relationship between LAM volume, 
age, and body mass index (BMI). Interesting-
ly, the results showed that an increased age 
in female participants correlated with an el-
evated LAM volume; however, there was no 
correlation between BMI and muscle volume. 
The study authors assumed these results to 
be related to a reduction in the strength and 
integrity of the LAM resulting from sarco-
penia.26 In their previous paper, the authors 
evaluated whether the estimated LA sub-
tended volume (eLASV) could predict the 
success of POP surgical treatment. Their re-
sults indicated that patients with a higher eL-
ASV had an increased risk of surgical failure.12 
The main question concerning this study is 
the absence of a clear definition of the vol-
umetric measurement process described in 
their paper; accordingly, these findings must 
be interpreted with caution. In contrast to 
earlier findings presented by Wyman et al.26, 
our study reveals that older individuals have 
a lower LAM volume. 

A similar study to the current research was 
carried out by Nandikanti et al.27 to evaluate 
the LA bowel volume variation between rest-
ing and straining states in patients with POP 
and healthy controls. The results indicate that 
hiatus size and bowel volume change during 
straining.27 To the best of our knowledge, this 
is the first study comparing LAM volume and 
routine MR defecography measurements. 

This study has some limitations. Due to 
the retrospective design of the research, we 
were unable to gather selected information, 
including BMI, history of pregnancy/vaginal 
birth, and abortion, which indicate a con-
stant relationship with pelvic floor insuffi-
ciency. Additionally, we only assessed LAM 
volume; however, anal and urethral sphinc-
ters, internal obturator muscle, coccygeus 
muscle, and perineal muscles also play roles 
in PFD. Finally, the technique for the axial T2 
pelvis MRI for the controls was not exactly 
matched to what was used for MR defecog-
raphy. 

In conclusion, a lower LAM volume ap-
pears to show a direct correlation with an 
increased probability of PFD. Our results did 

not reveal a linear correlation between the 
severity of POP or pelvic floor relaxation and 
muscle volume. Future research with a larger 
participant pool is warranted to further in-
vestigate this matter.
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PURPOSE
Non-invasive methods for predicting pathological complete response (pCR) after neoadjuvant 
chemoradiotherapy (nCRT) can provide distinct leverage in the management of patients with lo-
cally advanced rectal cancer (LARC). This study aimed to investigate whether including the gold-
en-angle radial sparse parallel (GRASP) dynamic contrast-enhanced magnetic resonance imaging 
(DCE-MRI) perfusion parameter (Ktrans), in addition to tumor regression grading (TRG) and apparent 
diffusion coefficient (ADC) values, can improve the predictive ability for pCR.

METHODS
Patients with LARC who underwent nCRT and subsequent surgery were included. The imaging pa-
rameters were compared between patients with and without pCR. Receiver operating characteristic 
(ROC) curve analysis was used to evaluate the predictive ability of these parameters for pCR.

RESULTS
A total of 111 patients were included in the study. A pCR was obtained in 32 patients (28.8%). MRI-
based TRG (mrTRG) showed a negative correlation with pCR (r = −0.61, P < 0.001), and the average 
ADC value showed a positive correlation with pCR (r = 0.62, P < 0.001). Before nCRT, Ktrans in the pCR 
group was significantly higher than in the non-pCR group (1.30 ± 0.24 vs. 0.88 ± 0.34, P < 0.001), 
but no difference was identified after nCRT. Following ROC curve analysis, the area under the curve 
(AUC) of mrTRG (level 1–2), average ADC value, and Ktrans value for predicting pCR were 0.738 [95% 
confidence interval (CI): 0.65–0.82], 0.78 (95% CI: 0.69–0.86), and 0.84 (95% CI: 0.77–0.92), respec-
tively. The model combining the three parameters had significantly higher predictive ability for pCR 
(AUC: 0.94, 95% CI: 0.88–0.98). 

CONCLUSION
The use of a combination of the GRASP DCE-MRI Ktrans with mrTRG and ADC can lead to a better pCR 
predictive performance.

KEYWORDS
Rectal cancer, locally advanced, magnetic resonance imaging, neoadjuvant chemoradiotherapy, 
tumor regression grading, complete response
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The prevalence of colorectal cancer is projected to rise by 60% in 2030,1 with morbidity 
and mortality rates rapidly increasing in many low- and middle-income countries. Rectal 
cancer (RC) accounts for approximately 30% of all cases of colorectal cancer.2 Neoadju-

vant chemoradiotherapy (nCRT) followed by total mesorectal excision is the standard treat-
ment for locally advanced RC (LARC).3
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Approximately 50%–60% of patients 
with LARC experience tumor regression af-
ter nCRT, and 15%–30% of these patients 
achieve pathological complete response 
(pCR),4 which is defined as the absence of 
cancer cells in the surgically resected sam-
ples. Therefore, the pathological stage for a 
pCR specimen is T0 N0 M0.5 Achievement of 
pCR does not guarantee long-term surviv-
al;6,7 however, the local recurrence rate and 
distant metastasis rate of patients achiev-
ing pCR are lower than those of patients not 
achieving pCR, and the 5-year survival rate 
is higher than that of patients who do not 
achieve pCR.4,8 Therefore, pCR has remained 
the objective of nCRT.

The optimal treatment approach for pa-
tients who achieve pCR after nCRT is an 
important issue. Instead of the traditional 
radical surgery, some surgeons recommend 
non-operative treatment to avoid these com-
plications.7-9 Before choosing the therapeutic 
method, it is crucial to develop an accurate 
and non-invasive strategy for identifying in-
dividuals who could have a pCR.

Rectal magnetic resonance imaging (MRI) 
has become the standard method to eval-
uate the efficacy of nCRT in the treatment 
of LARC. In 2011, Patel et al.10 proposed tu-
mor regression grading (TRG) based on the 
proportion of lesion fibrosis and residual 
tumor on MRI (mrTRG). However, the tradi-
tional morphological qualitative assessment 
based on a T2-weighted (T2W) sequence has 
suboptimal performance in observing and 
distinguishing residual tumors and treat-
ment-related changes. As a result, radiolo-
gists may over-stage the tumor after nCRT,11 
particularly since it is not effective in predict-

ing pCR,12 and the diagnostic accuracy is ap-
proximately 50%.13

Recently, there has been a need for inte-
grating multiple imaging evaluation meth-
ods to enable a more comprehensive charac-
terization of tumor biology and therapeutic 
response.14 Dynamic contrast-enhanced MRI 
(DCE-MRI) can reflect blood vessel permea-
bility by displaying hemodynamic changes 
and can enable an assessment of tissue per-
fusion and oxygen levels at the macro level.15 
However, due to the influence of respiratory 
movement and temporal resolution, its val-
ue in predicting the therapeutic effect of 
nCRT in tumors is still controversial.16-18 The 
golden-angle radial sparse parallel (GRASP) 
MRI sequence has recently been applied in 
clinical settings. This technique integrates 
the advantages of StarVIBE and TWISTIBE 
sequences and combines motion-insensi-
tive, golden-angle, star-stacked acquisition 
and compressed sensing reconstruction to 
improve temporal resolution. The artifacts 
caused by patient and intestinal motion are 
reduced by radial acquisition.19 The GRASP 
technique has been shown to have high 
accuracy in imaging motion-sensitive or-
gans such as kidneys, liver, and prostate,20-22 
as well as the rectum.19 However, the use of 
GRASP DCE-MRI perfusion parameters (Ktrans) 
to predict pCR has not yet been investigated.

This study investigated whether the addi-
tional GRASP DCE-MRI Ktrans value, based on 
the mrTRG and apparent diffusion coefficient 
(ADC) values of T2W imaging (T2WI), can en-
able a more accurate prediction of pCR after 
nCRT for LARC.

Methods 

Study population

This was a retrospective study. The study 
protocol was approved by the Ethics Com-
mittee of The First Affiliated Hospital of 
Ningbo University (approval number: 2022-
R01025). The informed consent of patients 
was waived due to the nature of the study. 
Clinicopathologic data of patients with RC 
who were admitted to the hospital between 
January 2020 and August 2022 were retro-
spectively analyzed. The inclusion criteria 
were as follows: (1) RC was pathologically 
confirmed by colonoscopy, and LARC was 
confirmed by preoperative MRI (cT3-4 and/
or cN+), and all patients underwent nCRT fol-
lowed by radical total mesorectal resection; 
(2) the distal margin of the lesion was <12 
cm from the anus; (3) there were no distant 
metastases. The exclusion criteria were as fol-

lows: (1) incomplete nCRT; (2) total mesorec-
tal excision was not performed; (3) the time 
interval from nCRT to operation was >16 
weeks; (4) there was a lack of complete MRI 
or postoperative pathological data.

Neoadjuvant chemotherapy protocol

All patients received conventional long-
term concurrent chemoradiotherapy. Gross 
tumor volume included the primary rectal 
mass and metastatic lymph nodes, and clin-
ical target volume included the mesenteric 
region, anterior sacral lymph nodes, internal 
iliac lymph nodes, and obturator lymph node 
drainage area. External iliac lymph nodes 
were irradiated if T4 tumors invaded the an-
terior structures (male prostate or female va-
gina) and/or obturator lymph node metasta-
sis occurred. The total dose of radiation was 
45.5–50.4 Gy (25–28 times), and the single 
dose was 1.8–2.0 Gy. Radiotherapy was ad-
ministered in combination with oral capecit-
abine (825 mg/m2) twice a day. One cycle of 
XELOX (capecitabine and oxaliplatin) consol-
idation chemotherapy was administered 3–4 
weeks after the completion of radiotherapy. 
Radical surgery was performed 8–12 weeks 
after radiotherapy.

Magnetic resonance imaging examinations

All patients underwent MRI examinations 
twice. The first examination was 1 week be-
fore nCRT, and the second examination was 
8 weeks after nCRT. A Siemens Vida 3.0 T 
scanner (Erlangen, Germany) and 16-channel 
abdominal coil were applied. The patient was 
placed in the supine position, and the foot 
was scanned first. Scanning protocols includ-
ed high-resolution T2WI, diffusion-weighted 
imaging (DWI), and GRASP DCE-MRI. Scan-
ning directions included axial, coronal, sagit-
tal, and oblique planes (Table 1). The GRASP 
DCE-MRI contrast agent was Gd-DTPA (0.1 
mmol/kg, 2 mL/s, Hengrui Medicine), and 
a star K-space trajectory of a golden-angle 
stack using a 3D gradient echo sequence was 
implemented. The minimum sampling time 
was 150 s, and a total of 1,586 radial spokes 
were obtained consecutively within an inter-
val of 185 s.

Tumor regression grading

Pathologic TRG (pTRG) grading was per-
formed according to the criteria proposed by 
Mandard et al.23, as follows: pTRG0 (pCR): no 
tumor cells; pTRG1: single or small clusters of 
tumor cells; pTRG2: fibrosis more than tumor 
residual; pTRG3: fibrosis less than tumor re-
sidual; pTRG4: free of fibrosis with extensive 
tumor residue.

Main points

•	 A non-invasive method to identify individ-
uals who achieved a pathological complete 
response (pCR) after neoadjuvant chemo-
radiotherapy (nCRT) is important to avoid 
excessive medical treatment.

•	 The value of golden-angle radial sparse par-
allel (GRASP) dynamic contrast-enhanced 
magnetic resonance imaging (DCE-MRI) in 
predicting the therapeutic effect of nCRT in 
tumors is still controversial.

•	 By comparing with final pathological out-
comes, the diagnostic accuracy of imaging 
parameters obtained from GRASP DCE-MRI 
was assessed. 

•	 Combining the GRASP DCE-MRI perfusion 
parameter value with tumor regression 
grading and apparent diffusion coefficient 
values can lead to a better pCR predictive 
performance.
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Image analysis

All image analyses and measurements 
were performed at the post-processing work-
station (Siemens, Germany) using the mea-
surement tools provided by the workstation. 
Measurements of ADC values and DCE-MRI 
parameters were performed by two senior 
radiologists (YN Pan and L Zhang) with more 
than 10 years of experience in this field. The 
radiologists selected three regions of interest 
(ROIs) in the plane of maximum tumor size 
on the original T2W image. The same ROI was 
then automatically overlaid on the DWI, ADC, 
and GRASP DCE-MRI Ktrans images. Each ROI 
had an area ≥4 mm2. The average value of the 
three ROI areas was taken as the final result. 
When obtaining the ROI, the intestinal lumen, 
artifacts, and blood vessels were not includ-
ed. Notably, the radiologists who performed 
the ROI measurements were blinded to the 
pathological outcomes to minimize the like-
lihood of selection bias during the analysis. If 
the boundary of the residual tumor could not 
be determined clearly, the ROI was placed in 
the region corresponding to the tumor area 
before nCRT. Since the ADC map had fewer 
pixels and the ROI area after treatment was 
small, only the ADCmean obtained from the 
ROI placement was calculated. In accordance 
with the Mercury Group’s definition,10 the 
mrTRG grading was performed on post-treat-
ment T2WI images. Subsequently, mrTRG 
grading was performed using the following 
criteria: grade 1-linear or  crescent-shaped 
body, mucosa or submucosa with a 1–2 
mm scar or rectum wall clearly normalized; 
grade 2-dense fibrosis, no significant residu-
al tumor; grade 3-more than 50% fibrosis or 
mucous, residual tumor signals can be seen; 
grade 4-small areas of fibrosis or mucus, but 
mostly tumors; grade 5-identical in appear-
ance to the primary tumor or tumor progres-
sion. The mrTRG grades 1 and 2 were defined 
as a clinically complete response (cCR) (Fig-
ure 1). All scanned images were transferred 
to a Siemens workstation running syngo.via 
for post-processing. The Tofts two-compart-
ment model was used for the calculation. The 
artery input function was selected in “fast” 
mode to obtain permeability-related pa-
rameters in the ROI through measurements. 
These parameters included the volume trans-
fer constant (Ktrans), extracellular extravascular 
space volume fraction (Ve), and rate constant 
(Kep). Pre-treatment values of these parame-
ters were utilized as primary measures.

Statistical analysis

The SPSS 22.0 and R (4.1.3) software pack-
ages were used for statistical analyses. Stu-

dent’s t-test and the Wilcoxon rank sum test 
were used to compare the values of ADC, 
mrTRG, Ktrans, Kep, and Ve between patients 
with and without pCR after nCRT. The intra-
class correlation coefficient (ICC) was used 
to assess the consistency between the two 
radiologists in evaluating the various param-
eters. Receiver operating characteristic (ROC) 
curve analysis was performed to evaluate the 
predictive value of the cCR (mrTRG1–2 level), 
average ADC value, and pre-nCRT Ktrans value 
for pCR. The optimal threshold was deter-
mined by the Youden index, and the sensitiv-
ity, specificity, positive predictive value, and 

negative predictive value were calculated. 
Multivariate logistic regression was used to 
construct a model to predict pCR with back-
ward stepwise selection. The Delong test was 
used to analyze the difference in diagnostic 
performance among ROC curves, and P val-
ues of <0.05 were considered indicative of 
statistical significance.

Results

Baseline characteristics

A total of 285 patients with RC were ad-
mitted during the study reference period. Of 

Figure 1. Magnetic resonance imaging of a 68-year-old patient with rectal cancer who underwent 
neoadjuvant chemoradiotherapy (nCRT) and postoperative pathological specimen identified achievement 
of complete response. (a) Before treatment, the tumor was mainly located on the left side, involving 3/4 
perimeter of the rectum, and the outer membrane was involved (cT3N0, white arrow). (b) Before treatment, 
the tumor area was significantly limited in diffusion (white arrow). (c) Apparent diffusion coefficient (ADC) 
image before treatment showed a low signal in the tumor area (white arrow). (d) Golden-angle radial sparse 
parallel dynamic contrast-enhanced magnetic resonance imaging (GRASP DCE-MRI) perfusion parameter 
(Ktrans) image: the tumor area is dominated by high signals with red on presentations (white arrow). (e) The 
mass was significantly reduced and fibrotic after nCRT (white arrow). (f) After nCRT, the diffusion restriction 
on the diffusion-weighted imaging disappeared, leaving only a few high signal areas (white arrow). (g) No 
obvious low signal area was found in ADC values after nCRT (white arrow). (h) GRASP DCE-MRI Ktrans image; 
the tumor area is dominated by a blue signal (white arrow).

Table 1. Patient characteristics and pathological outcomes of the study cohort

Overall 
(n = 111)

pCR 
(n = 32)

Non-pCR 
(n = 79)

P value

Age (years) ± SD 62.3 ± 10.6 62.9 ± 9.6 61.8 ± 11.2 0.49

Sex, n

M 66 19 47
0.35

F 45 13 32

The pathological types, n

Canalicular adenocarcinoma 81 23 58

0.37Papillary adenocarcinoma 19 5 14

Mucinous adenocarcinoma 11 4 7

Tumor differentiation, n

Well-differentiated 21 13 8

0.03Moderately differentiated 68 15 53

Poorly differentiated 22 4 18

SD, standard deviation; pCR, pathological complete response; M, male; F, female.

a

e
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these, 111 patients (45 women, 66 men, mean 
age: 62.3 ± 10.6 years) met the criteria for 
inclusion in the study. The patient selection 
flowchart is shown in Figure 2. The distribu-
tion of pathological types in the cohort was 
as follows: 81 cases of canalicular adenocarci-
noma, 19 cases of papillary adenocarcinoma, 
and 11 cases of mucinous adenocarcinoma. 
Of the 111 cases, 21 were well-differentiat-
ed, 68 were moderately differentiated, and 
22 were poorly differentiated. According to 
postoperative pathological specimens, pCR 
was achieved in 32 cases (28.8%).

Results of imaging evaluation

The grade of tumor regression was evalu-
ated on T2WI. Five patients had mrTRG grade 
1, 18 patients had mrTRG grade 2, 68 patients 
had mrTRG grade 3, 17 patients had mrTRG 
grade 4, and 3 patients had mrTRG grade 5. 
In total, 23 patients (20.7%) experienced cCR. 

Post-treatment ADC values ranged from 
(0.83 ± 0.12) × 10-3 mm2 to (2.6 ± 0.25) × 10-3 
mm2. After nCRT, the values of Ktrans (0.96 ± 
0.40 vs. 0.44 ± 0.25, P < 0.001) and Kep (0.69 
± 0.54 vs. 0.55 ± 0.38, P = 0.02) were both sig-
nificantly decreased in all patients. However, 
Ve showed no significant decrease after treat-

ment (0.59 ± 0.36 vs. 0.54 ± 0.26, P = 0.12) 
(Table 2).

The two radiologists showed good consis-
tency in evaluating mrTRG (ICC: 0.81, 95% CI: 
0.77–0.88), ADC (ICC: 0.86, 95% CI: 0.84–0.97), 
Ktrans (ICC: 0.88, 95% CI: 0.76–0.87), Kep values 
(ICC: 0.68, 95% CI: 0.62–0.78), and Ve (ICC: 
0.69, 95% CI: 0.63–0.76).

Correlation between imaging evaluation 
parameters and pathological outcomes 

The pathological results showed that 
32 patients (28.8%) achieved pCR (pTRG: 0) 
(Supplementary Table 1). The relationship 
between mrTRG and pTRG is presented in 
Table 3. Before nCRT, Ktrans in the pCR group 
was significantly higher than in the non-pCR 
group, but there was no significant differ-
ence in Kep or Ve between the two groups. 
After treatment, there was no significant 
difference in the above parameters between 
the two groups (Table 2 and Figure 1). Uni-
variate logistic regression was performed to 
investigate the relationship between the mr-
TRG grading, post-treatment ADC value, and 
pathological outcomes. The results suggest-
ed that mrTRG grade 3 patients had a sig-
nificantly lower probability of achieving pCR 

compared with grade 1 patients (B = −2.56, P 
= 0.032). The post-treatment ADC value was 
significantly correlated with the outcome (B 
= 4.91, P < 0.001).

Predictive performance of golden-angle 
radial sparse parallel dynamic contrast-en-
hanced magnetic resonance imaging 
parameters for pathological complete re-
sponse

According to the ROC curve analyses, the 
area under the curve (AUC) of mrTRG (level 
1–2), average ADC value (optimal threshold 
1.05 × 10-3 mm2), and Ktrans value (optimal 
threshold 0.95/min) for predicting pCR were 
0.738 (95% CI: 0.646–0.817), 0.782 (95% 
CI: 0.692–0.855), and 0.844 (95% CI: 0.772–
0.916), respectively. The model combining 
the three parameters had the highest AUC 
(0.942, 95% CI: 0.881–0.977) (Figure 3 and Ta-
ble 4). The DeLong test showed that the abili-
ty of the model to predict pCR when combin-
ing all three parameters was better than that 
of mrTRG, ADC value, and Ktrans value alone (P 
= 0.015, 0.023, and 0.030, respectively) but 
not better than the model combining mrTRG 
and Ktrans (P = 0.099).

Discussion
In the current study, we investigated the 

use of GRASP DCE-MRI for predicting pCR in 
patients with RC who underwent nCRT. The 
parameters (mrTRG, ADC, and Ktrans) obtained 
from GRASP DCE-MRI imaging were used to 
quantify the predictive ability of the tech-
nique. Our results demonstrated that GRASP 
DCE-MRI imaging can predict pCR well. The 
predictive ability of the model combining 
the three parameters was ideal, with an AUC 
as high as 0.942. To the best of our knowl-
edge, this is the first study to explore the role 
of GRASP DCE-MRI in predicting pCR for pa-
tients with RC.

For evaluating the efficacy of nCRT, MRI 
has the advantage of being non-invasive, and 
the mrTRG is a reliable parameter to evaluate 
the efficacy of nCRT.24,25 However, the accura-
cy of mrTRG has been contested. Tumor re-

Table 2. Comparison of GRASP DCE-MR parameters before and after nCRT in pCR and non-pCR group

Group Overall (n = 111) pCR (n = 32) Non-pCR (n = 79)

Ktrans (/min) Kep (/min) Ve Ktrans (/min) Kep (/min) Ve Ktrans (/min) Kep (/min) Ve

Pre-treatment (mean ± SD) 0.96 ± 0.40 0.69 ± 0.54 0.59 ± 0.36 1.30 ± 0.24 1.49 ± 0.39 0.57 ± 0.22 0.88 ± 0.34 1.37 ± 0.34 0.47 ± 0.23

Post-treatment (mean ± SD) 0.44 ± 0.25 0.55 ± 0.38 0.54 ± 0.26 0.55 ± 0.38 0.54 ± 0.26 0.35 ± 0.18 0.43 ± 0.25 0.75 ± 0.25 0.38 ± 0.27

t value 10.36 12.04 1.55 7.56 1.4 1.91 0.84 1.65 0.44

P value <0.001 0.02 0.12 <0.001 0.08 0.06 0.40 0.10 0.67

nCRT, neoadjuvant chemoradiotherapy; Ktrans, volume transfer constant; Kep, rate constant; Ve, extracellular extravascular space volume fraction; pCR, complete response according 
to pathological outcome; GRASP, golden-angle radial sparse parallel; DCE-MR, dynamic contrast-enhanced magnetic resonance; SD, standard deviation.

Figure 2. Patient selection flowchart. nCRT, neoadjuvant chemoradiotherapy; MRI, magnetic resonance 
imaging.
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gression after nCRT is a continuous process, 
with the peak usually occurring 8–11 weeks 
after the completion of treatment. This may 
explain the difference between mrTRG and 
pTRG.26 In this study, MRI was performed 
8 weeks after nCRT, and the median inter-
val between MRI and radical surgery was 1 
week. The sensitivity of mrTRG (71.5%) in our 
study was comparable with that (74.4%) re-
ported by Sclafani et al.27 In that study, the 
median interval between MRI and surgery 
was 2.7 weeks. There is still no evidence to 
standardize the selection of MR examination 
and operation time, and its influence on pCR 
prediction results is still unknown. Therefore, 
further studies are required to clarify this as-
pect. 

However, this study defined mrTRG1–2 as 
cCR, and the sensitivity of mrTRG1–2 in the 
study by Bhoday et al.28 was 66.7%. If mr-
TRG3 is included in the category of cCR, its 
sensitivity is greatly improved to 94%. This 
would further enhance the value of GRASP 
DCE-MRI. Whether mrTRG3 can be defined as 
a cCR also needs further study. Moreover, our 
results showed that mrTRG had good spec-
ificity (96.2%) for pCR, suggesting a higher 
diagnostic ability of mrTRG for patients with 
poor therapeutic efficacy (pTRG 2–4 grade).

The post-nCRT occurrence of necrosis and 
fibrosis in the tumor results in a decrease in 
the T2WI signal. However, there may still be 
a small number of tumor cells in the scarred 
and fibrotic tissue, which is not accurately 
distinguished by mrTRG. The addition of DWI 
can evaluate residual tumor activity to com-
pensate for the deficiency of mrTRG in pCR 
prediction.29 The ADC value is a quantitative 
index of the DWI sequence, and its increase 
is related to tumor necrosis. In one study, the 
average ADC value in patients achieving pCR 
was significantly higher than that in patients 

Table 4. Ability of ADC, mrTRG, Ktrans, and combined models to predict pCR after nCRT

ADC mrTRG Ktrans ADC + mrTRG ADC + Ktrans mrTRG + Ktrans ADC + mrTRG + Ktrans

AUC
(95% CI)

0.782
(0.694–0.85)

0.738
(0.646–0.817)

0.844
(0.763–0.906)

0.877
(0.801–0.932)

0.893
(0.82–0.944)

0.919
(0.851–0.962)

0.942
(0.881–0.977)

P values for Delong test* 0.023 0.015 0.030 0.039 0.049 0.099

Accuracy 0.775 0.829 0.784 0.82 0.784 0.848 0.865

Specificity 0.962 0.962 0.833 0.936 0.872 0.897 0.923

Sensitivity 0.733 0.715 0.667 0.546 0.576 0.697 0.727

Positive predictive value 0.686 0.85 0.629 0.783 0.655 0.742 0.8

Negative predictive value 0.773 0.824 0.855 0.83 0.829 0.875 0.889

*The Delong test results were obtained from the comparison results of the combined model (three parameters included) with other parameters or models. ADC, apparent 
diffusion coefficient; TRG, tumor regression grading; pCR, complete response according to pathological outcome; nCRT, neoadjuvant chemoradiotherapy; Ktrans, volume transfer 
constant; mrTRG according to magnetic resonance evaluations; AUC, area under the curve; CI, confidence interval.

Table 3. Relationship between mrTRG and pTRG after nCRT

mrTRG pTRG

Grade 0 Grade 1 Grade 2 Grade 3 Grade 4 In total

Grade 1 5 0 0 0 0 5

Grade 2 16 1 0 1 0 18

Grade 3 11 28 28 1 0 68

Grade 4 0 0 2 15 0 17

Grade 5 0 1 0 2 0 3

In total 32 30 30 19 0 111

TRG, tumor regression grading; pTRG, TRG according to pathological outcomes; mrTRG, TRG according to magnetic 
resonance imaging evaluations; nCRT, neoadjuvant chemoradiotherapy.

Figure 3. Ability of the magnetic resonance imaging-based tumor regression grading, apparent diffusion 
coefficient, and perfusion parameter in predicting pathological complete response after neoadjuvant 
chemoradiotherapy for rectal cancer.
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who did not.30 However, another study by 
Chandramohan et al.30 found no significant 
association between the ADC value and 
pCR,31 which may be due to the small sam-
ple size in their study (n = 22). The present 
study had a larger sample size, and we ob-
served that the ADC value was significantly 
correlated with the outcome (B = 4.91, P < 
0.001). Furthermore, ROC curve analysis re-
vealed a moderate predictive ability of ADC 
(AUC: 0.78).

In this study, the RESOLVE sequence is 
affiliated with readout-segmented echo-pla-
nar imaging (readout-RS-EPI). Readout RS-
EPI is characterized by small deformation and 
high resolution, which has little influence on 
the generated ADC value, thus reducing the 
impact of ADC value measurement bias.32 
Factors such as mucin pools in tumors, tiny 
residual tumor cell nests, low spatial resolu-
tion of DWI, radiation proctitis, and intestinal 
wall fibrosis may limit the predictive ability 
of ADC.30 Nine patients in this study showed 
mucoid changes after treatment, increasing 
the average ADC value; thus, false positives 
may occur.

Angiogenesis is essential for tumor 
growth. In this study, the Ktrans value of pa-
tients in the pCR group was higher than that 
in the non-pCR group, suggesting that che-
motherapy drugs were more likely to enter 
the blood vessels with high permeability, 
and the blood vessels with high permeability 
had better oxygenation capacity and radio-
sensitivity.33 The Ktrans and Kep values showed 
a significant decrease after treatment, which 
may be related to CRT-induced tumor necro-
sis and interstitial fibrosis. In this study, the 
results showed a high specificity but subop-
timal sensitivity of Ktrans for predicting pCR. 
Therefore, the use of Ktrans alone may have 
low accuracy in predicting pCR. In addition, 
there was no significant difference in Ktrans, 
Kep, or Ve between the pCR group and non-
pCR group after treatment, which is similar 
to the study by Kim et al.34 but differs from 
the study by Gollub al.16 The difference in 
results may be related to the non-standard 
combined cytotoxic and anti-angiogenic 
nCRT regimen adopted by Gollub et al.16, 
whereas the standard nCRT regimen was 
adopted in our cohort. It may also be related 
to the GRASP DCE-MRI acquisition adopted 
in this study, in which 21 spokes were com-
bined in each image, resulting in a time res-
olution of 3.45 s. This single reconstruction 
is well-balanced because it has a sufficiently 
high spatial resolution to compute perfu-
sion maps and morphological assessments.19 
The combined model (mrTRG + ADC + Ktrans) 

had the highest ability in predicting pCR 
(AUC: 0.942). However, the predictive ability 
was not superior to that of the combination 
model (mrTRG + Ktrans; P = 0.099). This may be 
related to the small tumor parenchyma of 
pCR patients, which is difficult to measure. 
Moreover, the measurement error of the ADC 
value discussed above may also play a role. 
However, due to the lack of more detailed 
criteria and interobserver agreement, the 
current evaluation results based on imaging 
modalities were not consistent among cen-
ters and showed poor reproducibility. The 
pTRG may still play an irreplaceable role in 
the evaluation of nCRT treatment efficacy for 
patients with RC.

Some limitations of this study should be 
considered when interpreting the results. 
First, the retrospective nature of the study 
may have introduced an element of selection 
bias. Second, tumor regression and diffusion 
limitation due to tissue edema, fibrosis, and 
radiation enteritis after treatment all cause 
difficulties and biases in the measurement 
of mrTRG, ADC, and GRASP DCE-MRI param-
eters. Finally, the change in ADC value before 
and after nCRT was not analyzed in this study 
due to the lack of data. The change in ADC 
value may be a more accurate predictor of 
pCR. 

In conclusion, the results of this study 
indicated that for patients with LARC who 
underwent nCRT, the Ktrans values obtained 
from GRASP DCE-MRI, mrTRG, and ADC can 
be used as non-invasive indicators to evalu-
ate the treatment efficacy of nCRT, and add-
ing the Ktrans value to mrTRG and ADC can 
lead to a better pCR predictive performance. 
Our findings may help inform individualized 
treatment planning.
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Supplementary Table 1. Parameters for MRI scans

Parameters T2 weighted imaging Resolve DWI Grasp DCE-MRI

Plane Axial position (perpendicular 
to the long axis of the tumor) Axial position Axial position

Repeat time/echo time (ms) 6770/104 5800/78 4.09/1.95

Number of layer 35 35 24

Layer thickness (mm) 3 3 3

Layer distance (mm) 0.6 0.6 0.6

Field of view (mm) 220 x 220 220 x 220 240 x 240

Matrix of scanning 384 x 384 114 x 114 256 x 256

Pixel 0.33 x 0.33 x 3.0 1.0 x 1.0 x 3.0 0.9 x 0.9 x 3.0

Fat inhibition No Yes Yes

B value (s) - 0,50,1000 -

GRAPPA acceleration factor 1 1 1

Acquisition time 2 min 15s 3 min 13s 6 min 06s

MRI, magnetic resonance imaging; DWI, diffusion weighted imaging; Grasp DCE-MRI, Golden-angle radial sparse 
parallel dynamic contrast-enhanced magnetic resonance imaging.
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PURPOSE
The present study compares the diagnostic performance of unenhanced computed tomography 
(CT) radiomics-based machine learning (ML) classifiers and a radiologist in cystic renal masses 
(CRMs).

METHODS
Patients with pathologically diagnosed CRMs from two hospitals were enrolled in the study. Unen-
hanced CT radiomic features were extracted for ML modeling in the training set (Guangzhou; 162 
CRMs, 85 malignant). Total tumor segmentation was performed by two radiologists. Features with 
intraclass correlation coefficients of >0.75 were screened using univariate analysis, least absolute 
shrinkage and selection operator, and bidirectional elimination to construct random forest (RF), 
decision tree (DT), and k-nearest neighbor (KNN) models. External validation was performed in the 
Zhuhai set (45 CRMs, 30 malignant). All images were assessed by a radiologist. The ML models were 
evaluated using calibration curves, decision curves, and receiver operating characteristic (ROC) 
curves.

RESULTS
Of the 207 patients (102 women; 59.1 ± 11.5 years), 92 (41 women; 58.0 ± 13.7 years) had benign 
CRMs, and 115 (61 women; 59.8 ± 11.4 years) had malignant CRMs. The accuracy, sensitivity, and 
specificity of the radiologist’s diagnoses were 85.5%, 84.2%, and 91.1%, respectively [area under 
the (ROC) curve (AUC), 0.87]. The ML classifiers showed similar sensitivity (94.2%–100%), specificity 
(94.7%–100%), and accuracy (94.3%–100%) in the training set. In the validation set, KNN showed 
better sensitivity, accuracy, and AUC than DT and RF but weaker specificity. Calibration and decision 
curves showed excellent and good results in the training and validation set, respectively.

CONCLUSION
Unenhanced CT radiomics-based ML classifiers, especially KNN, may aid in screening CRMs.

KEYWORDS
Cystic renal mass, diagnosis, radiomics, machine-learning

Cystic renal masses (CRMs) are defined as renal lesions with <25% enhancing tissue, and 
they are often identified incidentally on abdominal computed tomography (CT) scans.1 

The majority of CRMs are benign, but a minority are diagnosed as renal cell carcinoma 
or other rare malignant renal tumors.2,3 The proposed 2019 version of the Bosniak classifica-
tion stratifies CRMs according to their risk of malignancy;1 however, the diagnostic accuracy 
of this classification is low when applied to unenhanced CT scans because of the poor ability 
to visually judge gray-scale features with the naked eye.4 Unfortunately, plain CT scans are 
commonly used in many situations, such as renal insufficiency, night-time emergencies, and 
especially annual CT examinations. Thus, a technique that enables the use of unenhanced CT 
scans for the accurate stratification of CRMs could assist radiologists and surgeons in screen-
ing to differentiate between malignant and benign CRMs.
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Radiomic features have the potential to 
aid in the classification of lesion character-
istics.5 This quantitative approach to analyz-
ing microscopic differences represents an 
emerging method in the pursuit of better un-
derstanding and identifying tumor pheno-
types, although further research is required 
to establish specific feature-to-property 
correlations and standardize methodolo-
gies. Multiple supervised machine learning 
(ML) classifiers, such as the support vector 
machine, random forest (RF), decision tree 
(DT), and k-nearest neighbor (KNN), can be 
used to build diagnostic models based on ra-
diomic features. Numerous studies on renal 
cell carcinoma have confirmed the excellent 
diagnostic efficacy of radiomics-based ML 
methods.6-10 Recently, several ML algorithms 
were applied to classify CRMs into benign or 
malignant masses by using CT-based radio-
mic features.11-13 While these studies are im-
portant and indispensable, further research 
on CRMs and ML is required for a number 
of reasons. First, previous algorithms were 
trained with arterial-phase (AP) and ve-
nous-phase (VP) scans; unenhanced CT fea-
tures were either not used at all or only used 
as a supplementary part during model con-
struction.11-13 Second, some studies11 lacked 
external data validation or validation in other 
centers to verify the diagnostic effectiveness 
of the models constructed. Finally, the above 
studies did not compare the diagnostic ef-
fectiveness of the ML-based models with 
that of manual diagnosis by experienced 
radiologists. To overcome the above short-
comings, the present authors aimed to build 
diagnostic ML models of CRMs based on un-
enhanced CT radiomic features; these mod-
els were verified with external data from a 

different center, and the diagnostic efficien-
cy of the ML classifiers was compared with 
that of manual diagnosis.

Methods

Ethics approval and case selection

This retrospective study was approved by 
the Medical Ethics Committee of Guangdong 
Provincial Hospital of Chinese Medicine 
(no: ZE2023-090-01), and the requirement 
for written informed consent was waived. 
Patients with CRMs who were treated at 
Guangdong Provincial Hospital of Chinese 
Medicine in either Guangzhou or Zhuhai 
(Center 1: Guangzhou and Center 2: Zhuhai) 
between January 2018 and February 2022 
were eligible for this study. The inclusion 
criteria were as follows: (a) unenhanced and 
enhanced CT scans, including AP and VP 
images, were completed for the stratifica-
tion of CRMs with the Bosniak classification; 
(b) complete clinical data were available, 
including age, sex, location of the lesions, 
intact operation and/or biopsy records, and 
histopathological results (obtained from the 
pathological retrieval systems of the two cen-
ters); and (c) good-quality CT images were 
stored in the Picture Archiving and Commu-
nications System. The exclusion criteria were 
(a) low-quality or incomplete CT data and 
(b) masses belonging to category II or lower 
according to the Bosniak classification. After 
the application of the above selection crite-
ria, a total of 207 cases (92 benign and 115 
malignant CRMs) were included in the study. 
The cases from Center 1 (77 benign and 85 
malignant CRMs) were allocated to the train-
ing set, while the cases from Center 2 (15 be-
nign and 30 malignant CRMs) were assigned 
to the validation set for external validation. 
The workflow of the ML approach is shown 
in Figure 1, and a flow chart of the case selec-
tion is shown in Figure 2.

Computed tomography examinations

All patients underwent unenhanced and 
dual-phase contrast-enhanced CT. The CT 
scanning was performed using three CT 
scanners: Definition Flash (Siemens, Forch-
heim, Germany) and IQon Spectral (Philips 
Healthcare, Amsterdam, Netherlands) in 
Center 1, and Aquilion One 750 W (Canon, 
Tokyo, Japan) in Center 2. Images obtained 
in three phases (unenhanced, AP, and VP) 
were used for the Bosniak classification, and 
unenhanced images were used for radiom-
ic-feature extraction. The following scanning 
parameters were applied for all images: tube 
voltage = 120 kV; tube current = 250 mA; sec-

tion interval = 5 mm; section thickness = 5 
mm; and matrix size = 512 × 512 mm. After 
conventional unenhanced scanning, 100–
120 mL of the contrast medium, iopromide 
(Ultravist 370, Bayer Schering Pharma, Ger-
many) was injected into the median cubital 
vein via a pump injector (MEDRAD Stellant 
CT, Ulrich Medical, Ulm, Germany) at a flow 
rate of 3–4 mL/s. The AP was scanned using 
an aortic monitoring trigger, and the VP was 
scanned after approximately 60 s of delay af-
ter the contrast medium injection.

A single radiologist (J.C.) with 18 years 
of experience analyzed all the CT images to 
(a) check that all cases met the standard of 
<25% enhancing tissue, (b) confirm the Bos-
niak class (version 2019), and (c) measure the 
size of the CRMs.

Mass segmentation and radiomic-feature 
extraction

The open-source software platform, 3D 
Slicer (version 5.2.1, www.slicer.org), was ap-
plied for mass segmentation and calculation 
of radiomic features. Masses were delineated 
on the original CT images using 3D Slicer. 
Segmentation of whole masses was per-
formed by associate chief radiologists (T.L. 
and L.H.) with more than 15 years of expe-
rience in abdominal radiography; to outline 
the shape and edges of the masses more ac-
curately, the radiologists were allowed to ob-
serve the enhanced CT images. In each case, 
the entire CRM was carefully and manually 
segmented to avoid beyond-boundary or 
insufficient filling. Following tumor segmen-
tation, 855 radiomic features were extracted 
using the “PyRadiomics” package with 3D 
Slicer. The extracted features were classified 
into seven categories as follows: first-order 
features, two-dimensional features, gray-lev-
el co-occurrence matrix, gray-level depen-
dence matrix, gray-level size-zone matrix, 
gray-level run-length matrix, and neighbor-
ing gray tone difference matrix. Addition-
ally, the following 14 filters were applied to 
the original images: exponential, gradient, 
square, square root, logarithm, lbp2D, wave-
let-HLH, wavelet-HLL, wavelet-LHL, wave-
let-LLL, wavelet-LHH, wavelet-LLH, wave-
let-HHL, and wavelet-HHH. The images thus 
derived were analyzed for each patient. All 
classes of features were computed on both 
the original images and the derived images.

To ensure the stability of the radiomic 
features extracted from the CT images, the 
segmentation and feature-extraction pro-
cess was repeated in 80 randomly selected 
patients with CRMs from the training set. 

Main points

•	 Several machine learning (ML) algorithms 
have been used to classify cystic renal mass-
es (CRMs) into benign or malignant masses 
using computed tomography (CT)-based 
radiomic features, but previous algorithms 
were trained with arterial-phase and ve-
nous-phase scans.

•	 The present study showed that ML algo-
rithms with unenhanced-CT radiomics fea-
tures also presented acceptable diagnostic 
efficiency. The k-nearest neighbor (KNN) 
model presented satisfactory sensitivity and 
accuracy and was similar to the radiologist’s 
performance, and the decision tree and ran-
dom forest models presented satisfactory 
specificity.

•	 Due to its satisfactory sensitivity, the KNN 
model could be a potential screening meth-
od for patients with CRMs.
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Intraclass correlation coefficients (ICCs) were 
used to evaluate consistency across the ra-
diomic features; features with ICCs >0.75 
were considered stable and were included in 
this analysis.

After meeting the standard of consis-
tency, the features were further selected to 
avoid overfitting. The least absolute shrink-
age and selection operator (LASSO) method 
was applied to select the most suitable ra-
diomic features to develop a radiomic signa-
ture with the “glmnet” package. First, 10-fold 
cross-validation was performed to obtain the 
optimal parameter λ14 by 1,000 iterations. 
Second, the LASSO method based on the op-
timal parameter λ was used to calculate the 
coefficient of each feature, and features with 
non-zero coefficients were selected.14 Finally, 
bidirectional elimination was used to further 
filter the radiomic features selected using the 
LASSO method;15 the “mass” package in the R 
software (version 4.2.2) was used for bidirec-
tional elimination (Figure 1).

Statistical analysis

The χ2 test was used to compare cate-
gorical data, and the independent-samples 
t-test was used to compare inter-group dif-
ferences in clinical data. Statistical analysis 
was conducted using SPSS (version 26.0, 
IBM, Armonk, NY, USA) and R (version 4.2.2). 
A two-sided P value of <0.05 was considered 
statistically significant.

Machine learning algorithms

The radiomic features selected using the 
above steps were standardized to a mean of 
0 and an standard deviation of 1 before ML 
algorithm construction. Supervised learn-
ing was achieved using three supervised 
learning classifiers: RF, DT, and KNN. A 10-
fold cross-validation strategy was applied to 
assess the performance of the classification 
models. Under this strategy, the data were di-
vided into 10 parts; nine parts were used for 
training in turn, and the remaining part was 
used to estimate the efficacy of the models. 
During the process of fine-tuning the mod-
els, the grid search method was employed to 
select the best combination of hyperparam-
eter values.

Patients from Center 1 (77 benign and 85 
malignant CRMs) were allocated to the train-
ing set, and patients from Center 2 (15 be-
nign and 30 malignant CRMs) were allocated 
to the validation set for external validation 
to estimate the performance of the models. 
The discriminative performance of different 
models was quantified using area under 

the [receiver operating characteristic (ROC)] 
curve (AUC), accuracy, sensitivity, specificity, 
positive predictive value (PPV), and negative 
predictive value (NPV). The AUCs of the ML 
models were also compared using the De-
long test. The SHapley Additive exPlanations 
(SHAP) values, which indicate the impor-
tance of radiomic features, were derived for 
the RF and DT models (SHAP values are not 
suitable for the KNN model).

The ML algorithm creation was performed 
using the “Caret” package. Calibration curves 
were plotted using the “rms” package. De-
cision curve analysis (DCA) was performed 
using the “rmda” and “ggDCA” packages. The 
“pROC” package was used for ROC curve 
analysis. The “reportROC” package was used 
to present the sensitivities, specificities, ac-
curacies, PPVs, NPVs, and 95% confidence in-
tervals (CIs) of the AUCs obtained using ROC 
curve analysis.

Manual diagnosis by radiologist

The study authors also assessed the diag-
nostic performance of an attending radiolo-
gist (W.F.) with more than 7 years of experi-
ence in radiology diagnoses. This radiologist 
used the open-source DICOM viewer Mic-
roDicom (https://www.microdicom.com/) for 
image evaluation. The radiologist was from a 
hospital not involved in this study and was 
blinded to the patient demographic and 
clinical characteristics. The radiologist inde-
pendently reviewed the unenhanced CT im-
ages and established a diagnosis according 
to the Bosniak classification, based on the 
morphological features of the lesions.

Quality evaluation of research

To evaluate the quality of research, the 
study authors used the CheckList for Evalu-
Ation of Radiomics research (CLEAR)16 and 
the radiomics quality score (RQS).17 The data-
sets and source code generated and/or ana-
lyzed during the current study are available 
on GitHub (https://github.com/elliiesong/
CRM-screening-with-machine-learning-un-
enhanced-CT).

Results

Patient characteristics

This study included 207 patients (105 
men, 102 women; mean age: 59.1 ± 11.5 
years) with CRMs. Of these, 92 patients (51 
men, 41 women; mean age: 58.0 ± 13.7 
years) had benign CRMs, and 115 patients 
(54 men, 61 women; mean age: 59.8 ± 11.4 
years) had malignant CRMs (Figure 2). There 

were no significant differences in age, sex, or 
mass location or size between patients with 
benign or malignant CRMs (Table 1). All be-
nign CRMs were simple kidney cysts, except 
for one case of angiomyolipoma. All malig-
nant CRMs were clear cell carcinoma, except 
for one case of mixed epithelial and stromal 
tumor of the kidney.

Radiomic-feature selection

Following univariate analyses, 216 ra-
diomic features were extracted from the 
unenhanced CT images, and LASSO and 
10-fold cross-validation were used to 
screen and select radiomic features. Final-
ly, the following four features screened out 
from unenhanced CT images were select-
ed: Original_glcm_Maximum_Probability, 
Wavelet.LHH_firstorder_Median, Wavelet.
LLL_firstorder_90Percentile, and Wavelet.
LLL_firstorder_Median.

Diagnostic performance of machine learn-
ing algorithms

Four features (Original_glcm_Maximum_
Probability, Wavelet.LHH_firstorder_Median, 
Wavelet.LLL_firstorder_90Percentile, and 
Wavelet.LLL_firstorder_Median) were used 
to construct the ML models. The diagnostic 
efficiencies of the ML classifiers are summa-
rized in Table 2 and Figure 3. In the training 
set, the accuracy, specificity, sensitivity, and 
AUC of RF, DT, and KNN (k-value: 4) were satis-
factory and similar to each other. A confusion 
matrix was prepared from the verification set, 
and the accuracy of RF, DT, and KNN in this 
set was 77.3% (95% CI: 76.5%–78.1%), 79.5% 
(95% CI: 78.8%–80.3%), and 84.1% (95% CI: 
83.5%–84.7%), respectively. The specificity 
of KNN (73.3%, 95% CI: 51.0%–95.7%) was 
significantly weaker than that of RF (80.6%, 
95% CI: 60.7%–100%) and DT (80.0%, 95% CI: 
59.8%–100%). The sensitivity of KNN (89.7%, 
95% CI: 78.6%–100%) was significantly better 
than that of RF (65.5%, 95% CI: 48.2%–82.8%) 
and DT (79.3%, 95% CI: 64.6%–94.1%). The 
AUC of KNN (0.86, 95% CI: 0.74–0.98) was 
slightly better than that of RF (0.77, 95% CI: 
0.61–0.92) and DT (0.80, 95% CI: 0.67–0.93). 
None of the ML classifiers significantly dif-
fered from manual diagnosis (Suppleman-
tary Table S1). The results of the Delong test 
showed that there was no statistical differ-
ence between the ML classifiers (KNN and 
RF: P = 0.205; KNN and DT: P = 0.061; RF and 
DT: P = 0.586). The SHAP values of DT and RF 
(Supplemantary Figure S1) showed that the 
feature Wavelet.LLL_firstorder_Median held 
absolute weight in the two models, especial-
ly in the DT model.
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Calibration curve analysis and DCA of the 
ML classifiers were performed in the training 
and validation sets (Figure 3c-f ). The cali-
bration curves were excellent and close to 
the ideal line in the training set but showed 
some degree of deviation from the ideal line 
in the validation set. The KNN and DT lines 
were above the ideal line but became close 
to and intersected the ideal line in the latter 
half, and the RF line was below the ideal line 
in the first half and above it in the second 
half. The DCA showed excellent results in the 
training set and revealed a greater net bene-
fit than all positive and negative lines when 
the risk threshold was more than approxi-

mately 0.3 in the validation set; the KNN, DT, 
and RF lines were similar.

Efficiency of manual diagnosis

The manual diagnosis results are sum-
marized in Table 2 and Figure 3b. The ra-
diologist’s diagnoses using unenhanced CT 
images presented an accuracy, sensitivity, 
and specificity of 85.5%, 84.2%, and 91.1%, 
respectively, with an AUC of 0.866.

Radiomics quality score

The quality of this study was evaluated 
using CLEAR16 and RQS.17 The results of the 

CLEAR evaluation were 43/9/6 (Yes/No/n/a, 
total: 58), and the RQS was 47.22% (17/36). 
The details of the RQS and CLEAR are sum-
marized in Supplementary Tables S2, S3.

Discussion
In this bicentric study, the authors at-

tempted to create multiple ML classifiers to 
distinguish between benign and malignant 
CRMs on unenhanced CT images. The results 
indicated that the accuracy and AUC of the 
ML classifiers were satisfactory (accuracy: 
77.3%–84.1%; AUC: 0.77–0.86) and similar to 
that of the radiologist’s diagnoses. The KNN 

Table 2. Diagnostic efficiency of three computed tomography radiomic feature–based machine learning algorithms in differentiating 
benign from malignant cystic renal masses (n = 207) in the training and validation sets

Machine learning algorithm/
manual analysis

Sensitivity (%), 
(95% CI)

Specificity (%), 
(95% CI)

Accuracy (%), 
(95% CI)

PPV (%), (95% CI) NPV (%), (95% CI) AUC (95% CI)

Training set

RF 100 (99.2–100) 100 (98–100) 100 (98.9–100) 100 (99.4–100) 100 (99.4–100) 1.00 (0.98–1.00)

DT 94.2 (89.2–99.1) 94.7 (89.7–99.8) 94.4 (94.4–94.5) 95.3 (90.8–99.8) 93.5 (88.0–99.0) 0.95 (0.91–0.98)

KNN 94.2 (89.2–99.1) 95.0 (90.1–100) 94.3 (94.0–94.7) 95.3 (91.0–99.8) 93.5 (88.0–99.0) 0.97 (0.95–0.99)

Validation set

RF 65.5 (48.2–82.8) 80.6 (60.7–100) 77.3 (76.5–78.1) 87.4 (73.2–100) 57.2 (36.9–78.3) 0.77 (0.61–0.92)

DT 79.3 (64.6–94.1) 80.0 (59.8–100) 79.5 (78.8–80.3) 88.5 (76.2–100) 66.7 (44.9–88.4) 0.80 (0.67–0.93)

KNN 89.7 (78.6–100) 73.3 (51.0–95.7) 84.1 (83.5–84.7) 86.7 (74.5–98.8) 78.6 (57.1–100) 0.86 (0.74–0.98)

Radiologist 84.2 91.1 85.5 90.9 83.6 0.87

CI, confidence interval; PPV, positive predictive value; NPV, negative predictive value; AUC, area under the curve; RF, random forest; DT, decision tree; KNN, k-nearest neighbor.

Table 1. Clinical and pathological characteristics of the included CRM patients

Training set (n = 162) Validation set (n = 45)

Characteristic Benign (n = 77) Malignant (n = 85) P value Benign (n = 15) Malignant (n = 30) P value

Age (years), mean ± SD 57.4 ± 9.8 60.3 ± 12.6 0.746 58.2 ± 10.6 61.6 ± 14.0 0.633

Gender 0.281 0.831

Male 41 (19.8%) 37 (17.87%) 9 (4.35%) 17 (8.21%)

Female 36 (12.56%) 48 (23.18%) 6 (2.90%) 13 (6.28%)

Mass size (cm), mean ± SD 4.80 ± 1.32 5.06 ± 1.85 0.790 4.77 ± 1.69 6.10 ± 1.22 0.509

Location

Right kidney 41 (19.80%) 53 (25.60%) 0.311 6 (2.90%) 13 (6.28%) 0.831

Left kidney 36 (17.39%) 32 (15.46%) 9 (4.35%) 17 (8.21%)

Histological subtype <0.0001 <0.0001

Simple kidney cyst 77 (37.19%) 0 (0%) 14 (6.76%) 0 (0%)

Clear cell carcinoma 0 (0%) 84 (40.57%) 0 (0%) 30 (14.50%)

Other 0 (0%) 1 (0.48%) 1 (0.48%) 0 (0%)

Bosniak classification <0.0001 <0.0001

IIF 63 (30.43%) 16 (7.73%) 12 (5.80%) 3 (1.45%)

III 14 (6.76%) 21 (10.14%) 3 (1.45%) 10 (4.83%)

IV 0 (0%) 48 (23.18%) 0 (0%) 17 (8.21%)

Data are expressed as mean ± SD, median (interquartile range), or frequency (constituent ratio). CRM, cystic renal mass; SD, standard deviation.
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presented the highest sensitivity and accura-
cy, and the DT and RF presented the highest 
specificity.

The Bosniak classification is the standard 
stratification method used to estimate the 
risk of malignancy in CRMs; however, this 
classification does have some limitations. 

First, ambiguous definitions, such as “cys-
tic,” “solid,” “walls,” and “septa,” are difficult 
to quantify.18-23 Second, the Bosniak classifi-
cation is limited by considerable variability 
between radiologists,24 especially for Bos-
niak classes II, IIF, and III, for which absolute 
disagreement ranges from 6% to 75%.25  

Finally, most CRMs are found incidentally, 
owing to which the scanning procedure is 
not planned for imaging the entire mass and 
may not include enhanced CT scans; hence, 
the Bosniak classification often cannot be 
applied.26

Compared with visual analysis, ML classi-
fiers of radiomic features could more com-
prehensively and objectively reflect the 
phenotypic properties of masses, which 
may represent the underlying microscopic 
pathological changes and heterogeneity of 
the disease. The ML classifiers have potential 
benefits in screening CRMs: first, they are ob-
jective and not subject to reader interpreta-
tion, although segmentation by readers can 
still be needed; however, automatic segmen-
tation has been used in some situations. Sec-
ond, unlike the Bosniak classification, which 
depends on enhanced scanning, the ML 
classifiers can be applied to single-phase CT 
scans and may obviate additional radiologi-
cal examinations. 

Other diagnostic models based on ra-
diomic features have also been studied. A 
decision algorithm used by Dana et al.12 was 
built by combining consensus radiological 
readings of Bosniak categories and radiom-
ics-based risks; the results showed excellent 
diagnostic performance (AUC: 0.96). He et 
al.13 applied deep learning and a radiomic 
feature-based blending ensemble classifier 
to predict the malignancy risk of CRMs and 
obtained satisfactory diagnostic perfor-
mance (AUC: 0.934). However, both these 
models were based on CT images obtained 
in the three phases or in the arterial phase. 
The following inferences can be drawn from 
the above findings: first, radiomic features 
play a valuable role in the diagnosis of CRMs; 
second, unenhanced CT scan-based radiom-
ic features of CRMs were underappreciated 
in previous studies. Unlike other studies, the 
present study focused on unenhanced CT 
scan-based radiomic features and presented 
acceptable diagnostic efficiency (RF: AUC = 
0.77; DT: AUC = 0.80; KNN: AUC = 0.86) in the 
absence of other CT phases.

Building on prior studies,6,8,11 this study 
applied unenhanced CT-based ML classi-
fiers independent of the Bosniak classifi-
cation and compared their performance 
in the diagnosis of pathologically proven 
masses. Each of the three ML classifiers (RF, 
DT, and KNN) showed a similar high accu-
racy in distinguishing between benign and 
malignant CRMs. Although prior work has 
demonstrated the ability of ML classifiers to 
differentiate between benign and malignant 

Figure 1. Workflow of the machine learning approach.

Figure 2. Flow chart of patient inclusion and exclusion criteria. PACS, Picture Archiving and Communications 
System; CT, computed tomography; CRMs, cystic renal masses.
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solid or CRMs,11 to the best of the authors’ 
knowledge, this study is the first to develop 
ML classifiers to distinguish between benign 
and malignant CRMs based on unenhanced 
CT images, as well as compare the diagnos-
tic effectiveness of ML classifiers with that of 
manual diagnosis by a radiologist.

The ML classifiers showed accept-
able-to-high sensitivity (65.5%–89.7%) and 
specificity (73.3%–80.6%) in the validation 
set in this study. The authors considered sat-
isfactory sensitivity of single-phase radiom-
ics models, especially unenhanced models, 
important for clinical application because 
most CRMs are found incidentally, and an un-

enhanced model could provide a preliminary 
diagnosis to help clinicians make the next 
decision. In this study, KNN presented the 
highest sensitivity among the ML classifiers, 
which was better than that of manual diag-
nosis (KNN vs. radiologist: 89.7% and 84.2%, 
respectively). This indicates that KNN could 
screen malignant CRMs at a greater probabil-
ity. Compared with the increased detection 
of suspected malignant masses that need 
further examination, such as enhanced CT or 
MR scanning, the misdiagnosis of malignant 
CRMs is a greater disadvantage and may 
cause patients to miss the optimal time win-
dow for treatment. An unenhanced CT-based 
KNN classifier could be a valuable diagnostic 

method for CRMs in clinical and radiological 
practice. Compared with the linear pattern 
of the DT line and the sigmoid pattern of the 
RF line, the KNN line in the calibration curve 
analysis was close to the ideal line in the sec-
ond half. This may mean that the KNN classifi-
er exhibited more adaptability in the positive 
diagnosis of CRMs. On the other hand, the 
composition and importance of features are 
also noteworthy points. In this study, three 
of the four radiomic features used for mod-
el predictions were computed with wavelet 
filters. Thus, radiomic features derived using 
wavelet filters dominated the models and 
may have had a significant impact on the 
predictive performance of the models.27

The drawbacks of ML classifiers need to 
be acknowledged. The ML classifiers used 
in this study are supervised methods that 
require a reader to segment the masses and 
extract the features; thus, the performance of 
the models may be affected by the segmen-
tation process, unless an automatic segmen-
tation is applied.

There are several limitations to this study. 
First, although this study is a bicentric study, 
the two hospitals share a set of CT scan-
ning and image-reconstruction standards, 
although the CT scanning equipment is 
different; hence, the images can still have 
relatively high consistency. Verification with 
scans from other hospitals with different 
scanning parameters is required to confirm 
the diagnostic efficiency of the ML models 
from this study. Second, the composition of 
the validation set was not balanced (15 be-
nign and 30 malignant CRMs), which may 
have led to potential risks and affected the 
validation results. Third, KNN is a simple clas-
sifier and has the potential risk of overfitting; 
hence, even though the diagnostic efficiency 
of the models was satisfactory in both the 
training and validation sets, more data are 
needed for verification. Fourth, the majority 
of patients were pathologically diagnosed 
with renal cysts and clear cell carcinomas; 
the diagnostic performance of the models 
on other pathological types of CRMs, such as 
papillary and tubular renal cell carcinomas, 
remains unconfirmed. To truly understand 
the models’ capabilities across all patholog-
ical types, further comprehensive research 
is essential. Fifth, the radiologists were al-
lowed to observe the enhanced CT images 
to delineate the boundaries of the masses, 
which may have led to bias in practical ap-
plications. Sixth, although identical CT acqui-
sition and reconstruction settings were used 
in both centers, there is still a concern that 
the radiomic feature values may have been 

Figure 3. (a, b) Receiver operating characteristic curves of the machine learning (ML) classifiers for cystic 
renal masses (CRMs) in the training (a) and validation (b) sets. (c, d) Calibration curves of the ML classifiers 
for CRM prediction in the training (c) and validation (d) sets. (e, f) Decision curve analysis of the ML classifiers 
for CRMs in the training (e) and validation (f) sets.

a
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affected by the use of different scanners (two 
scanners in the training cohort center, and 
one scanner in the validation cohort center). 
Thus, it may be necessary to apply a data 
harmonization procedure, such as ComBat 
and modified ComBat, for non-single center 
radiomics studies. Finally, there were some 
unusual findings for the RF model, such as 
the widening gap between the AUCs of this 
model in the training and validation sets and 
the parallel line in the DCA in the training set. 
The authors consider the RF model to possi-
bly have the risk of overfitting.

In conclusion, ML classifiers based on un-
enhanced CT scans showed acceptable diag-
nostic efficiencies in the diagnosis of CRMs. 
Furthermore, KNN may be used as a potential 
screening method in patients with CRMs.
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Supplemantary Table S1. Comparison of the diagnostic efficiencies of 3 CT radiomic feature–based machine learning algorithms with that 
of a radiologist’s diagnosis

Machine learning algorithm Sensitivity Specificity Accuracy PPV NPV

P value vs. radiologist

RF 0.35 0.75 0.50 0.87 0.35

DT 0.86 0.75 0.73 0.90 0.60

KNN 0.84 0.61 0.90 0.84 0.78

PPV, positive predictive value; NPV, negative predictive value; RF, random forest; DT, decision tree; KNN, k-nearest neighbor; CT, computed tomography.

Supplemantary Figure S1. (a) SHapley Additive exPlanations (SHAP) value of RF. (b) SHAP value of the decision tree.

a b
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Supplemantary Table S2. Radiomics quality score of this research study

Criteria Points

1 Image protocol quality - well-documented image protocols (for example, contrast, slice thickness, energy, etc.) and/or usage 
of public image protocols allow reproducibility/replicability + 2

2
Multiple segmentations - possible actions are: segmentation by different physicians/algorithms/software, perturbing 
segmentations by (random) noise, segmentation at different breathing cycles. Analyze feature robustness to segmentation 
variabilities

+ 1

3 Phantom study on all scanners - detect inter-scanner differences and vendor-dependent features. Analyze feature robustness 
to these sources of variability + 0

4 Imaging at multiple time points - collect images of individuals at additional time points. Analyze feature robustness to 
temporal variabilities (for example, organ movement, organ expansion/shrinkage) + 0

5 Feature reduction or adjustment for multiple testing - decreases the risk of overfitting. Overfitting is inevitable if the number 
of features exceeds the number of samples. Consider feature robustness when selecting features + 3

6 Multivariable analysis with non-radiomics features (for example, EGFR mutation) - is expected to provide a more holistic 
model. Permits correlating/inferencing between radiomics and non-radiomics features + 0

7 Detect and discuss biological correlates - demonstration of phenotypic differences (possibly associated with underlying 
gene–protein expression patterns) deepens understanding of radiomics and biology + 0

8 Cut-off analyses - determine risk groups by either the median, a previously published cut-off or report a continuous risk 
variable. Reduces the risk of reporting overly optimistic results + 0

9
Discrimination statistics - report discrimination statistics (for example, C-statistic, ROC curve, AUC) and their statistical 
significance (for example, P values, confidence intervals). One can also apply resampling method (for example, bootstrapping, 
cross-validation)

+ 1

10
Calibration statistics - report calibration statistics (for example, calibration-in-the-large/slope, calibration plots) and their 
statistical significance (for example, P values, confidence intervals). One can also apply resampling method (for example, 
bootstrapping, cross-validation)

+ 1

11 Prospective study registered in a trial database - provides the highest level of evidence supporting the clinical validity and 
usefulness of the radiomics biomarker + 0

12 Validation - the validation is performed without retraining and without adaptation of the cut-off value, provides crucial 
information with regard to credible clinical performance + 3

13 Comparison to ‘gold standard’ - assess the extent to which the model agrees with/is superior to the current ‘gold standard’ 
method (for example, TNM-staging for survival prediction). This comparison shows the added value of radiomics + 2

14 Potential clinical utility - report on the current and potential application of the model in a clinical setting (for example, 
decision curve analysis) + 2

15 Cost-effectiveness analysis - report on the cost-effectiveness of the clinical application (for example, QALYs generated) + 0

16 Open science and data - make code and data publicly available. Open science facilitates knowledge transfer and 
reproducibility of the study + 2

Total 17

Total points (36 = 100%). ROC, receiver operating characteristic; AUC, area under the curve; TNM, tumor, node and metastasis.
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Supplemantary Table S3.
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Supplemantary Table S3. continued
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Supplemantary Table S3. continued
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PURPOSE
To determine whether qualitative and quantitative enhancement parameters obtained from con-
trast-enhanced mammography (CEM) can be used in predicting malignancy. 

METHODS
After review board approval, consecutive 136 suspicious lesions with definite diagnosis were retro-
spectively analyzed on CEM. Acquisition was routinely started with craniocaudal view and ended 
with mediolateral oblique view of the affected breast. Lesion conspicuity (low, moderate, high), 
internal enhancement pattern (homogeneous, heterogeneous, rim), contrast-to-noise ratio (CNR), 
percentage of signal difference (PSD) and relative enhancement from early to late view were ana-
lyzed. PSD and relative enhancements were used to determine patterns of descending, steady or 
ascending enhancements. Receiver operating characteristic analysis, Cohen’s kappa statistics and 
Spearman correlation tests were used.

RESULTS
There were 29 benign and 107 malignant lesions. 64% of the malignant lesions exhibited high con-
spicuity compared to 14% of the benign lesions (P < 0.001). CNR values were higher in malignant 
lesions compared to benign ones (P ≤ 0.004). CNR from early view yielded 82% sensitivity, 72% 
specificity and PSD yielded 79% sensitivity, 65% specificity. Descending pattern and rim enhance-
ment observed in 44% and 21% of breast cancers, respectively, and both provided 96% positive 
predictive value for malignancy. 

CONCLUSION
Diagnostic accuracy of quantitative parameters was higher than that of qualitative parameters. 
High CNR, rim enhancement, and descending pattern were features commonly seen in malignant 
lesions, while low CNR, homogeneous enhancement, and ascending pattern were commonly seen 
in benign lesions.

KEYWORDS
BI-RADS, breast cancer, contrast-enhanced mammography, enhancement parameters, pharmaco-
kinetics

Contrast-enhanced mammography (CEM) is a recently developed advanced digital 
mammography (DM) technique that uses low- and high-energy acquisitions following 
the administration of an intravenous iodine contrast agent. Low-energy and recom-

bined images are finally obtained for each of the craniocaudal (CC) and mediolateral oblique 
(MLO) projections involved.1,2 The low-energy images are similar and comparable to those 
of conventional DM.3,4 Recombined images demonstrate the iodine uptake of breast lesions 
secondary to angiogenesis on a suppressed background of normal fibroglandular tissue. The 
physiological and morphological information obtained from CEM is thus similar to that yield-
ed by dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI). CEM combines 
the relative simplicity and low cost of mammography with the high sensitivity of contrast-en-
hanced imaging. The technique dramatically improves the ability of DM in the detection and 
characterization of breast lesions.5,6
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In CEM, low-energy and recombined 
images are reviewed, and morphological 
parameters, together with the presence of 
enhancement, are used for lesion character-
ization.7 Since both benign and malignant 
lesions may exhibit enhancement, it may 
not be possible to differentiate them solely 
through enhancement.1,2,6 Therefore, rou-
tinely evaluated parameters of enhancement 
intensity, pattern, and kinetics used in the 
diagnosis, molecular subtyping, and prog-
nostication of breast cancer in DCE-MRI8-11 

have recently become the subject of CEM 
research.12-18 This retrospective study aims 
to determine whether qualitative and quan-
titative enhancement parameters obtained 
from CEM could be used for predicting ma-
lignancy. 

Methods 

Patient population

This retrospective study was approved 
by the KTU Medical Faculty SCI Research 
Ethics Committee Ethics Committee (date: 
12.04.2019, decision no: 24237859-295), with 
informed consent being waived. Consecu-
tive cases that had undergone CEM between 
June 2014 and February 2022 in our hospital 
were retrospectively reviewed. In our prac-
tice, we offer CEM instead of DM to diagnose 
patients with complaints of a palpable mass 
and spontaneous nipple discharge or nip-
ple retraction if our targeted fast ultrasound 
(US) related to the area of interest reveals 
suspicious findings. CEM is also performed 

in some patients with suspicious findings 
following screening mammography if there 
is no contraindication for contrast adminis-
tration. 

The inclusion criteria of the present study 
were as follows:

1. CEM was performed due to suspicious 
breast lesions determined by clinical exam-
ination, mammography, or an US.

2. The CEM exam obtained both CC and 
MLO views for the breast with the suspicious 
lesion.

3. Definite diagnoses were provided 
through either a histopathological examina-
tion of the surgically excised or needle-bi-
opsied specimens, or by follow-up for lesion 
stability of at least 2 years. 

The exclusion criteria were as follows: 

1. Patients receiving neoadjuvant chemo-
therapy,

2. Patients with any contraindications to 
contrast material administration, 

3. Patients with a known or suspected 
pregnancy,

4. For multifocal cases, lesions that were 
superimposed on one another in the projec-
tions,

5. Suspicious breast lesions displayed on a 
single projection.

Contrast-enhanced mammography tech-
nique and analysis

CEM examinations were performed using 
Senographe Essential full-field DM equip-
ment (GE Healthcare, Buc, France) in our 
breast imaging unit. Iopromide (Ultravist 
300) (300 mg/mL at 1.5 mL/kg and not ex-
ceeding a maximum dose of 120 mL) was 
administered intravenously from the antecu-
bital fossa at a rate of 3 mL/s using a power 
injector, followed by a 20-mL saline flush. 
Two minutes after the injection, the acquisi-
tion was started with a CC image of the af-
fected breast and continued with a CC image 
of the normal breast and an MLO image of 
the normal breast, and ended with an MLO 
image of the affected breast. The four recom-
bined images were generated automatically 
by processing low- and high-kV images.

All images were evaluated on a mam-
mography workstation in consensus by two 
radiologists who were experienced in breast 
imaging. During these analyses, the radiolo-
gists were blinded to clinical information and 
the final diagnosis.

The qualitative assessment steps involved 
the following:

1. Lesion type [mass or non-mass en-
hancement (NME)],

2. Conspicuity according to the enhance-
ment intensity of the lesion (low, moderate, 
or high),

3. Internal enhancement pattern (homo-
geneous, heterogeneous, or rim enhance-
ment for masses, and homogeneous, hetero-
geneous, or clumped for NME),19

4. Assessment of the relative enhance-
ment pattern (ascending, steady, or descend-
ing) by visual evaluation of the change in 
conspicuity of the lesion from the CC (early 
phase) to MLO (late phase) views. Increase 
conspicuity from the CC to MLO views was 
defined as an ascending pattern; if no visual 
alteration was present in the lesion conspicu-
ity it was defined as steady; a decrease in the 
conspicuity from the CC to MLO views was 
defined as a descending pattern. 

Examples of the enhancement parame-
ters that were used in the qualitative assess-
ment are shown in Figures 1 and 2.

The quantitative assessments involved 
the following:

1. Maximum tumor size,

2. Contrast-to-noise ratio (CNR),

3. The percentage of signal difference 
(PSD) from the CC to MLO views and classifi-
cation of the relative enhancement patterns 
as ascending, steady, or descending.

To calculate the CNR, relative gray values 
were used. A region of interest (ROI) cover-
ing the entire lesion was manually drawn on 
the recombined images. A separate circular 
ROI was placed over the background tissue 
showing the most homogeneous signal, ad-
jacent to the tumor. The following formula 
was applied: 

CNR = Tmean − BGmean / BGsd

Tmean = mean pixel value in the ROI of the 
tumor

BGmean = mean pixel value in the ROI of the 
background

BGsd = standard deviation in the ROI of the 
background

The CNRs obtained from the recombined 
images of the CC and MLO views were used 
as a quantitative measure of early (CNR1) and 
late (CNR2) phase tumor enhancement, re-
spectively (Figure 3). 

Main points

•	 The conspicuity and contrast-to-noise ratio 
(CNR) of malignant breast lesions are usually 
higher than those of benign lesions.

•	 The diagnostic values of quantitative en-
hancement parameters are higher than 
those of the qualitative parameters, and 
CNR at early-phase images is the most suc-
cessful among them.

•	 Rim enhancement is the least common in-
ternal pattern but is highly predictive of 
malignancy.

•	 Quantitatively evaluated descending pat-
terns and negative percentage of signal 
difference values are highly predictive of 
malignancy.

•	 On contrast-enhanced mammography, 
while high enhancement intensity, rim en-
hancement, and the descending pattern of 
relative enhancement in a lesion indicate 
a malignancy, low enhancement intensity, 
homogeneous enhancement, and ascend-
ing pattern indicate a benign lesion.
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The PSD was calculated using the follow-
ing formula; 

PSD = (CNR2 − CNR1 / CNR1) × 100

An increase in CNR from the early to late 
phase exceeding 10% was recorded as as-
cending and a decrease greater than 10% as 
descending, while values in between were 
considered to reflect a steady pattern. 

Statistical analysis

Data analysis was performed using the 
SPSS (v.23.0, IBM, Armonk, NY, USA) soft-
ware. Descriptive statistics were expressed 
as mean ± standard deviation, median and 
minimum–maximum values ​​for continuous 
variables, and as a number (n) and percent-
age (%) for categorical variables. The normal 
distribution of variables was assessed us-
ing the Kolmogorov–Smirnov test. The chi-
square and Fisher’s exact tests were used to 
test for a significant difference between be-
nign and malignant groups for the frequency 
distribution of categorical variables, and a 
Student’s t-test or the Mann–Whitney U test 
for interval variables. Interval variables were 
compared between the independent groups 
(CNR1 with CNR2) using the Wilcoxon test. Re-
ceiver operating characteristic (ROC) analysis 
was performed to determine the diagnostic 
accuracy of the CNR and PSD parameters by 
calculating the area under the curve (AUC) 

values. Sensitivity and specificity were calcu-
lated after determining the optimal cut-off 
values for those parameters. Cohen’s kappa 
statistics and Spearman correlation tests 
were conducted to document the agreement 
and association between the qualitative and 
quantitative CEM parameters. A P value of 
<0.05 was considered statistically significant. 
The Power and Precision (v3.2) software was 
used for power calculations. 

Results
A total of 136 clinically or radiologically 

suspicious breast lesions among 105 wom-
en (3 lesions in 1, 2 lesions in 26, and single 
lesions in the remaining 81 women) with a 
median age of 46 years (range: 26–71 years) 
were evaluated. Of the 136 lesions, 29 (21%) 
were benign and 107 (79%) were malignant. 
The mean size of the lesions was 26 ± 17 mm. 
There was no statistical difference between 
the sizes of benign and malignant lesions 
(P = 0.390). Final diagnoses were obtained 
through the histopathological examination 
of the surgically excised or needle-biop-
sied specimens in 130 lesions. A total of 71 
invasive ductal carcinoma (IDC), 10 inva-
sive lobular carcinoma, 10 IDC with ductal  
carcinoma in situ (DCIS), 7 pure DCIS, 4 
mixed invasive ductal-lobular carcinoma, 
and 5 other malignancies were identified. 
For the benign lesions, there were 6 cases of 
fibrocystic changes/epithelial hyperplasia, 4 
cases of mastitis, 4 fibroadenomas, 3 papillo-

Figure 1. Examples of tumor conspicuity groups (row 1) and internal enhancement patterns for both masses 
(row 2) and non-mass enhancements (row 3) are demonstrated on contrast-enhanced mammography 
images.

Figure 2. Examples of three qualitatively evaluated 
relative enhancement patterns on contrast-
enhanced mammography. The images in the 
first column are craniocaudal views (early phase) 
and those in the second column are mediolateral 
oblique views (late phase).

Figure 3. To calculate the enhancement intensity 
of the lesion, a region of interest (ROI) covering 
the entire lesion was manually drawn on the 
recombined images, and a separate circular ROI was 
placed over the most homogenous background 
tissue adjacent to the tumor. The mean pixel values 
of the tumor (Tmean) and background tissue (BGmean), 
as well as the standard deviation of the signal 
from the background tissue (BGsd), were used to 
calculate the contrast-to-noise ratio (CNR = Tmean 
− BGmean / BGsd); CNR1 of the mass characterized as 
an invasive ductal carcinoma (measured on the 
craniocaudal view) was 6.40 (a); CNR2 measured 
on the mediolateral oblique view was 5.01 (b). 
The percentage of signal difference was −22, 
representing a descending pattern. CNR, contrast-
to-noise ratio.

a b
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mas, and 6 other benign lesions. Another 6 
lesions were characterized as stable during a 
follow-up of at least 2 years.

For the affected breasts, the mean time in-
terval between the start of the contrast injec-
tion and CC view was 148 ± 34 s; between the 
start of the contrast injection and the MLO 
view, this interval was 270 ± 55 s. Descriptive 
and CEM imaging features of the lesions are 
documented in Table 1. Among the lesions, 
121 (89%) were masses and 15 (11%) were 
classified as NME. 

Tumor conspicuity was significantly high-
er in the malignant lesions compared with 
benign lesions (P < 0.001); 86% of the be-
nign lesions had low-moderate conspicuity, 
whereas 64% of the malignant lesions had 
high conspicuity. Of the 4 benign lesions 

with high conspicuity, 3 were mastitis and 1 
was epithelial hyperplasia. Eight malignant 
tumors had low conspicuity, 2 of which were 
DCIS; the remainder were invasive cancer tu-
mors smaller than 15 mm. 

As quantitative parameters of tumor 
enhancement, both CNR1 and CNR2 were 
higher for the malignant lesions compared 
with the benign legions (P < 0.001). In the 
benign lesions, CNR2 was significantly high-
er than CNR1 (P < 0.001), whereas CNR1 was 
significantly higher than CNR2 in the malig-
nant lesions (P = 0.045) (Figure 4). The PSD 
was significantly higher in benign lesions 
compared with malignant lesions (36.3 vs. 
0.6, P < 0.001) (Figure 5). 57% (61/107) of 
the malignant lesions had negative PSD val-
ues, and 86% (25/29) of benign lesions had 

positive PSD values. While malignant lesions 
frequently tended to lose their enhancement 
at late acquisition, benign lesions common-
ly exhibited ascending enhancement. When 
ROC curves were plotted using the final di-
agnoses as a reference, AUC values of 0.816 
[95% confidence interval (CI), 0.738–0.893], 
0.717 (95% CI, 0.624–0.818), and 0.726 (95% 
CI, 0.627–0.825) were obtained for CNR1, 
CNR2, and PSD, respectively (Figure 6). A cut-
off value of 2.50 for CNR1 yielded 82% sensi-
tivity and 72% specificity, whereas a cut-off 
value of 10% for PSD yielded 79% sensitivity 
and 65% specificity. The power of the study 
for CNR1 and PSD was 99.4% and 94.9%, re-
spectively.

Of the 11 malignant NMEs, 6 exhibited 
clumped, 4 heterogeneous, and 1 homo-

Table 1. Descriptive and contrast-enhanced mammography imaging features of the 136 breast lesions in this study

Benign Malignant P value

Number of cases 29 107

Lesion size (mm) 

Mean ± standard deviation 23.8 ± 21.4 27.1 ± 16.2

0.390Minimum–maximum 5–96 6–100

Median 18 25

Lesion type**

Mass 25 (86%) 96 (90%)
0.019

NME 4 (14%) 11 (10%)

CEM qualitative enhancement parameters

Lesion conspicuity**

Low 12 (41%) 8 (8%)

<0.001Moderate 13 (45%) 30 (28%)

High 4 (14%) 69 (64%)

Internal enhancement pattern**

Homogeneous 15 (52%) 22 (21%)

0.001Heterogeneous 13 (45%) 58 (54%)

Rim 1 (3%) 27 (25%)

Relative enhancement pattern**

Ascending 16 (55%) 34 (32%)

0.024Steady 12 (35%) 38 (35%)

Descending 3 (10%) 35 (33%)

CEM quantitative enhancement parameters

CNR1* 2.26 ± 0.93 4.34 ± 2.09 <0.001

CNR2* 2.83 ± 1.07 4.05 ± 1.81 <0.001

PSD* 36.3 ± 48.8 0.6 ± 32.6 <0.001

Relative enhancement pattern**

Ascending 20 (69%) 36 (34%)

<0.001Steady 7 (24%) 24 (22%)

Descending 2 (7%) 47 (44%)

*Data represent mean values ± standard deviation, **Data represent numbers and percentages of cases. NME, non-mass enhancement; CEM, contrast-enhanced mammography; 
CNR, contrast-to-noise ratio; PSD, percentage of signal difference.
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geneous enhancement. Of the 4 benign 
NMEs, 2 exhibited homogeneous, 1 het-
erogeneous, and 1 clumped enhancement. 
Clumped enhancement was grouped in the 
heterogeneous pattern for statistical anal-
yses. The most common internal enhance-
ment pattern was homogeneous in benign 
lesions (52%) and heterogeneous (54%) in 
malignant lesions (P = 0.001). Rim enhance-
ment was seen in 28% (27/96) of malignant 
and 4% (1/25) of benign masses (P = 0.020). 
The benign lesion with rim enhancement 
was a 25-mm papilloma. Rim enhancement 
revealed a positive predictive value (PPV) of 
96% for a breast cancer diagnosis. 

Ninety percent of benign lesions exhib-
ited an ascending-steady pattern on the 
visual evaluation of relative enhancements. 
Descending enhancement was detected in 
33% of malignant and 10% of benign lesions 
(P = 0.032). In the quantitative evaluation, 
the most common pattern was ascending in 

benign lesions (69%) and descending in ma-
lignant lesions (44%). The ascending pattern 
was significantly more common in benign 
than malignant lesions (69% vs. 35%) (P = 
0.002). A descending pattern was observed 
in 44% (47/107) of malignant and 7% (2/29) 
of benign lesions (P = 0.001). All benign le-
sions, except for 2 papillomas, exhibited 
ascending or steady-type enhancement. Vi-
sually and quantitatively evaluated descend-
ing patterns had a PPV of 92% and 96% for 
breast cancer diagnosis, respectively. 

A strong positive correlation was present 
between tumor conspicuity and CNR1 values 
(correlation coefficient: 0.831, P < 0.001) (Fig-
ure 7). Additionally, visually and quantitative-
ly analyzed relative enhancement patterns 
were compatible in 70% of cases (kappa: 
0.548, P < 0.001).

For both benign and malignant lesions, 
tumor conspicuity and CNR1 were found to 
be significantly higher in tumors equal to 
or larger than 20 mm in diameter compared 
with smaller tumors (P < 0.010). A statistically 
significant positive correlation was detected 
between lesion size and CNR1 value (0.693 for 
benign, and 0.313 for malignant lesions, P < 
0.001). There was no difference between the 
enhancement intensities of mass and non-
mass-like (NML) lesions. In the benign group, 
the mean CNR1 was 2.19 for masses and 2.67 
for NMLs (P = 0.647). In the malignant group, 
the mean CNR1 was 4.39 for masses and 3.93 
for NMLs (P = 0.821). Additionally, no signif-
icant difference was observed for CNR1 be-
tween invasive and non-invasive cancers (4.4 
and 3.6, respectively, P = 0.457), or between 
benign lesions and non-invasive cancer (2.5 
and 3.6, respectively, P = 0.231).

Discussion
In the present study, we evaluated the 

three enhancement parameters (degree of 
enhancement, internal enhancement pat-
tern, and relative change in enhancement 
intensity from early to late projection) of 136 
clinically or radiologically suspicious breast 
lesions using qualitative and quantitative an-
alyzes on CEM. The distribution of all the en-
hancement parameters differed significantly 
between benign and malignant lesions. 

In 2022, the American College of Radiol-
ogy released a supplement that included 
the first version of the breast imaging re-
porting and data system lexicon for CEM to 
standardize the interpretation and reporting 
of imaging findings.19 One of the parame-
ters investigated in the present study was 
an enhancement descriptor of this lexicon 
called “lesion conspicuity,” which is defined 
as the degree of enhancement relative to 
the background. Low conspicuity, which 
refers to enhancement equal to or slight-
ly greater compared with the background, 
was present in 41% of the benign and 8% 
of the malignant cases. Conversely, 64% of 
malignant and 14% of benign tumors had 
high conspicuity. Tumors with high conspi-
cuity were more likely to be malignant and 
reflected 64% sensitivity and 86% specificity. 
Previously, Nicosia et al.20 evaluated lesion 
conspicuity in recombined CEM images and 
reported 80% sensitivity and 72% specific-
ity when moderate and high conspicuity 
were accepted as predictive of malignan-
cy. Several studies were also conducted on 
tumor enhancement before publication of 
the CEM lexicon.2,9,15,16,21 These studies also 
found a significant correlation between the 

Figure 4. Comparison of early- (CNR1) and late-
phase enhancement intensity (CNR2) values of 
benign and malignant lesions. Both CNR1 and CNR2 
were higher in malignant lesions compared with 
benign lesions. CNR, contrast-to-noise ratio.

Figure 5. A comparison of the percentage signal 
difference (PSD) values of benign and malignant 
lesions; the PSD was significantly higher in benign 
lesions compared with malignant lesions (28.3 vs. 
1.3).

Figure 7. The correlation between lesion 
conspicuity and quantitative enhancement 
intensity (CNR1). CNR, contrast-to-noise ratio.

Figure 6. Receiver operating characteristic curves 
for CNR1, CNR2, and PSD in the diagnosis of 
malignant breast lesions. Area under the curve 
values of 0.816, 0.717, and 0.726 were obtained for 
CNR1, CNR2, and PSD, respectively. CNR, contrast-to-
noise ratio; PSD, percentage signal difference.
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degree of enhancement and the probability 
of a lesion being malignant. Minimal or no  
enhancement has been reported in 22%–
73% of benign and up to 8% of malignant 
lesions. More than 40% of malignant lesions 
with minimal or no enhancement in those 
studies were DCISs. In the present study, 
only 2 of 8 lesions with low conspicuity 
were DCISs, and the remaining lesions were 
invasive cancer with a size smaller than 15 
mm. Low conspicuity and the absence of 
enhancement, although highly predictive of 
benign lesions, do not exclude in situ or inva-
sive cancer on CEM images. 

We detected a strong positive correlation 
between tumor conspicuity and the CNR1 val-
ue (correlation coefficient: 0.831). According 
to quantitatively evaluated parameters, CNR1 
(a measure of early-phase enhancement in-
tensity) (AUC: 0.816) was more effective than 
CNR2 (a measure of late-phase enhancement 
intensity) (AUC: 0.717) and PSD (a measure 
of percentage changes in the enhancement 
intensity from the early to late phase) (AUC: 
0.726) for differentiating malignant from 
benign lesions. As in the case of lesion con-
spicuity, tumors with a higher CNR1 were 
more likely to be malignant, reflecting 82% 
sensitivity and 72% specificity. Liu et al.14 and 
Rudnicki et al.15 also used quantitative meth-
ods to evaluate the enhancement intensity 
of lesions in two projections. Liu et al.14 re-
ported a significant difference between the 
enhancement intensities in two projections 
and reported that earlier projections of con-
trast-enhanced images (AUC: 0.843) played a 
more important role in the differential diag-
nosis of breast lesions compared with later 
projections (AUC: 0.755), which was similar 
to the results obtained in our study. However, 
Rudnicki et al.15 could not detect a significant 
enhancement difference between early- and 
late-phase images (AUCs of 0.725 and 0.713), 
which was likely related to the short time in-
terval between the images. 

The optimal timing for imaging the affect-
ed breast to better differentiate benign from 
malignant lesions is not known. Additional-
ly, there are many variations in the methods 
used to evaluate the degree of enhancement 
in CEM studies.2,14-16 These are not just at the 
level of formulas used to calculate enhance-
ment level but also at the area chosen for 
background signal measurement and the ROI 
size, extent and placement. A study conduct-
ed by Lv et al.16 compared the effectiveness 
of relative gray values when different loca-
tions for background signal (the area around 
the lesion, away from the lesion, close to the 
chest wall, and the chest wall) were chosen. 

The authors found that relative gray values 
were more effective when the background 
area around the lesion was used. In our 
study, we preferred using the background 
area around the lesion, with reference to the 
research of Lv et al.16 However, future studies 
are needed to compare the effectiveness of 
different techniques and methods.

Both in the present study and the study 
conducted by Liu et al.14, no significant dif-
ference was observed between the enhance-
ment intensities of non-invasive and invasive 
cancers. However, Rudnicki et al.15 reported 
significantly higher enhancement levels 
for infiltrating compared with non-infiltrat-
ing cancers. On the other hand, tumor size 
emerged as an important determinant of en-
hancement intensity in our study. Larger tu-
mors demonstrated higher conspicuity and 
CNR1 values, which was likely related to the 
effect of tumor volume on the projection im-
ages. While this positive correlation between 
size and CNR1 was prominent for benign tu-
mors (correlation coefficient: 0.693), it was 
fair (correlation coefficient: 0.313) for breast 
cancers; this was likely the result of a reduced 
enhancement caused by tumoral necrosis, 
which is commonly observed in large malig-
nant lesions.

The level of tumor enhancement is not 
the only enhancement descriptor that 
should be considered; another descriptor is 
the internal enhancement pattern, which is 
classified as homogeneous, heterogeneous, 
or rim types for masses and homogeneous, 
heterogeneous, or clumped types for NMLs.19 
Different from the MRI lexicon, the internal 
patterns of clustered ring and non-enhanc-
ing septations are not present in the CEM lex-
icon. The lower resolution of CEM compared 
with MRI hinders the discernibility between 
these two patterns. In our study population, 
the most common internal enhancement 
pattern was homogeneous for benign and 
heterogeneous for malignant lesions. Het-
erogeneous and rim enhancement as indi-
cators of malignancy exhibited 79% sensi-
tivity. However, specificity was extremely 
low (52%). Although not a common finding, 
rim enhancement was documented in 28% 
of malignant and 4% of benign masses and 
provided 96% PPV. Previously, Chi et al.13 re-
ported rim enhancement in 11% (33/312) of 
lesions, among which 67% were malignant 
and 33% were benign. Kamal et al.22 detected 
rim enhancement in 14% (24/168) of mass-
es, 54% of which were benign and 46% were 
malignant. Contrary to these studies9,22 that 
reported rim enhancement as an unreliable 
sign for predicting malignancy, we found rim 

enhancement to be a highly predictive fea-
ture for breast cancer.

Enhancement kinetics are routinely used 
for the characterization of breast tumors in 
DCE-MRI. In general, benign lesions exhibit 
a persistent pattern, whereas malignant le-
sions reflect a wash-out pattern. A plateau 
can be observed in both benign and malig-
nant lesions. Kuhl et al.11 previously reported 
a washout pattern in 57% of malignant and 
6% of benign lesions, and a persistent pat-
tern in 83% of benign and 9% of malignant 
lesions as the worst curve-type on DCE-MRI. 
However, a low percentage of malignant 
tumor volume (reported as 7%–40% for in-
vasive cancers) shows washout pattern.23-25 
Kim et al.23 reported the worst curve type as 
wash-out in 84% of breast cancers, whereas 
the predominant curve type was persistent 
in 96% of cases. 

Only two mammographic projections 
were used in this study to evaluate changes 
in the enhancement intensity of lesions from 
the early to late phase, which was not suffi-
cient for conducting an actual kinetic eval-
uation; instead, we identified it as a relative 
enhancement pattern in the present study. 
As previously described, enhancement val-
ues that were evaluated on recombined 
views represented the entire tumor volume, 
and the mean gray values were used in the 
CNR calculation. The relative enhancement 
patterns that we obtained were more like 
the predominant curves of DCE-MRI studies. 
Therefore, the descending pattern rate in the 
present and previous CEM studies2,5,14,18,26 was 
not as high as the wash-out pattern reported 
in Kuhl’s et al.11 study. In the present study, 
ascending enhancement was significantly 
more common in benign lesions (69% vs. 
35%), while descending enhancement was 
observed in 43% of malignant and 7% of be-
nign lesions; these results reflect those of 
previous studies.2,14 The PSD was significant-
ly lower in malignant lesions compared with 
benign ones (1.3 vs. 28.3, P < 0.001), and 94% 
of lesions with negative PSD values were ma-
lignant. Quantitatively evaluated descending 
patterns and negative PSD values were high-
ly predictive for malignancy (PPV of 96% and 
94%, respectively). The quantitative assess-
ment of relative enhancement patterns was 
more effective than the qualitative assessment 
concerning the characterization of breast tu-
mors. However, CNR1 was the most valuable 
parameter in our study in terms of the charac-
terization of breast lesions, in contrast with the 
recent study conducted by Rong et al.18, which 
reported a kinetic pattern as being more effec-
tive than enhancement intensity. 
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There are several limitations in the pres-
ent study. First, it included patients from a 
single institution, and, specifically, the num-
ber of benign cases, non-mass lesions, and 
non-invasive cancers among the patients 
was limited. Since patients for whom there 
was a high suspicion of the presence of a 
malignancy had undergone CEM, there was 
an inherent bias in favor of malignancy. Nev-
ertheless, the study had adequate statistical 
power. Second, the enhancement parame-
ters in different histopathologies and lesion 
types were not discussed due to the small 
number of cases included in each subtype. 
To remove the bias and increase the impact 
of the findings, further large-scale multi-
center studies including screening cohorts 
may be helpful. Third, two different views 
were applied for the analysis of relative en-
hancement patterns through the evaluation 
of changes in enhancement intensity from 
the early to late phases. This does not reflect 
a true kinetic evaluation, and we are unsure 
how comparable this method is with kinetics 
obtained from DCE-MRI. Further studies with 
MRI correlations are thus needed. The more 
accurate evaluation of enhancement kinet-
ics could likely have been achieved if two 
or more acquisitions in the same projection 
had been used in the analysis. Additionally, 
the optimal time intervals for demonstrating 
enhancement kinetics in CEM are unclear. 
Although we adjusted the time intervals, in 
line with previous DCE-MRI studies, it was 
unclear whether iodine in CEM acted simi-
larly to gadolinium in DCE-MRI. Fourth, CEM 
is a two-dimensional method, and the en-
hancement values are relative values affect-
ed by the size of the lesion, as well as the size 
and composition of superimposed normal 
breast tissue. Therefore, it might offer only 
limited insight into the temporal changes 
in tumoral enhancement. Furthermore, we 
used the entire tumor area and mean values 
for the calculation of quantitative enhance-
ment parameters and did not compare these 
with other potential measurements, such as 
using the tumor area exhibiting the highest 
enhancement or using maximum values in-
stead of means. Additionally, inter-observ-
er variability was not evaluated. Finally, we 
evaluated the probable value of CEM en-
hancement parameters in the differentiation 
of benign and malignant lesions. However, 
these parameters may also correlate with the 
prognostic factors and molecular subtypes 
of breast cancer, which were not analyzed in 
the present study.

In conclusion, enhancement intensity 
and the relative enhancement patterns of 
breast tumors can be evaluated both quali-

tatively and quantitatively on CEM images. 
Combined with internal enhancement pat-
terns, they can be used in the differential 
diagnosis of breast lesions. Quantitative pa-
rameters appear to be more diagnostic than 
qualitative parameters, and the relative en-
hancement intensity on early-phase images 
(CNR1) is the most successful among them. 
However, it should be noted that the en-
hancement intensity on CEM depends on the 
lesion size, and although low enhancement 
is highly predictive of a lesion being benign, 
it does not exclude in situ or even invasive 
cancers. While high enhancement intensity 
at the early phase, rim enhancement, and 
descending patterns are features that are 
considered highly predictive for malignancy, 
low enhancement intensity, homogeneous 
enhancement, and ascending patterns are 
more predictive for benign lesions. These 
enhancement parameters are capable of 
contributing to CEM in lesion characteriza-
tion and may also have prognostic value for 
breast cancer patients. This is a subject that 
requires further investigation.
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Role of interventional radiology in the management of iatrogenic 
urinary tract injury: the factors affecting the outcome 

PURPOSE
To evaluate the efficacy of interventional radiological (IR) procedures in iatrogenic urinary tract in-
jury and investigate the factors affecting the outcome.

METHODS
Fifty-eight patients (21 male) with a mean age of 50.3 ± 15.8 years referred for iatrogenic urinary 
tract injury were enrolled in this study. Technical success was defined as (i) successful placement 
of a nephrostomy catheter within the renal pelvis and/or (ii) successful antegrade ureteral stent 
placement (double J stent) between the renal pelvis and bladder lumen. Complete resolution was 
defined as maintained ureteral patency without an external drain and ureteral stent. The factors 
that may affect complete resolution [ureteral avulsion, ureterovaginal fistula (UVF), history of ma-
lignancy/radiotherapy, and time to IR management] were also investigated. The receiver operating 
characteristic analysis was performed to estimate the cut-off time point for the IR management 
timing affecting complete resolution.

RESULTS
The technical success rate for nephrostomy and ureteral stent placement was 100% (n = 58/58) 
and 78% (n = 28/36), respectively. In 14 patients, non-dilated pelvicalyceal systems were evident. 
In 18 patients, no further intervention after percutaneous nephrostomy was performed due to (i) 
poor performance status (n = 6) and (ii) reconstruction surgery upon clinicians’ and/or patients’ 
request (n = 12). Reconstruction surgery was required in 11 of the remaining 40 patients due to 
failure of percutaneous treatment (n = 11/40, 27.5%). In six of the patients, ureteral stents could not 
be removed due to the development of benign ureteral strictures (n = 6/40, 15%). Our complete 
resolution rate was 57.5% (n = 23/40). Age, gender, type of surgery (endoscopic or open), side and 
location of the injury did not statistically affect the complete resolution rate. The presence of ure-
teral avulsion, history of malignancy and radiotherapy individually or in combination significantly 
affected the complete resolution rate negatively. The presence of UVF also had a negative effect on 
the complete resolution rate; however, it did not reach statistical significance. Delayed intervention 
was also a significant factor related to lower complete resolution. The optimal cut-off point of the 
time interval for favorable clinical outcome was found to be 0–19th day following the surgery.

CONCLUSION
IR procedures are safe and effective in the management of iatrogenic urinary tract injuries. An-
tegrade ureteral stenting should be performed as soon as possible to establish ureteral integrity 
without the development of stricture. 
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Iatrogenic injury, urinary tract, urinary leak, percutaneous nephrostomy, ureteral stent
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Iatrogenic urinary tract injuries can be en-
countered following various abdominopel-
vic surgeries. Patients may present with 

fever, abdominal pain, and sepsis. Delayed 
diagnosis, particularly in asymptomatic pa-
tients, can lead to stricture, ureterovaginal 
fistula (UVF), or kidney failure.1,2 Intraopera-
tive detection is relatively rare, but it allows 
for immediate repair. The majority of cases 
are identified in the post-operative period, 
and delayed diagnosis is related to lower 
treatment success.2-4 

The management of urinary tract injuries 
may vary depending on the location, severity, 
and recognition time of the injury.5 Minimally 
invasive procedures are the commonly pre-
ferred methods of treatment due to the associ-
ated lower morbidity/mortality rates and short-
er hospital stays.3,6 Lask et al.7 reported shorter 
hospital stay following interventional radiolog-
ical (IR) procedures (3–5 days) compared with 
reconstructive surgery (14–35 days).

The European Association of Urology 
guideline on iatrogenic urinary trauma rec-
ommends initial urinary diversion via percu-
taneous nephrostomy.8 Urinary diversion by 
percutaneous nephrostomy may serve as a 
bridging therapy prior to surgery or can be 
the definitive treatment. Although Lask et 
al.7 reported a complete recovery rate of 80% 
with percutaneous nephrostomy, Borkowski 
et al.9 reported a recovery rate of 28.6% in 
patients treated with percutaneous nephros-
tomy alone. Therefore, ureteral stent place-
ment should be performed following ne-
phrostomy to preserve ureteral integrity.8,10 

This study aims to (i) investigate the effi-
cacy of IR management in iatrogenic urinary 
tract injury and (ii) find out the factors affect-
ing the outcome.

Methods
This retrospective study was approved 

by Hacettepe University, Faculty of Medicine 
Institutional Review Board (GO15/533-27). 

Informed consent for each procedure was 
provided by all patients.

Study population

Fifty-eight patients referred to our unit due 
to iatrogenic urinary tract injury over an 11-
year period were enrolled in this study. The 
diagnosis of iatrogenic urinary tract injury 
was made by (i) contrast-enhanced abdomi-
nal computed tomography with a urography 
phase and (ii) laboratory analysis of samples 
obtained from intraabdominal collections. 
The patients’ clinical data, laboratory results, 
and imaging findings were recorded individu-
ally. The factors that may affect the complete 
resolution rate (ureteral avulsion, UVF, malig-
nancy, radiotherapy, and time to IR manage-
ment) were also evaluated. Complications 
were classified according to the Society of In-
terventional Radiology classification system.11

Inclusion and exclusion criteria

The inclusion criteria were as follows: 
the presence of (i) urinary extravasation on 
cross-sectional imaging, (ii) urine leak via 
surgically or percutaneously placed drainage 
tubes (proven by laboratory analysis), or (iii) 
UVF. The exclusion criteria were as follows: (i) 
<18 years of age and (ii) urinary leak due to 
non-iatrogenic incidents. 

Definitions

The results of the treatment were evalu-
ated by reviewing the patients’ electronic re-
cords. Technical success was defined as (i) the 
successful placement of a nephrostomy cath-
eter within the renal pelvis and/or (ii) suc-
cessful antegrade ureteral stent placement 
(double J stent) between the renal pelvis and 
bladder lumen. The data of the patients who 
underwent reconstruction surgery, upon 
clinicians’ and/or patients’ request, and in 
whom further management was not consid-
ered due to poor performance status were 
excluded from further analysis.

Complete resolution was defined as main-
tained ureteral patency without an external 
drain and ureteral stent. The location of in-
jury was classified as (i) pelvicalyceal system, 
(ii) ureter, and (iii) bladder. Ureteral avulsion 
was recognized as complete discontinuity 
of the ureter.12 Time to IR management was 
defined as the time interval between the sur-
gery and percutaneous nephrostomy (n = 40, 
patients managed with IR procedures alone).

Technique 

Routine hemogram, blood biochemistry, 
and the coagulation profile (international 

normalized ratio <1.5 and platelet >50,000/
mL) were checked before each procedure. All 
patients received prophylactic broad-spec-
trum antibiotics (ceftriaxone or ciprofloxa-
cin) prior to the procedure. All procedures 
were performed in an IR unit under con-
scious sedation. 

Percutaneous nephrostomy

All procedures were performed under 
ultrasonographic and fluoroscopy guidance 
while patients were in the prone position. 
Lower or middle calyceal puncture was per-
formed via an 18G needle in patients with 
severe hydronephrosis. Following contrast 
material administration under fluoroscopy, 
a 0.035-inch guidewire (Amplatz Super Stiff, 
Boston Scientific, Natick, MA, USA) insertion 
and tract dilatation were performed. Over 
the guidewire, a nephrostomy catheter was 
placed into the renal pelvis. In patients with 
a non-dilated pelvicalyceal system or mild 
hydronephrosis, a 21G needle was used for 
calyceal puncture. Then, the pelvicalyceal 
system was opacified under fluoroscopy, 
and a 0.018-inch guide wire was introduced 
through the renal pelvis, followed by the in-
troducer set (AccuStick, Boston Scientif-
ic, USA). Finally, tract dilatation and catheter 
placement were performed over the 0.035-
inch guidewire. 

Antegrade ureteral stent placement

Ureteral stent placement was scheduled 
as a further intervention in a different session 
following nephrostomy. First, the nephrosto-
my catheter was removed with the support 
of a stiff guide wire (Amplatz Super Stiff, 
Boston Scientific, Natick, MA, USA). Then, a 
0.035-inch hydrophilic wire (Terumo, Tokyo, 
Japan) was delivered through the ureter with 
the manipulation of a 5F guiding catheter 
(Imager II Angiographic Catheter, Bern, Bos-
ton Scientific, USA). Contrast material was 
given to reveal the bladder lumen, and the 
hydrophilic guide wire was exchanged for 
a stiff guide wire. A 9F vascular sheath was 
introduced, and a double J stent (8Fr, 20–26 
cm, Flexima Ureteral Stent, Boston Scientific, 
USA) was placed with the support of pushers 
through the sheath. After obtaining the de-
sired position of the ureteral stents, the nylon 
threads were removed under fluoroscopic 
guidance. All patients were evaluated at reg-
ular intervals and underwent stent exchange 
every four months.

Statistical analysis

The data were tested for normal distri-
bution using the Kolmogorov–Smirnov and 

Main points

•	 Ureteral avulsion, ureterovaginal fistula, 
history of malignancy and radiotherapy in-
dividually or in combination negatively af-
fected interventional radiological treatment 
success.

•	 Delayed intervention was a significant fac-
tor related to a lower complete resolution 
rate. 

•	 The optimal cut-off point of the time inter-
val for favorable clinical outcome was found 
to be 0-19 day following the surgery.
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Shapiro–Wilk tests. Descriptive statistics 
were presented as n (%) for categorical vari-
ables. If the continuous variables satisfied 
the normal distribution assumption, they 
were expressed as mean and standard de-
viation; otherwise, they were presented as 
median, first and third quartiles (Q1–Q3) 
or interquartile range (IQR). Pearson’s chi-
square test or Fisher’s exact test was used to 
compare the difference association of two 
groups for categorical variables. For contin-
uous variables, differences between the two 
groups were compared using the Mann–
Whitney U test and t-test based on the nor-
mality assumption. The receiver operating 
characteristic (ROC) analysis was performed 
to estimate the cut-off time point for the IR 
management timing affecting complete res-
olution. The area under the curve (AUC) and 
95% confidence interval (CI) were calculated. 
The optimal cut-off value for the time inter-
val was specified with the maximizing metric 
in bootstrapped samples using the cutpointr 
package in R.13 The maximizing metric is the 
sum of sensitivity and specificity. Moreover, 
in order to find the best discrimination point 
of the time interval for favorable clinical out-
comes, the bootstrapped samples were pre-
ferred. 

A P value of less than 0.05 was considered 
statistically significant. Statistical analyses 
were performed using IBM SPSS Statistics 
(version 23, IBM SPSS, Chicago, IL, USA).

Results
A total of 78 patients were referred for 

urinary diversion due to a urinary leak. In 
eight patients, the urinary leak occurred as 
UVF following radiotherapy, and in 12 of the 
patients, ureteral integrity was disrupted 
due to malignant ureteral invasion. These 
patients were excluded from the study. The 
final study group consisted of 58 patients (21 
male, 36.2%) with a mean age of 50.3 ± 15.8 
years (Figure 1).

Urinary tract injury was more frequently 
encountered following abdominal hysterec-
tomy and bilateral salpingo-oophorectomy 
surgery (n = 23/58, 40%) and ureterorenos-
copy (n=16/58, 28%). In men, the most com-
mon surgical indication was urinary stone 
disease (n = 12/21, 57%), and in women, 
the most common surgical indications were 
cervical carcinoma (n = 7/37, 19%) (Figure 
2) and myoma uteri (n = 7/37, 19%). Patient 
and injury characteristics are given in detail 
in Table 1. 

Table 1. Data of patients with iatrogenic urinary tract injury (n = 58)

n (%)

Gender (F) 37 (63.8)

Injury site

Ureter 43 (74) (n = 6 bilateral)

Renal pelvicalyceal 11 (19)

Bladder 4 (7)

Renal pelvicalyceal injury side 
Right 6 (55)

Left 5 (45)

Ureteric injury side 

Right 16 (37)

Left 21 (49)

Bilateral 6 (14)

Ureteric injury localization
Proximal 7 (14)

Middle 8 (16)

Distal 34 (69)

Hydronephrosis 44 (76)

Pyonephrosis 13 (22)

Figure 1. Flowchart of patient selection.

Figure 2. A 55-year-old woman with cervical carcinoma. Axial post-contrast fat-saturated T1 weighted 
magnetic resonance image shows carcinoma of the posterior cervical wall (a, asterisk). Post-surgical 
abdominal CT urography demonstrated distal ureteral contrast extravasation (b, arrow). CT, computed 
tomography. 
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In all cases, the initially performed pro-
cedure was percutaneous nephrostomy. A 
total of 64 percutaneous nephrostomy pro-
cedures were performed in 58 patients (bilat-
eral: 6) with a technical success rate of 100%. 
In 12 patients (n = 12/58, 21%), percutane-
ous urinoma drainage was also necessary. 
Thirty-six patients had indwelling surgically 
placed drainage tubes. Further management 
was not considered in 6 patients (n = 6/58, 
10%) (bilateral: 2) due to poor performance 
status and associated comorbid diseases, 
and these patients opted for permanent ne-
phrostomy. In 21% of the patients (n = 12/58), 
surgeons performed reconstruction surgery 
following nephrostomy upon clinicians’ and/
or patients’ request (mean 49.5 ± 33.3 days 
after nephrostomy). In these 12 patients, no 
further IR management after percutaneous 
nephrostomy was performed. 

Finally, a total of 40 patients (bilateral: 2) 
were managed with IR procedures alone. 
Four out of these 40 patients (10%) were 
treated with nephrostomy, and no further 
intervention was required. In 36 patients (n = 
36/40, 90%) (bilateral: 2), antegrade ureteral 
stent placement was attempted after a me-
dian of 12 days following nephrostomy (IQR: 
18, range: 4–66 days). In 8 patients (n = 8/40, 
20%) (bilateral: 1), antegrade stent place-
ment could not be achieved due to the lack 
of ureteral continuity. The technical success 
rate for ureteral stent placement was 78% 
(n = 28/36). Percutaneous balloon dilatation 
was necessary in 5 patients due to associated 
benign ureteral stricture (n = 5/28, 18%). No 
major complications occurred during any of 
the procedures.11

In 68% (n = 19/28) of the patients with 
ureteral stents, the stents were removed after 
a median of 110.5 days (IQR: 149, range: 40–
701) (Figure 3). The complete resolution rate 

was 57.5% [n = 23/40, (nephrostomy alone n 
= 4, ureteral stent n = 19)]. Six patients (n = 
6/40, 15%) (bilateral: 1) are still under treat-
ment with routine ureteral stent exchanges 
due to associated benign ureteral strictures. 
Eleven patients (n = 11/40, 27.5%) opted for 
nephrostomy due to (i) ureteral avulsion (n = 
8, bilateral: 1) or (ii) refractory urinary leak de-
spite functioning ureteral stent (n = 3). These 
patients underwent surgery due to failure of 
IR treatment (mean 47.6 ± 48 days). More-
over, the median follow-up period was 765 
days (IQR: 1021). 

A further analysis was carried out for pa-
tients treated with IR methods alone (n = 40). 
Age, gender, and the side and location of the 
injury did not statistically affect the complete 
resolution rate. There was no statistically sig-
nificant difference regarding the complete 
resolution rate between endoscopic and 
open surgery (P = 0.117) (Table 2). However, 

the presence of ureteral avulsion, history of 
malignancy and radiotherapy individually 
or in combination significantly affected the 
complete resolution rate negatively. The 
presence of UVF also had a negative effect 
on the complete resolution rate, but it did 
not reach statistical significance (Table 3). 
Complete resolution was achieved in 25% (n 
= 2/8) of the patients with UVF (Figures 3, 4). 
In the complete resolution group, 74% (n = 
17/23) of the patients had no malignancy. In 
addition, all patients with a history of radio-
therapy (n = 4/40, 10%) opted for nephrosto-
my or ureteral stent. 

The median time between surgery and 
diagnosis of iatrogenic injury by cross-sec-
tional imaging was 10 days (IQR: 13.5, range: 
0–75). After the diagnosis, percutaneous ne-
phrostomy was performed after a median 
of 2 days (IQR: 2.5, range: 0–6). The median 
time between surgery and IR management 

Table 2. Data of the patients managed with interventional radiological procedures alone 
(n = 40*)

Complete 
resolution

 n = 23 (57.5%)

Nephrostomy/
ureteral stent
n = 17 (42.5%)

P value

Gender (F) 12 (52.2) 12 (70.6) 0.240

Age 50 (33-60) 45 (40.5-64) 0.522

Injury site
Ureter 16 (69.5) 16 (94)

0.107
Renal pelvis 7 (30.5) 1 (6)

Injury side

Right 8 (35) 10 (59)

0.054Left 15 (65) 5 (29.5)

Bilateral 0 (0) 2 (12)

Ureteric injury localization

Proximal 3 (19) 2 (12.5)

0.765Middle 3 (19) 2 (12.5)

Distal 10 (62) 12 (75)

Type of surgery (endoscopic) 11 (48) 4 (24) 0.117

*In 18 of the patients, no further intervention after percutaneous nephrostomy was performed due to (i) poor 
performance status (n = 6) and (ii) reconstruction surgery upon clinicians’ and/or patients’ request (n = 12).

Figure 3. A 33-year-old woman underwent an emergency hysterectomy for postpartum hemorrhage. On follow-up, she developed left flank pain and fever. CT 
urography demonstrated contrast extravasation (a, arrow) and ureterovaginal fistula (b, arrow). Percutaneous nephrostomy was initially performed. Four days after 
nephrostomy, ureteral stent placement was performed (c). During the procedure, ureteral stricture was evident at the level of the pelvic brim (not shown). The 
ureteral stent was removed on the second exchange period due to the absence of stricture or leak. CT, computed tomography. 
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was 13 days (IQR: 15, range: 0–78). Time to IR 
management had also a negative effect on 
the complete resolution rate. It was shorter 
in patients with complete recovery than in 
the remaining patients (a median of 10 days 
vs. 20 days, P = 0.018) (Table 3). According 
to the ROC analysis, the time to IR manage-
ment was a significant predictor of clinical 
outcome (AUC: 0.729, 95% CI: 0.557–0.901, P 
= 0.018) (Figure 5). The optimal cut-off point 
of the time interval for favorable clinical out-
come was found to be 0-19 day following 
the surgery with respect to the maximizing 
metric in bootstrapped samples (sensitivity: 
0.714, specificity: 0.563). 

Discussion
This study evaluated the effectiveness 

of IR procedures in the management of iat-
rogenic urinary tract injury. Percutaneous 
nephrostomy, ureteral stent placement, and 
collection drainage were the main percuta-
neous treatment options. The technical suc-
cess rate for nephrostomy and ureteral stent 
placement was 100% and 78%, respectively. 
The lack of ureteral continuity was the ma-
jor reason for failure of antegrade ureteral 

stent placement, and the complete resolu-
tion rate was 57.5%. The presence of ureteral 
avulsion, UVF, and history of malignancy and 
radiotherapy individually or in combination 
negatively affected the complete resolution 
rate. In addition, there was a statistically sig-
nificant negative relation between delayed 
IR management and the complete resolution 
rate. The optimal cut-off point of the time 
interval for favorable clinical outcome was 
found to be 0-19 day following the surgery. 
The time prior to IR management was signifi-
cantly longer in patients who opted for ne-
phrostomy or ureteral stent. 

In the management of iatrogenic urinary 
tract injury, clinical success is based on sev-
eral conditions: (i) recovery from urosepsis, 
(ii) preserving renal function, (iii) cessation 
of urinary leak, and (iv) complete resolution 
without indwelling nephrostomy and/or 
ureteral stent. Percutaneous nephrostomy 
prior to any further management, including 
surgery, is recommended for urinary decom-
pression and diversion.6,14 Lask et al.7 treated 
20 patients with percutaneous nephrostomy 
alone and reported a complete recovery rate 
of 80%. However, percutaneous nephros-

tomy per se remains insufficient in most of 
the cases. Therefore, further management, 
primarily ureteral stent placement, is man-
datory for complete resolution. Borkowski et 
al.9 reported a complete recovery of 28.6% 
(6/21) with percutaneous nephrostomy 
alone, while this rate was 83% (5/6) for the 
ureteral stent group. Similarly, our complete 
resolution rate with percutaneous nephros-
tomy alone was relatively low (n = 4/12, 
30%), while it was 68% (n = 19/28) for uret-
eral stent. In addition, nephroureteral stents 
can be used for both urinary diversion and 
maintaining ureteral patency in patients 
with urinary tract injury. Zilberman et al.15 

reported a complete resolution rate of 78.5% 
with nephroureteral stents in a patient popu-
lation with iatrogenic urinary injury.

Ku et al.3 reported a complete resolu-
tion rate of 65% in 17 patients with urinary 
leak treated with both antegrade and retro-
grade ureteral stent placement. Fontana et 
al.16 performed ureteral stent placement in 
15 patients with urinary leak and reported 
a complete resolution rate of 53.5%. How-
ever, Ustunsoz et al.17 reported a complete 
resolution rate of 75% in 22 patients with 24 
ureteral injuries. In this study, our complete 
resolution rate was 57.5%. This may be due 
to the heterogeneity and complexity of our 
study population. Ustunsoz et al.17 reported 
a higher complete resolution rate in a study 
consisting of relatively young patients (post-
partum urinary injury) without a history of 
malignancy or radiotherapy. The history of 
malignancy and/or radiotherapy were signif-
icant factors affecting complete resolution in 
our study. Furthermore, we found complete 
resolution rates of 71% and 37.5% in patients 
with benign and malignant diseases, respec-
tively. In a different study, complete resolu-

Table 3. Factors affecting the outcome (n = 40)

Complete resolution
 n = 23 (57.5%)

Nephrostomy/ureteral stent
n = 17 (42.5%)

P value

Benign 17 (74) 7 (41)
0.037

Malignant 6 (26) 10 (59)

Ureteral avulsion 0 (0) 8 (47) <0.001

Ureterovaginal fistula 2 (9) 6 (35) 0.053

Radiotherapy 0 (0) 4 (23.5) 0.026

Combination of risk factors 0 (0) 7 (41) 0.001

Time to interventional radiological 
management (days)

10 (4.50–19.50) 20 (9.50–30.25) 0.018

Figure 4. A 40-year-old woman presented with a vaginal urine leak following hysterectomy. CT urography demonstrated distal ureteral contrast extravasation and 
ureterovaginal fistula (arrows, a and b). Bilateral nephrostomy was performed (c). The patient underwent bilateral ureteroneocystostomy due to failure of ureteral 
stent placement. CT, computed tomography. 
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tion was achieved in only 4 out of 19 cancer 
patients with postoperative ureteral injury.18 

The presence of ureteral avulsion (loss of 
integrity) negatively affected the complete 
resolution rate. In this study, eight patients 
with ureteral avulsion opted for nephrosto-
my and ended up with reconstructive sur-
gery. Ustunsoz et al.17 also reported that 50% 
of the patients with failure of treatment had 
ureteral avulsion. 

Delayed diagnosis of urinary tract injury is 
a major factor related to low treatment suc-
cess.3,4,9,17 Morrow et al.19 reported that a lon-
ger median time to ureteral stent placement 
was associated with failure. We also found 
that time prior to IR management was a sig-
nificant factor in determining complete reso-
lution. The optimal cut-off point of the time 
interval for favorable clinical outcome was 
found to be 0–19th day following the surgery 
(sensitivity: 0.714, specificity: 0.563). 

The presence of UVF also had a negative 
effect on the complete resolution rate; how-
ever, it did not reach statistical significance. 
This may be because of our small sample 
size. Chen et al.20 reported a complete resolu-
tion rate of 83% in a series of 12 patients with 
UVF managed with ureteral stenting. In ad-
dition, Rajamaheswari et al.21 reported suc-
cessful ureteral stenting in 77% of patients 
with UVF. Our relatively low success rate in 
patients with UVF may be due to delayed 
intervention. Follow-up with nephrostomy 
alone is not recommended in the treatment 
of UVF due to an increased rate of failure.20,22 
Ureteral integrity should be established as 
soon as possible to avoid a mature fistula 
tract between the ureter and vagina.20 

This study has several limitations. First, it 
is a retrospective study. Second, the study 
population was heterogeneous. Third, the 
time to IR management was relatively long; 
therefore, the complete resolution rate of 
this study might have been negatively af-
fected. Finally, the sample size was small, and 
in several patients, antegrade ureteral stent 
placement could not be attempted due to 
clinicians’ decisions. 

In conclusion, IR procedures are safe and 
effective methods of treatment alternative 
to reconstruction surgery in the manage-
ment of postoperatively detected iatrogenic 
urinary tract injury. Ureteral avulsion, UVF, 
history of malignancy and radiotherapy, 
and delayed intervention negatively affect 
treatment success. Antegrade ureteral stent 
placement should be performed as soon as 
possible to establish ureteral integrity with-
out the development of stricture. 
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The temporal and spatial relationship between percutaneous vertebral 
augmentation and new symptomatic fractures

PURPOSE
This study aimed to explore the relationship between the time from percutaneous vertebral aug-
mentation (PVA) until subsequent fracture and the risk of new symptomatic fractures (NSFs) in un-
treated vertebrae at different distances from “augmented vertebrae”.

METHODS
Patients who underwent PVA for the treatment of osteoporotic vertebral compression fractures at 
the West China Hospital of Sichuan University from May 2014 to April 2019 were retrospectively 
recruited. Vertebrae not treated during PVA were stratified based on their distance from the nearest 
augmented vertebra and the time elapsed since PVA. Survival curves were plotted to compare the 
risk of NSFs in untreated vertebrae at different distances from augmented vertebrae. The Cox pro-
portional hazards model was used to identify risk factors of NSFs in untreated vertebrae.

RESULTS
In total, 162 patients with 228 NSFs (2.760 vertebrae) were analyzed. More than half of the NSFs 
(56.6%) occurred within the first year after PVA. Rates and hazard ratios (HRs) of NSFs were higher 
in vertebrae located one segment away from the augmented vertebrae (21.0%, HR: 3.99, P < 0.001), 
two segments away (10.6%, HR: 1.97, P = 0.003), or three segments away (10.5%, HR: 2.26, P < 0.001) 
than in vertebrae located five or more segments away (3.81%, HR: 1.00). Similar results were ob-
served regardless of whether the untreated vertebrae were located in the thoracolumbar junction. 
In addition to distance, other risk factors of NSFs were the thoracolumbar location of untreated 
vertebrae, the number of augmented vertebrae, and percutaneous vertebroplasty.

CONCLUSION
The risk of NSFs is greater for untreated vertebrae located closer to augmented vertebrae than for 
untreated vertebrae further away. This distance dependence occurs mainly within the three seg-
ments closest to the augmented vertebra. The risk of NSFs decreases with time after augmentation, 
and it is also related to the number of augmented vertebrae, the type of augmentation, and wheth-
er the untreated vertebrae are thoracolumbar or not. 

KEYWORDS
Vertebral augmentation, new symptomatic fracture, osteoporotic vertebral compression fracture, 
percutaneous kyphoplasty, percutaneous vertebroplasty

You may cite this article as: Tang J, Liu J, Gu Z, Zhang Y, Yang H, Li Z. The temporal and spatial relationship between percutaneous vertebral augmentation 
and new symptomatic fractures. Diagn Interv Radiol. 2024;30(4):262-269.

Since the first use of bone cement for the treatment of invasive cervical hemangioma 
in 1987,1 percutaneous vertebral augmentation (PVA) has been considered an effective 
treatment for osteoporotic vertebral compression fractures (OVCFs). This technique, 

which can involve percutaneous kyphoplasty (PKP) or percutaneous vertebroplasty (PVP), can 
provide immediate, effective analgesia, as well as quick recovery of daily activities.2-9 The use 
of PVA can also reduce mortality associated with OVCFs.10 Despite these benefits, new symp-
tomatic fractures (NSFs) after augmentation remain a vexing problem.
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The American Society for Bone and Min-
eral Research has developed guidelines on 
how to prevent secondary fractures for pa-
tients with osteoporotic fractures.11 Howev-
er, these guidelines should be adapted for 
patients undergoing PVA, given the poten-
tial effects of bone cement on the biome-
chanics of the spine and subsequent NSFs 
after PVA.12-14 Therefore, it is necessary to 
study the occurrence and risk of NSFs after 
PVA. At the patient level, several studies 
have shown that the occurrence of NSFs 
after augmentation depends on bone min-
eral density (BMD), age, and several other 
factors.15-21 Vertebra-level studies of patients 
with OVCF who underwent PVA have sug-
gested that adjacent vertebrae, especially 
the sandwich vertebrae, are more prone to 
NSFs.17,18 However, the risk of NSFs in differ-
ent untreated vertebrae within the same pa-
tient, and the factors that affect that risk, are 
still unknown. 

An analysis of the time course and loca-
tion of NSFs after PVA can provide further 
information about this risk. Therefore, the 
present study compared the risk of post-
PVA fracture in untreated vertebrae at dif-
ferent distances from augmented vertebrae 
using vertebra-level survival analysis. It also 
analyzed different potential risk factors us-
ing the Cox proportional hazards model.

Methods

Eligibility criteria

This retrospective study was approved by 
the Ethics Committee of West China Hospi-
tal of Sichuan University (approval number: 
2019-992). The requirement for informed 
consent was waived because, at the time of 
surgery, patients gave written consent for 
their anonymized medical data to be ana-
lyzed and published for research purposes.

This study retrospectively examined clin-
ical and imaging data from patients with 
OVCFs who underwent PVA at our insti-
tution between May 2014 and April 2019. 
The OVCFs were defined as vertebral com-
pression fractures without obvious cause or 
those caused by low-energy injury. Patients 
with OVCFs were included if they were (a) 
≥70 years old or had a dual-energy X-ray 
absorptiometry (DXA) BMD T-score ≤-2.5 
(when BMD was measured) and (b) com-
plained of recurrent pain associated with 
NSFs. These NSFs were confirmed using 
magnetic resonance imaging (MRI). Patients 
were followed up for at least 12 months af-
ter PVA. 

Patients who (a) received PVA because of 
pathological fractures caused by spinal neo-
plasms, (b) had a history of PVA at other hos-
pitals for whom relevant data was inaccessi-
ble, (c) experienced new fractures caused by 
high-energy trauma during follow-up, or (d) 
had a history of thoracic or lumbar internal 
fixation were excluded.

Surgical procedures

All PVA procedures were performed after 
MRI had confirmed acute OVCF. The pur-
pose of the PVA and the surgical procedures 
involved were explained to the patients in 
detail. All PKP and PVP procedures were per-
formed based on standard guidelines.18,21 
The same bone cement (Osteopal V, Germa-
ny) was used in all procedures.

Postoperative treatment and follow-up 
care

After surgery, patients rested in the su-
pine position for three hours and gradu-
ally resumed activities out of bed. Routine 
anteroposterior and lateral X-ray examina-
tions were performed to assess the distri-
bution and leakage of bone cement after 
procedures. After surgery, all patients were 
routinely given calcium (800 mg daily) and 
active vitamin D (0.5 μg daily), which they 
were told to continue indefinitely. A total of 
28 patients also opted for zoledronic acid 
therapy at the time of the initial fracture.

After discharge, patients were followed 
up with via telephone every three months 
to enquire about pain levels and daily activ-
ities. Patients complaining of back or lower 
back pain that lasted longer than three days 
or those who did not experience significant 
relief after taking non-steroidal anti-inflam-
matory drugs were requested to come to 
the hospital for an X-ray examination. In the 
case of a suspected NSF, MRI was performed.

Assessment indices

Baseline data on sex, age, BMD, body 
mass index (BMI), augmentation method 
(PKP or PVP), puncture method (unilateral 
or bilateral), and cause of fractures, were 
collected, as well as imaging data from X-ray 
and MRI examinations. All radiographic re-
sults were independently evaluated by a 
spine surgeon with 11 years of experience 
and a radiologist with seven years of expe-
rience in musculoskeletal system imaging. 
If there was a dispute, a radiology professor 
with more than 30 years of experience in 
musculoskeletal system imaging was con-
sulted for the final evaluation. The inter-ob-
server correlation coefficient (ICC) was ex-
cellent (ICC: 0.84, P < 0.001).

Fracture data were also collected, in-
cluding the number of fractures; location 
of fractures [thoracolumbar (T11–L2) or 
non-thoracolumbar], which was defined as 
the region with the higher number of OVCFs 
in patients with multiple OVCFs; degree of 
compression of fractures, which was de-
fined as the worst degree in patients with 
multiple OVCFs; kyphosis angle between 
the upper and lower endplates of the frac-
tured vertebra, which was defined as the 
greatest angle in patients with multiple 
OVCFs; cleft signs in OVCF vertebrae; distri-
bution of bone cement; intradiscal cement 
leakage; and number of vertebrae treated.

The distribution of bone cement was 
evaluated using the 12-score method (Fig-
ure 1).21 The distance between untreated 
vertebrae in the T4–L5 segment and the 
nearest treated vertebra was measured. The 
date of surgery at the nearest treated verte-
bra served as a start time for each untreated 
vertebra. When the distances between the 
untreated vertebrae and two separate treat-
ed vertebrae were equal, the date of the 
most recent surgery was considered as the 
start time. The time of diagnosis served as 
the end point for calculating survival time of 
newly fractured vertebrae, while the end of 
follow-up was the end point for calculating 
survival time of unfractured vertebrae. 

Based on the interval between the oc-
currence of NSF and the last augmentation 
procedure, patients were stratified into 
those who suffered early (within 3 months), 
mid-term (3–12 months), or late NSFs (>12 
months). The interval between the occur-
rence of NSF and the final augmentation 
procedure was defined as the time from the 
most recent PVA until the definitive diagno-
sis of NSF.

Main points

•	 The risk of new fractures is greater for un-
treated vertebrae nearest to the augmented 
vertebra. 

•	 This distance dependence occurs mainly 
within the three segments closest to the 
treated vertebra, and the risk of new frac-
tures decreases with time since augmenta-
tion.

•	 Distance from the treated vertebrae, thora-
columbar location, percutaneous vertebro-
plasty, and higher number of treated verte-
brae were identified as risk factors for new 
symptomatic fractures after percutaneous 
vertebral augmentation.



 

264 • July 2024 • Diagnostic and Interventional Radiology Tang et al.

Statistical analysis

Statistical analyses were conducted us-
ing SPSS version 23.0 (IBM, Armonk, New 
York, USA). Normally distributed continuous 
data were presented as mean ± standard 
deviation. Enumeration data were reported 
as median (minimum–maximum). Categori-
cal data were expressed as frequencies with 

percentages. Where appropriate, results 
were reported as hazard ratio (HR), along 
with 95% confidence intervals. 

Differences in normally distributed con-
tinuous data were assessed for significance 
using One-Way analysis of variance and 
pairwise comparisons using the least sig-
nificant difference (LSD) test. Skewed data 

were assessed using the Kruskal–Wallis 
test for significance assessment, while the 
Wilcoxon rank–sum test was used for pair-
wise comparisons. Differences in categor-
ical data were assessed using chi-squared 
tests, and pairwise comparisons were con-
ducted using chi-squared tests with Bonfer-
roni correction.22 The Bonferroni correction 
compensated by raising the test standard 

Figure 1. An 81-year-old female was treated with percutaneous vertebroplasty (PVP) at T6 in our hospital. She was admitted to the hospital because of back 
pain for the preceding 24 hours. Magnetic resonance imaging showed fresh compression fracture of T7, which was treated by repeat PVP. (a) New compression 
fracture at vertebra T7. (b, c) Intraoperative fluoroscopic X-ray images of puncture. (d, e) Intraoperative fluoroscopic X-ray images of bone cement injection. (f, g) 
Anteroposterior and lateral X-ray images after repeat PVP. The red line shows quadrants for evaluating cement distribution. Cement was distributed across nine 
quadrants at vertebra T6 and across 12 quadrants at vertebra T7.

a cb d

e f g
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for each individual hypothesis at the level 
of significance. Survival curves were drawn 
using the Kaplan–Meier method and com-
pared using the log-rank test. The Cox pro-
portional hazards model was used to iden-
tify risk factors of NSFs. Level of significance 
was taken as α: 0.050. 

Results

Study population

Among the 1.280 patients with OVCFs 
who were treated with PVA in our hospital, 
190 (14.8%) suffered NSFs. In the end, 228 
NSFs in 162 patients met the eligibility crite-
ria; in these patients, 432 vertebrae had been 
augmented. A total of 2.760 non-treated T4–
L5 vertebrae before NSFs were analyzed, of 
which 273 were affected by the 228 NSFs. The 
median number of NSFs was similar between 
patients who took bisphosphate at the time 
of initial fracture [1.19 (1–3)] and those who 
did not [1.35 (1–4); P = 0.131].

Characteristics of new symptomatic frac-
tures after percutaneous vertebral aug-
mentation

The median follow-up time for all patients 
enrolled in the study was 39.8 (12.7–71.6) 
months, and the median time until occur-
rence of NSFs was 11.4 (0.2–66.0) months. 
Most new fractures (56.6%, 129/228) oc-
curred within the first year after PVA, while 
21.0% (48/228) occurred in the second 
year, 13.2% (30/228) in the third year, 5.26% 
(12/228) in the fourth year, and 3.95% (9/228) 
after the fourth year. 

The NSFs were also stratified into those 
occurring early (<3 months after PVA; n = 
79), in the mid-term (3–12 months after PVA; 
n = 50), or late (>12 months after PVA; n = 
99) (Table 1). In the patients who underwent 
DXA testing, there was no overall signifi-
cant difference between the three groups 
(P = 0.823). No significant differences were 
found in the average BMD T-score between 
the three groups (P = 0.099), but the pairwise 
comparison found that BMD was lower for 

patients who suffered early NSFs than for 
those who suffered late ones (P = 0.033). No 
significant differences were found between 
the patients who suffered mid-term NSFs 
and those who suffered early or late ones (P 
= 0.280, P = 0.475). 

The average age of the three groups was 
different (P = 0.044). Pairwise comparisons 
using the LSD method revealed no signifi-
cant difference in age between the early and 
mid-term groups (P = 0.725), but there was 
a significantly younger age in the late group 
than in the early group (P = 0.042) and mid-
term group (P = 0.033; Appendix Table 1). 
Significant differences were also observed 
between the three groups in kyphosis angle, 
thoracolumbar location, number of treated 
vertebrae, and augmentation method (PKP 

or PVP) (P ≤ 0.037) (Table 1). However, there 
were no significant differences between the 
three groups in BMI, sex, cause of fractures, 
cleft sign, puncture method (unilateral or bi-
lateral), bone cement distribution, intradiscal 
cement leakage, and degree of compression 
(P > 0.05). 

New symptomatic fractures at different dis-
tances from the nearest treated vertebra

Significant differences in cumulative NSF 
rates among vertebrae that were one, two, 
three, four, or five or more segments away 
from the nearest treated vertebra were ob-
served (P < 0.001; Table 2). Similar results 
were observed regardless of whether the 
untreated vertebrae were located in the tho-
racolumbar junction (P < 0.001; Table 2) or 
not (P < 0.001; Table 2). Pairwise comparisons 

Table 2. Incidence of new symptomatic fractures inside or outside the thoracolumbar region, stratified by distance from the nearest treated 
vertebra

Location of fracture# No of segments away from treated vertebra* P

One Two Three Four Five or more

Within the thoracolumbar region 87 (211) 23 (151) 15 (85) 11 (47) 7 (53) <0.001

Outside the thoracolumbar region 38 (232) 23 (236) 25 (254) 11 (260) 33 (958) <0.001

Total 125 (443) 46 (387) 40 (339) 22 (307) 40 (1011) <0.001

*The data in the table represent the number of vertebrae, including the number of fractured vertebrae outside the brackets and the number of unfractured vertebrae inside 
the brackets, sample size (n) = fractured + unfractured vertebrae. #All the vertebrae located in T4-L5 that were studied were divided into two types: those located in the 
thoracolumbar (T11-L2) region and those not located in the thoracolumbar region (T4-T10, L3-L5).

Table 1. Baseline demographic and clinical characteristics of patients with new symptomatic 
fractures, stratified based on time since the last percutaneous vertebral augmentation

Characteristic Timing of fracture since last surgical procedure

Early Mid-term Late P

New symptomatic fractures 79 50 99 -

Age (years) 76.64 ± 8.33 77.10 ± 7.38 74.22 ± 7.44 0.044

Female 67 (84.8) 40 (80.0) 82 (82.8) 0.779

Body mass index (kg/m2) 21.98 ± 3.39 21.89 ± 3.53 22.02 ± 3.14 0.977

Distribution of bone cement (no of 
quadrants) 10.69 ± 1.33 10.46 ± 1.53 10.27 ± 1.57 0.176

T-score of bone mineral density* -3.47 ± 0 .46 -3.39 ± 0.59 -3.26 ± 0.42 0.099

No of treated vertebrae 2 (1-6) 2 (1-6) 1 (1-5) <0.001

DXA results available 42 (53.2) 24 (48.0) 49 (49.5) 0.823

Presence of clefts 17 (21.5) 5 (10.0) 13 (13.1) 0.150

Cause of injury known 18 (22.8) 15 (30.0) 39 (39.4) 0.058

Degree of compression of previous 
fractures ≥50% 21 (26.6) 9 (18.0) 17 (17.2) 0.266

Kyphosis angle of previous fractures 
≥10° 49 (62.0) 20 (40.0) 58 (58.6) 0.037

Thoracolumbar 43 (54.4) 23 (46.0) 69 (69.7) 0.012

PKP 14 (17.7) 16 (32.0) 53 (53.5) <0.001

Unilateral puncture 20 (25.3) 10 (20.0) 20 (20.2) 0.667

Intervertebral leakage 11 (13.9) 6 (12.0) 10 (10.1) 0.735

*For patients with new symptomatic fractures for whom data on bone mineral density were available. Values 
indicated as n, n (%), median (minimum–maximum) or mean ± standard deviation, unless otherwise noted. DXA, 
dual-energy X-ray absorptiometry; PKP, percutaneous kyphoplasty.
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showed that rates of NSFs affecting verte-
brae that were one (21.0%), two (10.6%), or 
three (10.5%) segments away were signifi-
cantly higher than rates of NSFs affecting 
vertebrae that were five or more segments 
away (3.81%; P < 0.001; Table 3). There was 
no difference in rates of NSFs affecting verte-
brae that were four or five or more segments 
away (P = 0.028, Bonferroni correction meth-
od).

Risk curves of NSFs were plotted for vary-
ing distances from the nearest treated verte-
brae using the Kaplan–Meier method (Figure 
2), and a log-rank test confirmed significant 
differences between them (P < 0.001). The 
Cox proportional hazards model and for-
ward stepwise method based on the condi-
tional likelihood ratio and several categori-
cal variables (Appendix Table 2) were used 
to investigate risk factors associated with 

NSFs occurring in 2.760 untreated vertebrae 
in segments T4–L5. An omnibus test of the 
Cox model coefficient was statistically sig-
nificant (P < 0.001). The following variables 
were identified as significantly related to 
the occurrence of NSFs: distance from the 
nearest treated vertebrae ≤3, thoracolum-
bar junction of untreated vertebrae, higher 
number of treated vertebrae, and method 
of vertebral augmentation (PVP) (P < 0.001). 

Table 3. Pairwise comparison of rates of new symptomatic fractures in segments at different distances from the treated vertebra

One segment away Two segments away Three segments 
away

Four segments 
away

Five or more segments 
away

One segment away - - - - -

Two segments away <0.001 - - - -

Three segments away <0.001 0.974 - -

Four segments away <0.001 0.059 0.069 - -

Five or more segments away <0.001 <0.001 <0.001 0.028 -

The adjusted P value according to Bonferroni correction: α: 0.05/10 = 0.005.

Figure 2. Curves showing the risk of new symptomatic fractures (NSFs) at one, two, three, four or five or more segments away from the nearest treated vertebra. Data 
were obtained from 228 NSFs affecting 2.760 untreated vertebrae located in segments T4–L5.

Table 4. Cox proportional hazards modeling to identify risk factors for the occurrence of new symptomatic fractures

Factor* B (regression coefficient) SE P value HR 95% CI 

Lower Upper

Distance from nearest treated vertebra - - <0.001 - - -

One segment away 1.384 0.201 <0.001 3.989 2.689 5.916

Two segments away 0.676 0.227 0.003 1.967 1.260 3.071

Three segments away 0.814 0.228 <0.001 2.258 1.444 3.532

Four segments away 0.438 0.267 0.100 1.550 0.919 2.614

Whether thoracolumbar or not 0.842 0.136 <0.001 2.322 1.780 3.028

No of augmented vertebrae 0.109 0.054 0.043 1.115 1.004 1.239

Augmentation method (PVP vs PKP) 0.405 0.129 0.002 1.499 1.164 1.930

*Definitions of categorical variables: distance from the nearest augmented vertebra, 1: one segment away, 2: two segments away, 3: three segments away, 4: four segments away; 
location of the untreated vertebra, 0: thoracolumbar segment, 1: non-thoracolumbar segment; augmentation method, 1: PVP, 2: PKP. CI, confidence interval; HR, hazard ratio; PVP, 
percutaneous vertebroplasty; PKP, percutaneous kyphoplasty; SE, standard error.
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The HR of NSFs was higher at one (HR: 3.99, P 
< 0.001), two (HR: 1.97, P = 0.003), and three 
(HR: 2.26, P < 0.001) segments away from 
the nearest treated vertebrae than at five 
or more segments away (Table 4). The HRs 
were similar for NSFs four or five or more 
segments away (P = 0.100). The HR for NSFs 
was 1.499 times higher among patients who 
underwent PVP than among those who un-
derwent PKP (P = 0.002). The HR of NSFs in 
the untreated vertebrae of the thoracolum-
bar junction was 2.322 times higher than in 
those of the non-thoracolumbar junction (P 
< 0.001), and it was 1.115 times higher for 
each increase in the number of treated ver-
tebrae (P = 0.043).

Discussion
A PVA is a minimally invasive procedure 

that has been shown to significantly benefit 
patients with acute pain caused by OVCF,2-9 so 
it has become the main surgical method for 
treating OVCF. However, new fractures after 
augmentation remain a substantial concern. 
In this study, 228 NSFs at the vertebra level in 
162 patients were retrospectively analyzed, 
and the risks of fractures in untreated verte-
brae at different distances from augmented 
vertebrae were compared. The results of the 
study suggest that the risk of NSFs is great-
er for untreated vertebrae located closer to 
augmented vertebrae. This distance depen-
dence occurred mainly within the three seg-
ments adjacent to the treated vertebra, while 
the risk of NSFs decreased with time since 
augmentation. Closer proximity to the treat-
ed vertebrae, thoracolumbar location, PVP as 
the method of vertebral augmentation, and 
a higher number of treated vertebrae were 
identified as risk factors for NSFs after PVA. 

Several studies have identified risk factors 
for new vertebral fractures,18,23-30 but most of 
them assessed risk at the level of the patient, 
not individual vertebrae. This approach can 
help identify patients at high risk of new frac-
tures, but only comparisons of fracture risk at 
different untreated vertebrae in the same pa-
tient can help predict which vertebrae are at 
increased risk. The patterns identified in the 
present study may provide clues to clinicians 
and radiologists about which vertebrae re-
quire greater attention after augmentation. 
Comparisons within the same patient should 
also be free of confusion caused by factors 
other than the distance between untreated 
and treated vertebrae and their location. The 
present study suggests that the rate of NSFs 
decreases with increasing distance from the 
nearest treated vertebra. This result confirms 
and extends previous vertebra-level analy-

ses.17,18,24 Adjacent vertebrae are more prone 
to NSFs, while the “sandwich” vertebrae, 
defined as the untreated vertebrae either 
side of the augmented vertebrae, are under-
standably at highest risk of NSF. While the 
thoracolumbar junction may be inherently 
prone to fractures,18,24,26 the present study 
found that the distance dependence of the 
risk of NSFs applies inside and outside this 
region. In fact, the Cox proportional hazards 
analysis suggested that proximity to aug-
mented vertebrae may influence risk of NSFs 
in untreated vertebrae to a greater extent 
than thoracolumbar location.

The present study also found that aug-
mentation method (PKP or PVP) influenced 
the risk of NSFs.9 Although similar numbers 
of patients underwent each procedure, PVP 
was associated with a larger proportion of 
early (82.3%) and mid-term NSFs (68.0%) and 
a smaller proportion of late NSFs (46.5%). 
These results are consistent with the idea 
that PKP is superior to PVP for improving lo-
cal kyphosis of the fracture: PKP can restore 
vertebral height, reduce the negative effects 
of load transfer, and decrease the risk of 
NSFs;29,30 PVP, in contrast, may be less effec-
tive at counteracting biomechanical changes 
at the fracture site,13,14 increasing the risk of 
NSFs.

Augmentation exerts biomechanical 
effects on the spine, although it is unclear 
whether these effects increase the risk of 
NSFs.12-14 The risk of NSFs has been previ-
ously shown to increase with the number of 
cement-filled vertebrae,18 and the present 
study found similar results, reflecting great-
er deleterious biomechanical effects with a 
higher number of augmented vertebrae. A 
higher number of augmented vertebrae in-
evitably expands the reach of their influence 
on untreated vertebrae, and more fractures 
may also mean lower BMD.

Low BMD is another important risk factor 
for NSFs,23-27 and the present study found that 
patients with lower BMD experienced NSFs 
earlier than those with higher BMD. At the 
vertebra level, it was also found that the clos-
er an untreated vertebra was to an augment-
ed vertebra, the more likely it was to suffer an 
NSF. This difference in the risk of NSFs in the 
same patient’s untreated vertebrae likely re-
flects the effect of augmentation on NSFs.22-24 
Differences in the risk of NSF when patients, 
rather than individual vertebrae, are the unit 
of analysis may be more closely related to 
BMD.23

Previous studies have suggested that the 
risk of new fractures can depend on puncture 

method (unilateral or bilateral puncture),18,31 
excess bone cement distribution,21,26 and in-
tradiscal cement leakage.24,26 The puncture 
method can affect the distribution of bone 
cement, and one study21 concluded that ce-
ment distribution slightly alters the risk of 
NSFs. This conclusion may not be generaliz-
able, however, given that the average distri-
bution of bone cement in the study was 10.5 
points on a 12-point scale, which was already 
close to the optimal distribution.21 Just under 
12% of patients in the present study showed 
leakage into the intervertebral space, but 
this may not be unusually high given that 
all patients in the study had already suffered 
NSFs.

The present study had several limitations. 
Its retrospective nature increased the risk of 
various types of bias. In addition, BMD data 
was unavailable for some patients, so it was 
not possible to include BMD in the Cox pro-
portional hazards analysis. Prospective stud-
ies are therefore needed to examine the oc-
currence of NSFs in different vertebrae.

In conclusion, although a causal rela-
tionship between augmentation and subse-
quent vertebral fractures cannot be conclu-
sively demonstrated, the data in the present 
study add valuable information to the con-
tinuing question of how PVA affects risk of 
NSFs in vertebrae at different distances from 
the augmented site. The results of the pres-
ent study suggest that fracture risk depends 
on proximity to treated vertebrae and on 
time since augmentation. This distance de-
pendence appears to hold mainly within the 
three segments closest to the treated verte-
bra. The risk of NSFs is also related to the lo-
cation of the untreated vertebrae, the num-
ber of augmented vertebrae, and the type of 
augmentation. 
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Appendix Table 2. Definitions of categorical variables used to identify potential risk factors for new symptomatic fractures

Variable Categories No of vertebrae with/without NSF

Sex
0: female 222/2.069

1: male 51/418

Distance from the nearest augmented vertebra

1: one segment away 125/443

2: two segments away 46/387

3: three segments away 40/339

4: four segments away 22/307

5: five or more segments away 40/1.011

Location of the untreated vertebra
0: thoracolumbar segment 130/1.940

1: non-thoracolumbar segment 143/547

Location of the nearest augmented vertebra
0: thoracolumbar segment 162/1.498

1: non-thoracolumbar segment 111/989

Intradiscal cement leakage
0: no 266/2.459

1: yes 7/28

Degree of compression ≥50%
0: no 220/2.033

1: yes 53/454

Cleft sign
0: no 240/2.124

1: yes 33/363

Augmentation method
1: PVP 160/1.467

2: PKP 113/1.020

Puncture method
0: bilateral 57/536

1: unilateral 216/1.951

Cause of injury
0: no 182/1.689

1: yes 91/798

NSF, new symptomatic fracture; PKP, percutaneous kyphoplasty; PVP, percutaneous vertebroplasty.

Appendix Table 1. Pairwise comparison of demographic and clinical characteristics of patients with early, middle, and late new symptomatic 
fractures*

Characteristic Early vs. mid-term Early vs. late Mid-term vs. late

Age (years) 0.725 0.042 0.033 

Female 0.479 0.722 0.672 

Body mass index (kg/m2) 0.884 0.942 0.830 

Distribution of bone cement 0.393 0.062 0.462 

T-score of bone mineral density 0.280 0.033 0.475 

No of treated vertebrae <0.001 <0.001 0.952 

DXA results available 0.568 0.627 0.863 

Presence of clefts 0.090 0.137 0.580 

Cause of injury known 0.360 0.018 0.260 

Degree of compression of previous fractures ≥50% 0.261 0.128 0.900 

Kyphosis angle of previous fractures ≥10° 0.015 0.642 0.032 

Thoracolumbar 0.351 0.036 0.005 

PKP 0.061 <0.001 0.013 

Unnilateral puncture 0.486 0.417 0.977 

Intervertebral leakage 0.753 0.432 0.724 

*The adjusted P value according to Bonferroni correction: α: 0.05/3 = 0.017. Numbers are P values. The intervals for defining “early,” “mid-term,” and “late” are explained in the 
methods section of the manuscript. 
Differences in normally distributed continuous data were assessed for significance using One-Way analysis of variance and pairwise comparisons using the least significant 
difference test, including data of age, body mass index, distribution of bone cement, and T-score of bone mineral density. Skewed data were assessed using the Kruskal-Wallis 
test for significance assessment or Wilcoxon tests for pairwise comparisons, including data of number of treated vertebrae. Differences in categorical data were assessed using 
chi-squared tests, including data of sex, presence of clefts, cause of injury known, degree of compression of previous fractures ≥50%, kyphosis angle of previous fractures 
≥10°, thoracolumbar location, PKP or PVP, unipedicular puncture, intervertebral leakage, and DXA results available. DXA, dual energy X-ray absorptiometry; PKP, percutaneous 
kyphoplasty; PVP, percutaneous vertebroplasty.
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Survival prediction using apparent diffusion coefficient values in 
recurrent glioblastoma under bevacizumab treatment: an updated 
systematic review and meta-analysis

ABSTRACT
Bevacizumab is a common strategy for the treatment of recurrent glioblastoma. Survival status is a 
crucial issue for patients with recurrent glioblastoma, and the apparent diffusion coefficient (ADC) 
values of the lower Gaussian curve have been reported to have the potential to predict progno-
sis in recurrent glioblastoma. In the present study, we aimed to clarify the survival prediction of 
ADC values in patients with recurrent glioblastoma receiving bevacizumab treatment through a 
systematic review and meta-analysis of randomized clinical trials, comparing ADC values higher 
than the cut-off values with those lower than the cut-off values to determine which type of ADC 
values can be associated with significant survival benefits. Different survival indicators were ana-
lyzed, including overall survival (OS) and progression-free survival (PFS). Ten studies with a total of 
782 patients with recurrent glioblastoma were included. The focused outcomes were OS and PFS. 
Our results showed that ADC values lower than the cut-off values were associated with significant 
benefits for OS status compared with ADC values higher than the cut-off values. Similar significant 
benefits were observed for PFS. The meta-analysis results suggest that ADC values lower than the 
cut-off values might be associated with significant benefits for OS and PFS when compared with 
ADC values higher than the cut-off values. However, bias in relation to the different stages of recur-
rent glioblastoma and different types, doses, and regimens of bevacizumab should not be ignored.

KEYWORDS
Glioblastoma, bevacizumab treatment, apparent diffusion coefficient, overall survival, progres-
sion-free survival

You may cite this article as: Liu D, Li Z. Survival prediction using apparent diffusion coefficient values in recurrent glioblastoma under bevacizumab treatment: 
an updated systematic review and meta-analysis. Diagn Interv Radiol. 2024;30(4):270-274.

Glioblastoma is an aggressive and malignant brain tumor1 with a median survival dura-
tion of 8–14 months.2,3 Concurrent chemotherapy and radiotherapy with surgery is still 
unable to achieve a favorable prognosis, and most glioblastomas are recurrent.1,4 Glio-

blastoma is a tumor characterized by cell anaplasia, necrosis, prominent angiogenesis, and 
hyperoxygenation,5 which activate vascular endothelial growth factor A, a target molecule in 
the treatment of the disease.6 

To inhibit this target molecule, bevacizumab, a humanized monoclonal antibody, is a rea-
sonable option to treat glioblastoma. Its clinical efficacy has been established in many types 
of cancers, such as renal cell carcinoma,7 colorectal cancer,8 cervical cancer,9 and lung cancer.10 
For glioma, the clinical effects of bevacizumab on overall survival (OS) and progression-free 
survival (PFS) might be controversial,11-13 with one trial finding no evidence of improved OS 
with bevacizumab treatment.11 In addition, bevacizumab has not been approved for chemo-
therapy in patients with recurrent glioblastoma in the European Union, probably due to the 
lack of evidence for its anti-tumor effects. However, bevacizumab was approved by the US 
Food and Drug Administration to treat recurrent glioblastoma in 2009. European guidelines 
also include bevacizumab as a treatment option for recurrent glioblastoma because of its 
demonstrated improvement in quality of life, safety,13,14 and the prolongation of OS and PFS 
in patients.15
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Magnetic resonance imaging (MRI) is 
usually used to diagnose and evaluate thera-
peutic effects in patients with recurrent glio-
blastoma. A recent meta-analysis showed 
that perfusion MRI might be beneficial for 
predicting prognosis in patients with recur-
rent glioblastoma receiving bevacizumab 
treatment.16 One type of MRI method, the 
diffusion-weighted MRI, uses the diffusion 
process of water molecules in the brain to 
generate contrast and obtain the diffusion 
values to detect the structural characteris-
tics of brain white matter.17-19 In addition, 
diffusion-weighted imaging might be useful 
for predicting prognosis in recurrent glio-
blastoma, especially by obtaining the mean 
apparent diffusion coefficient (ADC) value of 
the lower Gaussian curve, which is calculated 
from the histogram analysis.20,21 In the cur-
rent systematic review and meta-analysis, we 
aimed to clarify the role of high and low ADC 
values in prognosis prediction for patients 
with recurrent glioblastoma receiving bev-
acizumab treatment, especially regarding 
OS and PFS. We included up-to-date eligible 
studies to confirm the role of ADC values in a 
prediction biomarker.

Methods

Literature search criteria

A set of keywords was used to search for 
and collect relevant studies using the Web 
of Science, PubMed, Embase, Cochrane 
Central Register of Controlled Trials, and Sci-
enceDirect databases. The keywords were 
as follows: “bevacizumab,” “chemotherapy,” 
“glioblastoma,” “recurrent,” “magnetic,” “MRI,” 
“apparent diffusion coefficient,” “ADC,” “co-
hort,” “prognosis,” “prediction,” “treatment,” 
“therapy,” “survival,” “outcome,” “comparison,” 
“prognostic,” and “observational.” We only 
considered articles published (including on-
line) before September 2023. 

The inclusion criteria for the articles were 
as follows: (1) cohort or observational stud-
ies, (2) comparisons between ADC values 

higher and lower than the cut-off values for 
the survival status of patients with recurrent 
glioblastoma receiving bevacizumab treat-
ment, (3) outcome profiles at baseline and 
endpoint for survival (including OS and PFS), 
(4) inclusion of detailed survival data such as 
the P value, 95% confidence interval (CI), or 
hazard ratio (HR), and (5) publication in jour-
nals in the science citation index database 
and in the English language.

Reporting bias assessment

The Quality Assessment of Diagnostic 
Accuracy Studies (QUADAS) tool was used 
to evaluate the risk of bias for the eligible 
studies, which included the following dimen-
sions: patient selection, index test, reference 
standard, and flow and timing. We chose 
QUADAS because it is a useful and validated 
tool to evaluate the risk of bias of diagnostic 
accuracy studies in a systematic review.22 The 
risk-of-bias assessment was reported and vi-
sualized according to the above four dimen-
sions. In addition, a funnel plot was used to 
assess the publication bias of the included 
studies.

Data quality evaluation and collection 

We performed the current systematic re-
view and meta-analysis study according to 
the Cochrane Handbook for Systematic Re-
views and Interventions and reported the 
results according to the Preferred Reporting 
Items for Systematic Reviews and Meta-Anal-
yses (PRISMA) guidelines.23 The following 
data were collected from the included ar-
ticles: first, the HR and either the P value or 
95% CI for OS as well as the patient number 
of patients with recurrent glioblastoma with 
ADC values higher than the cut-off values 
under bevacizumab treatment; second, the 
HR and either the P value or 95% CI for OS 
as well as the patient number for patients 
with recurrent glioblastoma with ADC values 
lower than the cut-off values receiving beva-
cizumab treatment; third, the HR and either 
the P value or 95% CI for PFS as well as the 
patient number for patients with recurrent 
glioblastoma with ADC values higher than 
the cut-off values receiving bevacizumab 
treatment; fourth, the HR and either the P 
value or 95% CI for PFS as well as the patient 
number for patients with recurrent glioblas-
toma with ADC values higher than the cut-
off values receiving bevacizumab treatment.

Critical appraisal of data

Two researchers (D.L. and Z.L.) assessed 
the abstracts to screen out articles. Each re-
viewer independently evaluated the full text 

version of the included articles. An indepen-
dent extraction of clinical outcome data from 
the text, tables, and figures of the selected ci-
tations was also performed. The included ar-
ticles all had data on OS or PFS in the full text. 
A strong agreement was achieved through a 
collaborative review by all reviewers (kappa: 
0.8). All researchers reviewed the final results.

Meta-analysis and statistical analysis

For OS or PFS, pooled HR estimates were 
generated with the associated 95% CI or P 
value or individual HR. The summary statis-
tics for each eligible study were assessed, 
and we extracted the reported HRs and P 
value or 95% CIs if patient-level data were 
lacking. We used the Cochrane Collaboration 
Review Manager Software Package (Rev Man 
Version 5.4, Cochrane library, 11-13 Caven-
dish Square, London, UK). to perform the 
meta-analyses. The log HRs were calculated 
by transforming the HR and P value or begin-
ning and end of the 95% CIs in the Rev Man 
calculation function. The risk estimates of el-
igible studies were also evaluated by the in-
verse variance weighted averages of log HRs 
in the random-effects model. 

ADC values higher than the cut-off values 
were compared with those lower than the 
cut-off values to determine which type of 
ADC values could be associated with an im-
proved OS and PFS profile. Chi-square tests 
were used to assess the heterogeneity be-
tween the eligible citations, and the derived 
I2 statistic was applied to assess the statistical 
heterogeneity of the eligible citations in the 
meta-analysis. The cut-off value for the Hig-
gins I2  index was based on the suggestions 
of the Cochrane Handbook for Systematic 
Reviews of Interventions (2nd edition),24 and 
two-sided P values were also calculated.

Results

Description of studies

The PRISMA flowchart for our article se-
lection process is presented in Figure 1. Final-
ly, 10 studies were included.20,21,25-32 The QUA-
DAS risk-of-bias assessment is presented in 
Figure 2. A symmetric distribution is shown 
in the funnel plot of eligible studies.

Log hazard ratio of apparent diffusion coef-
ficient values higher than the cut-off values 
against those lower than the cut-off values 
for overall survival 

The I2 was 0%, which indicated low het-
erogeneity. The test for overall effect was Z 
= 6.64 (P < 0.00001), and the meta-analysis 

Main points

•	 The white matter diffusion value, the ap-
parent diffusion coefficient (ADC), may help 
predict prognosis in recurrent glioblastoma, 
a type of brain cancer.

•	 For patients with recurrent glioblastoma re-
ceiving bevacizumab treatment, ADC may 
inform the survival prognosis.

•	 An ADC value lower than the cut-off values 
may predict improved status in overall sur-
vival and progression-free survival.
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results revealed a significant difference in 
the log HR of OS events between ADC values 
higher than the cut-off values and those low-
er than the cut-off values, suggesting a sig-
nificant benefit for OS for ADC values lower 
than the cut-off values (Figure 3).

Log hazard ratio of apparent diffusion coef-
ficient values higher than the cut-off values 
against those lower than the cut-off values 
for progression-free survival 

The I2 was 11%, which indicated low het-
erogeneity. The test for overall effect was Z = 
5.58 (P < 0.00001), and the meta-analysis re-
sults revealed a significant difference in the 
log HR of PFS events between ADC values 
higher than the cut-off values and those low-
er than the cut-off values, suggesting a sig-
nificant benefit for PFS for ADC values lower 
than the cut-off values (Figure 4).

Discussion
We found that ADC values lower than 

the cut-off values were superior to ADC val-
ues higher than the cut-off values for OS 
and PFS in patients with recurrent glioblas-
toma receiving bevacizumab treatment. In 
addition, the low heterogeneity within the 
eligible studies in the current meta-analy-
sis was noted. Despite the characteristics of 
diffusion-weighted imaging for detecting 
the microstructure of the brain and tumor, 
the prognostic potential of ADC values in 
patients with recurrent glioblastoma receiv-
ing bevacizumab treatment still needs to be 
clarified. The low heterogeneity might de-
crease the potential impact from the statis-
tical and clinical heterogeneity in the current 
meta-analysis. However, the possible bias-
es in the eligible studies should not be ig-
nored. Our meta-analysis was different from 
a previous meta-analysis33 in terms of the 
following: (1) our met-analysis included the 
most up-to-date studies on ADC values for 
OS and PFS for recurrent glioblastoma with 
bevacizumab treatment; (2) our meta-anal-
ysis identified more significant differences 
with greater Z values; (3) the heterogeneity 
of our meta-analysis was lower than that of 
the previous meta-analysis; (4) our QUADAS 
assessment results showed a more stringent 
evaluation for the included studies. There-
fore, our meta-analysis provides up-to-date 
and valuable information on the topic and 
can help confirm the prognostic role of ADC 
values in patients with recurrent glioblasto-
ma receiving bevacizumab treatment.

ADC values measure the water diffusivi-
ty and viscosity of the brain, indicating that 
ADC values might represent the bio-physi-

Figure 1. Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) flowchart for 
the selection of eligible studies. Identification of the potentially relevant literature and screening of the 
identified literature using abstract and title selection adhered to PRISMA guidelines. The assessment of the 
full text of the screened literature aimed to find eligible studies. Suitable studies were then included in the 
final meta-analysis. HR, hazard ratio.

Figure 2. Risk-of-bias assessment. The Quality Assessment of Diagnostic Accuracy Studies tool was used to 
assess the risk of bias in the included articles.
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cal characteristics of tissue diffusivity within 
the glioblastoma area. Although ADC values 
might predict prognosis in recurrent glio-
blastoma, consistent pathological evidence 
and reliable biological models have not been 
established. One study suggested that ADC 
values might be associated with the oxygen-
ated or cellular status of glioblastoma, which 
might influence and interfere with the effec-
tiveness of bevacizumab in the case of an ag-
gressive glioblastoma.26 A recent biological 
study also suggested that ADC values might 
be associated with the increased expression 
of decorin, a small proteoglycan that modu-
lates angiogenesis and viscosity;20,34,35 it also 
binds to various macromolecules and acti-
vates metalloproteinases in the extracellular 
matrix.20,36,37 This might explain the possible 
underlying mechanisms of the characteristics 
of independent imaging biomarkers related 
to ADC values in the prognosis of recurrent 
glioblastoma with bevacizumab treatment. 
These results suggest that patients with re-
current glioblastoma with ADC values lower 
than the cut-off values might be appropriate 
candidates for bevacizumab chemotherapy. 
By contrast, patients with ADC values higher 
than the cut-off values might not be suitable 
for bevacizumab chemotherapy. These find-
ings might provide an initial model in terms 

of precision medicine for chemotherapy for 
patients with recurrent glioblastoma.

Our meta-analysis has several limitations. 
First, histopathological evidence to support 
the role of ADC values in the prediction of 
prognosis in recurrent glioblastoma is lack-
ing. Determining consistent histopatholog-
ical evidence in a future study is warranted 
to clarify the underlying biological mecha-
nisms. Currently, most theoretical explana-
tions relating to the role of ADC values in 
prediction are speculative and not based on 
solid evidence. In addition, the cut-off point 
or threshold of ADC values was diverse in 
the studies included in the meta-analysis. A 
further meta-analysis with a homogenous 
threshold in relation to this aspect is war-
ranted in the future. Second, the age and 
gender variances in the included studies 
might influence the interpretation of our 
study results. More consistent age and gen-
der distribution patterns might be needed in 
future randomized clinical trials to decrease 
the bias caused by different age and gender 
distributions. Third, variations in bevacizum-
ab regimens might also bias our meta-anal-
ysis results. More consistent bevacizumab 
regimens might be helpful for improving the 
accuracy of the meta-analytic results. Fourth, 

the different techniques, doses, regimens, 
and durations of combined radiotherapy in 
the included studies might also influence 
the interpretations of our results. Fifth, the 
lack of a meta-analysis on treatment adverse 
events, toxicities, and compliance might 
prevent detailed conclusions. Sixth, most of 
the included studies were from Europe and 
the USA. The ethnicity bias might influence 
the interpretations of our current meta-anal-
ysis. Seventh, it is impossible to control the 
bias from the different brands, magnetic 
strengths, pulse sequences, and default set-
tings of MRI machines at different sites in the 
different included studies. This type of bias 
should not be ignored. Eighth, one includ-
ed study20 involved patients with isocitrate 
dehydrogenase (IDH) mutation; the role of 
IDH mutation in ADC values might need to 
be clarified in our meta-analysis. Finally, the 
variable cut-off values of different included 
studies provide another limitation to our me-
ta-analysis.

In conclusion, the meta-analysis results 
suggest that ADC values lower than the cut-
off values might be associated with signifi-
cant benefits for OS and PFS when compared 
with ADC values higher than the cut-off 
values. However, the bias caused by the dif-
ferent stages of recurrent glioblastoma and 
different types, doses, and regimens of bev-
acizumab should not be ignored.

Conflict of interest disclosure

The authors declared no conflicts of inter-
est.

Funding

This research was funded by a grant from 
the Huzhou Public Welfare Research General 
Project (2021GBY46).

References
1.	 Stupp R, Taillibert S, Kanner A, et al. 

Effect of tumor-treating fields plus 
maintenance temozolomide vs maintenance 
temozolomide alone on survival in patients 
with glioblastoma: a randomized clinical trial. 
JAMA. 2017;318(23):2306-2316. [CrossRef]

2.	 Ostrom QT, Patil N, Cioffi G, Waite K, Kruchko C, 
Barnholtz-Sloan JS. CBTRUS Statistical Report: 
Primary Brain and Other Central Nervous 
System Tumors Diagnosed in the United 
States in 2013-2017. Neuro Oncol. 2020;22(12 
Suppl 2):iv1-iv96. [CrossRef]

3.	 Van Meir EG, Hadjipanayis CG, Norden AD, 
Shu HK, Wen PY, Olson JJ. Exciting new 
advances in neuro-oncology: the avenue to 
a cure for malignant glioma. CA Cancer J Clin. 
2010;60(3):166-193. [CrossRef]

Figure 3. Forest plot of the log hazards ratio for the meta-analysis results for overall survival (OS): apparent 
diffusion coefficient (ADC) values higher than the cut-off values against those lower than the cut-off values. 
ADC values lower than the cut-off values showed a significant benefit in terms of improved OS compared with 
ADC values higher than the cut-off values (statistically significant). CI, confidence interval; SE, standard error.

Figure 4. Forest plot of log hazards ratio for the meta-analysis results for progression-free survival (PFS): 
apparent diffusion coefficient (ADC) values higher than the cut-off values against those lower than the cut-
off values. ADC values lower than the cut-off values showed a significant benefit in terms of improved PFS 
compared with ADC values higher than the cut-off values (statistically significant). CI, confidence interval; 
SE, standard error.

https://doi.org/10.1001/jama.2017.18718
https://doi.org/10.1093/neuonc/noaa200
https://doi.org/10.3322/caac.20069


 

274 • July 2024 • Diagnostic and Interventional Radiology Liu and Li.

4.	 Kumar A A, Abraham Koshy A. Regression 
of recurrent high-grade glioma with 
temozolomide, dexamethasone, and 
levetiracetam: case report and review of the 
literature. World Neurosurg. 2017;108:990.e11-
990.e16. [CrossRef]

5.	 Lu-Emerson C, Duda DG, Emblem KE, et 
al. Lessons from anti-vascular endothelial 
growth factor and anti-vascular endothelial 
growth factor receptor trials in patients with 
glioblastoma. J Clin Oncol. 2015;33(10):1197-
1213. [CrossRef]

6.	 Seyedmirzaei H, Shobeiri P, Turgut M, Hanaei S, 
Rezaei N. VEGF levels in patients with glioma: 
a systematic review and meta-analysis. Rev 
Neurosci. 2020;32(2):191-202. [CrossRef] 

7.	 Hainsworth JD, Sosman JA, Spigel DR, 
Edwards DL, Baughman C, Greco A. Treatment 
of metastatic renal cell carcinoma with a 
combination of bevacizumab and erlotinib. J 
Clin Oncol. 2005;23(31):7889-7896. [CrossRef]

8.	 Qu C-Y, Zheng Y, Zhou M, et al. Value of 
bevacizumab in treatment of colorectal 
cancer: a meta-analysis. World J Gastroenterol. 
2015;21(16):5072-5080. [CrossRef]

9.	 Kehoe S. Bevacizumab and treatment of 
cervical cancer. Maturitas. 2014;79(4):355-356. 
[CrossRef]

10.	 Besse B, Le Moulec S, Mazières J, et al. 
Bevacizumab in patients with nonsquamous 
non-small cell lung cancer and asymptomatic, 
untreated brain metastases (BRAIN): a 
nonrandomized, phase II study. Clin Cancer 
Res. 2015;21(8):1896-1903. [CrossRef]

11.	 van den Bent MJ, Klein M, Smits M, et al. 
Bevacizumab and temozolomide in patients 
with first recurrence of WHO grade II and 
III glioma, without 1p/19q co-deletion 
(TAVAREC): a randomised controlled phase 
2 EORTC trial. Lancet Oncol. 2018;19(9):1170-
1179. [CrossRef]

12.	 Weller M, Van Den Bent M, Tonn JC, et al. 
European Association for Neuro-Oncology 
(EANO) guideline on the diagnosis 
and treatment of adult astrocytic and 
oligodendroglial gliomas. Lancet Oncol. 
2017;18(6):e315-e329. [CrossRef]

13.	 Weller M, van den Bent M, Preusser M, et 
al. EANO guidelines on the diagnosis and 
treatment of diffuse gliomas of adulthood. Nat 
Rev Clin Oncol. 2021;18(3):170-186. [CrossRef]

14.	 Fu M, Zhou Z, Huang X, et al. Use of 
Bevacizumab in recurrent glioblastoma: 
a scoping review and evidence map. BMC 
Cancer. 2023;23(1):544. [CrossRef]

15.	 Diaz RJ, Ali S, Qadir MG, De La Fuente MI, Ivan 
ME, Komotar RJ. The role of bevacizumab in 
the treatment of glioblastoma. J Neurooncol. 
2017;133(3):455-467. [CrossRef]

16.	 Choi SH, Jung SC, Kim KW, et al. Perfusion 
MRI as the predictive/prognostic and 

pharmacodynamic biomarkers in recurrent 
malignant glioma treated with bevacizumab: 
a systematic review and a time-to-event 
meta-analysis. J Neurooncol. 2016;128(2):185-
194. [CrossRef]

17.	 Vanderweyen DC, Theaud G, Sidhu J, et al. 
The role of diffusion tractography in refining 
glial tumor resection. Brain Struct Funct. 
2020;225(4):1413-1436. [CrossRef]

18.	 Wang Y, Lv X, Gong H, et al. Acute irradiation 
injury of canine brain with pathology control 
is detected by diffusion-weighted imaging 
of MRI. Clin Imaging. 2013;37(3):440-445. 
[CrossRef]

19.	 Sawlani V. Diffusion-weighted imaging and 
apparent diffusion coefficient evaluation of 
herpes simplex encephalitis and Japanese 
encephalitis. J Neurol Sci. 2009;287(1-2):221-
226. [CrossRef]

20.	 Ellingson BM, Patel K, Wang C, et al. 
Validation of diffusion MRI as a biomarker 
for efficacy using randomized phase III trial 
of bevacizumab with or without VB-111 in 
recurrent glioblastoma. Neurooncol Adv. 
2021;3(1):vdab082. [CrossRef]

21.	 Schell M, Pflüger I, Brugnara G, et al. 
Validation of diffusion MRI phenotypes for 
predicting response to bevacizumab in 
recurrent glioblastoma: post-hoc analysis 
of the EORTC-26101 trial. Neuro Oncol. 
2020;22(11):1667-1676. [CrossRef]

22.	 Whiting PF, Rutjes AW, Westwood ME, et 
al. QUADAS-2: a revised tool for the quality 
assessment of diagnostic accuracy studies. 
Ann Intern Med. 2011;155(8):529-536. 
[CrossRef]

23.	 Knobloch K, Yoon U, Vogt PM. Preferred 
reporting items for systematic reviews and 
meta-analyses (PRISMA) statement and 
publication bias. J Craniomaxillofac Surg. 
2011;39(2):91-92. [CrossRef]

24.	 Cumpston MS, McKenzie JE, Welch VA, 
Brennan SE. Strengthening systematic 
reviews in public health: guidance in the 
Cochrane Handbook for Systematic Reviews 
of Interventions, 2nd edition. J Public Health 
(Oxf). 2022;44(4):e588-e592. [CrossRef]

25.	 Buemi F, Guzzardi G, Del Sette B, et al. Apparent 
diffusion coefficient and tumor volume 
measurements help stratify progression-free 
survival of bevacizumab-treated patients 
with recurrent glioblastoma multiforme. 
Neuroradiol J. 2019;32(4):241-249. [CrossRef]

26.	 Ellingson B, Sahebjam S, Kim H, et al. 
Pretreatment ADC histogram analysis 
is a predictive imaging biomarker 
for bevacizumab treatment but not 
chemotherapy in recurrent glioblastoma. 
AJNR Am J Neuroradiol. 2014;35(4):673-679. 
[CrossRef]

27.	 Ellingson BM, Gerstner ER, Smits M, et al. 
Diffusion MRI phenotypes predict overall 

survival benefit from anti-VEGF monotherapy 
in recurrent glioblastoma: converging 
evidence from phase II trials. Clin Cancer Res. 
2017;23(19):5745-5756. [CrossRef]

28.	 Lopez-Rueda A, Puig J, Thió-Henestrosa S, et 
al. Texture analysis of the apparent diffusion 
coefficient focused on contrast-enhancing 
lesions in predicting survival for bevacizumab-
treated patients with recurrent glioblastoma. 
Cancers (Basel). 2023;15(11):3026. [CrossRef] 

29.	 Pope WB, Qiao XJ, Kim HJ, et al. Apparent 
diffusion coefficient histogram analysis 
stratifies progression-free and overall survival 
in patients with recurrent GBM treated 
with bevacizumab: a multi-center study. J 
Neurooncol. 2012;108(3):491-498. [CrossRef]

30.	 Rahman R, Hamdan A, Zweifler R, et al. 
Histogram analysis of apparent diffusion 
coefficient within enhancing and 
nonenhancing tumor volumes in recurrent 
glioblastoma patients treated with 
bevacizumab. J Neurooncol. 2014;119(1):149-
158. [CrossRef]

31.	 Savran B, Göç MF, Öztürk FU, Duran AO, 
Ünal Ö. Diffusion restriction associated with 
bevacizumab treatment in recurrent glial 
tumors, evaluation of survival with ADC 
measurement analysis. Eur Rev Med Pharmacol 
Sci. 2023;27(9):4153-4161. [CrossRef]

32.	 Wirsching HG, Roelcke U, Weller J, et al. MRI 
and  18FET-PET predict survival benefit from 
bevacizumab plus radiotherapy in patients 
with isocitrate dehydrogenase wild-type 
glioblastoma: results from the randomized 
ARTE trial. Clin Cancer Res. 2021;27(1):179-188. 
[CrossRef]

33.	 Kurokawa R, Baba A, Kurokawa M, et al. 
Pretreatment ADC histogram analysis as a 
prognostic imaging biomarker for patients 
with recurrent glioblastoma treated with 
bevacizumab: a systematic review and 
meta-analysis. AJNR Am J Neuroradiol. 
2022;43(2):202-206. [CrossRef]

34.	 Patel KS, Yao J, Raymond C, et al. Decorin 
expression is associated with predictive 
diffusion MR phenotypes of anti-VEGF efficacy 
in glioblastoma. Sci Rep. 2020;10(1):14819. 
[CrossRef] 

35.	 Rosca EV, Koskimaki JE, Rivera CG, Pandey NB, 
Tamiz AP, Popel AS. Anti-angiogenic peptides 
for cancer therapeutics. Curr Pharm Biotechnol. 
2011;12(8):1101-1116. [CrossRef]

36.	 Järveläinen H, Sainio A, Wight TN. Pivotal 
role for decorin in angiogenesis. Matrix Biol. 
2015;43:15-26. [CrossRef]

37.	 Sofeu Feugaing DD, Götte M, Viola M. More 
than matrix: the multifaceted role of decorin 
in cancer. Eur J Cell Biol. 2013;92(1):1-11. 
[CrossRef]

https://doi.org/10.1016/j.wneu.2017.08.136
https://doi.org/10.1200/JCO.2014.55.9575
https://doi.org/10.1515/revneuro-2020-0062
https://doi.org/10.1200/JCO.2005.01.8234
https://doi.org/10.3748/wjg.v21.i16.5072
https://doi.org/10.1016/j.maturitas.2014.09.001
https://doi.org/10.1158/1078-0432.CCR-14-2082
https://doi.org/10.1016/S1470-2045(18)30362-0
https://doi.org/10.1016/S1470-2045(17)30194-8
https://doi.org/10.1038/s41571-020-00447-z
https://doi.org/10.1186/s12885-023-11043-6
https://doi.org/10.1007/s11060-017-2477-x
https://doi.org/10.1007/s11060-016-2102-4
https://doi.org/10.1007/s00429-020-02056-z
https://doi.org/10.1016/j.clinimag.2012.09.006
https://doi.org/10.1016/j.jns.2009.07.010
https://doi.org/10.1093/noajnl/vdab082
https://doi.org/10.1093/neuonc/noaa120
https://doi.org/10.7326/0003-4819-155-8-201110180-00009
https://doi.org/10.1016/j.jcms.2010.11.001
https://doi.org/10.1093/pubmed/fdac036
https://doi.org/10.1177/1971400919847184
https://doi.org/10.3174/ajnr.A3748
https://doi.org/10.1158/1078-0432.CCR-16-2844
https://doi.org/10.3390/cancers15113026
https://doi.org/10.1007/s11060-012-0847-y
https://doi.org/10.1007/s11060-014-1464-8
https://doi.org/10.26355/eurrev_202305_32324
https://doi.org/10.1158/1078-0432.CCR-20-2096
https://doi.org/10.3174/ajnr.A7406
https://doi.org/10.1038/s41598-020-71799-w
https://doi.org/10.2174/138920111796117300
https://doi.org/10.1016/j.matbio.2015.01.023
https://doi.org/10.1016/j.ejcb.2012.08.004

