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Background: To investigate the value of dynamic contrast-enhanced magnetic resonance imaging (DCE-
MRI) features for predicting hypoxia-inducible factor 1-alpha (HIF-1a) expression and patient outcomes in
soft tissue sarcoma (STS).

Methods: We enrolled 71 patients with STS who underwent 3.0 Tesla (3.0T) MRI, including conventional
MRI and DCE-MRI sequencing. The location, maximum tumor diameter, envelope, T2-weighted tumor
heterogeneity, peritumoral edema, peritumoral enhancement, necrosis, configuration, tail-like pattern, bone
invasion, and vessel/nerve invasion and/or encasement of the STSs were determined using conventional MRI
images. The DCE-MRI parameters, including the volume transfer constant (K"), reflux rate (K,), volume
fraction of extravascular extracellular matrix (})), and time-signal intensity curve (TIC) type, of each lesion were
independently analyzed by two observers. Independent samples 7-test, chi-square test, and Mann-Whitney U-test
were performed to evaluate the differences in the MRI features between the two groups. The relationships
between the DCE-MRI parameters and HIF-1a expression were analyzed using Spearman’s correlation analysis.
The Cox proportional hazards model and Kaplan-Meier method were used for survival analysis.

Results: Of the conventional MRI features, high heterogeneity, peritumoral enhancement, necrosis, and
multilobulation of the T2-weighted tumor were prone to occur in the high-expression group. Of the DCE-MRI
parameters, the high-expression group showed significantly higher K" (0.31120.091 vs. 0.2100.058 min"),
and K, values (0.896+0.656 vs. 0.444+0.300 min™") than the low-expression group. No significant differences
in TIC types and V, values were observed between the low- and high-expression groups (P>0.05). There
were positive correlations between K™ and K|, values with HIF-1o expression (r=0.705, P<0.001; r=0.123,
P<0.001, respectively). Receiver operating characteristic (ROC) analysis indicated high specificity (93.9%)
of the K" value for predicting high expression of HIF-1a. The K,, value provided the best performance in
diagnostic sensitivity (84.2%). Survival analyses revealed that more than 50% necrosis, multilobulation, and
K" values greater than 0.262 min™' were strongly associated with a higher risk of death.

Conclusions: Conventional MRI features and DCE-MRI parameters were significantly helpful in
determining HIF-1a expression levels and predicting the overall survival (OS) of patients with STS.
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Introduction

Soft tissue sarcomas (STS) are highly heterogeneous,
malignant tumors originating from mesenchymal
components (1). Due to the high mortality and recurrence
rates, researchers have focused on evaluating the relationship
between the internal microenvironmental state and patient
clinical outcomes (2-5). Several studies have reported that the
hypoxic microenvironment is essential for generating adverse
events, such as high recurrence rate and high radiotherapy
resistance, in the sarcoma population (6,7). Among them,
activation of hypoxia-inducible factor 1-alpha (HIF-10) is a
crucial process in mediating the adaptive cellular response
to the hypoxic microenvironment. The prognostic relevance
of HIF-1a expression has been demonstrated in various
malignant solid tumors, including hepatocellular carcinoma,
glioma, and breast cancer (8-10). Recently, high HIF-1a
expression in STS has been associated with higher mortality.
Nystrom et al. reported that the expression of HIF-1a
was associated with an independently predicted shorter
metastasis-free survival in high-grade ST (6). Several studies
of efficacy assessment have also confirmed that high HIF-1a
status might lead to higher drug resistance in tumors (11,12).
Thus, assessing the hypoxic level and monitoring HIF-1a
expression in STS facilitates determination of the prognosis
and treatment response.

Accurate HIF-1a profiling relies on the genetic analysis
of surgical tissue. However, clinicians cannot preoperatively
assess HIF-1a levels in STS patients to predict patient survival.
In addition, surgical resection is not a viable treatment for
patients with advanced STS. Therefore, it is critical to explore
a non-invasive method to assess HIF-1a expression in STS.

Magnetic resonance imaging (MRI) has been widely used
for imaging-pathology control studies of malignant tumors
due to its high soft-tissue resolution and multi-sequence
imaging. Non-contrast conventional MRI sequences are
helpful in predicting STS histological information. It has
been reported that necrosis, heterogeneity, and peritumoral
enhancement of STS are associated with grade III tumors,
metastasis-free survival, and overall survival (OS) (13).
However, non-contrast MRI has not been reported to
predict the oxygenation status of STS. Instead, quantitative
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functional MRI methods have been used to assess tumor
oxygenation status (14-16). Among these methods,
quantitative parameters generated by pharmacokinetic
modeling with dynamic contrast-enhanced MRI (DCE-
MRI) have correlated significantly with tumor hypoxia.
However, the reflection of quantitative parameters on HIF-
la expression levels has remained controversial among the
different histological types of tumors. Some researchers
have reported positive correlations between HIF-1a and
DCE perfusion parameters in cervical and ovarian cancer,
while other studies have arrived at opposing conclusions
(17-20). In studies of STS, it has been confirmed that
quantitative DCE-MRI parameters can distinguish between
benign and malignant lesions and the histopathological
grade of tumors (21-23). This implies that DCE-MRI has
the potential to reflect the microstructure of complex types
of STS by the level of perfusion.

This study aimed to analyze the relationship between
DCE-MRI features and HIF-1a expression in STS and
explore the optimal threshold for quantitative parameters to
diagnose the hypoxic tumor state. Additionally, the effect of
different oxygenation states on patient survival was verified.
We hypothesized that there might be positive correlations
between quantitative DCE-MRI parameters and that HIF-
la expression and MRI features associated with high HIF-
la expression might be associated with poor prognosis. We
present the following article in accordance with the STARD
reporting checklist (available at https://qims.amegroups.
com/article/view/10.21037/qims-22-75/rc).

Methods

This prospective study was conducted in accordance with
the Declaration of Helsinki (as revised in 2013). The study
was approved by the Health Sciences Institutional Review
Board (HIRB) of Huashan Hospital, Fudan University, and
informed consent was provided by all individual participants.

Study population
From January 2018 to January 2019, 150 patients with
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suspected soft tissue tumors were recruited among patients
attending Huashan Hospital, Fudan University for treatment.
All patients were recruited using the convenience sampling
method. All participants underwent 3.0 Tesla (3.0T) MRI,
including conventional MRI protocol and DCE-MRI
sequences. The histopathological diagnosis based on the
examination of resected surgical specimens was in accordance
with the World Health Organization (WHO) Soft Tissue
Tumor Classification (2020 version) (24). The following
exclusion criteria were used in this study: (I) benign or
intermediate soft tissue tumors; (I) MRI images with severe
artifacts; (III) patients who underwent only puncture biopsy;
(IV) history of previous treatment; and (V) interval between
MRI examination and surgery of more than 2 weeks.

MRI examination protocol

All MRI examinations were performed using a 3.0T MRI
scanner (Verio; Siemens Healthcare, Erlangen, Germany).
The appropriate coil and body position were selected
according to the site and size of the tumor. Conventional
MRI protocols included axial and coronal fast spin-echo
T1-weighted image [repetition time (TR)/echo time (TE)
=445-883/13-19 ms; slice thickness =3—-7 mm] and fat
suppression T2-weighted image (T2WI) (TR/TE =3,002-
5,428/70-82 ms, slice thickness =3-7 mm) in the axial and
sagittal planes.

We performed DCE-MRI using an acquisition with a
volumetric interpolated breath-hold examination (VIBE)
sequence based on a three-dimensional 3D), T1-weighted,
fast-spoiled gradient-echo technique. The parameters were
as follows: flip angle =3°, 6°, 9°, and 12°; layer thickness
=3-7 mm; layer spacing =0 mm; TR =5.0 ms; TE =1.7 ms;
field of view (FOV) and matrix size were adjusted according
to the lesion size. Three cycles were pre-scanned before
injecting contrast material to calculate the baseline T1
maps. From the fourth cycle, dynamic enhancement scans
were performed using a high-pressure syringe injection of
gadoterate meglumine (Dotarem®; Guerbet, Villepinte,
France) at a rate of 2.5 mL/s and a dose of 0.1 mmol/kg,
followed by a 20 mL physiological saline flush delivered at a
flow rate of 2 mL/s. A total of 40 cycles were scanned for 8 s
each. The total acquisition time was 320 s.

MR image analysis

"Two readers with 12 and 23 respective years of experience in
musculoskeletal radiology who were blinded to the patients’
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clinical information recorded the following tumor signs: (I)
pain; (II) location, defined as the depth of the tumor relative
to the superficial fascia; (III) maximum tumor diameter,
defined as the maximum distance of the tumor measurable
in each imaging plane; (IV) growth rate, classified as slow
growth or rapid growth in a short period of time; (V)
peritumoral capsule sign, defined as the capsule of the
tumor itself and/or a pseudo-capsule with low peritumor
signal; (VI) T2WI tumor heterogeneity, with homogeneity
or less than 50% heterogeneity classified as slight
heterogeneity and more than 50% heterogeneity classified
as high heterogeneity; (VII) peritumoral edema, defined as
a fluid-like, high signal in the peritumoral area on T2WI
that is clearly distinguishable from the tumor entity; (VIII)
peritumoral enhancement, defined as contrast enhancement
beyond the weighted tumor border on T1-weighted imaging
after gadolinium chelate injection; (IX) necrosis, defined
as a high signal on T2WI without enhancement on DCE-
MRI images after gadolinium chelate injection, categorized
as less than 50% necrotic area and more than 50% necrotic
area; (X) configuration, categorized as multilobulated and
non-multilobulated tumors; (XI) tail-like pattern, defined
as thick tendon membrane enhancement around the tumor
in T1-weighted imaging after gadolinium chelate injection;
(XII) bone invasion, categorized as absent and present; and
(XTIIT) vessel/nerve invasion and/or encasement.

For data extraction, DCE-MRI images were transferred
to the Siemens imaging workstation (Syngo v. B17;
Siemens Healthineers, Forchheim, Germany). The
Tissue 4D software was used for data post-processing.
The extended Tofts linear hemodynamic model and the
population-averaged arterial input function were chosen
to estimate quantitative parameters. For each lesion, the
region of interest (ROI) was drawn as large as possible
on the highest perfusion area of the K™ map (with red
representing presumed hyperperfusion areas and yellow
or blue representing relatively low-perfusion areas) on
the slice depicting the tumor’s largest diameter. Areas of
cystic degeneration, necrosis, and calcification were actively
avoided. Finally, time-signal intensity curve (TIC) types and
K™, K, and V, values were obtained separately for each
lesion. The TIC types were classified into four types. Type I
was flat, with a curve alignment similar to that of the muscle
tissue curve and without a significant upward trend; type
II was slow-rising, with a continuous rise in the curve and
no clear peak; type III was a fast-rising and then flat type,
in which the signal intensity rose significantly in the early
stage of strengthening and then remained relatively stable;

Quant Imaging Med Surg 2022;12(10):4823-4836 | https://dx.doi.org/10.21037/qims-22-75



4826 Li et al. Correlation of DCE-MRI features with HIF-1a expression in STS

and type IV was a fast-rising and fast-decreasing type, in
which the signal intensity rose significantly at the early stage
of reinforcement and reached its peak rapidly, and then
decreased rapidly. The K" represents the volume transfer
constant; K, represents the flux rate constant between
the extravascular, extracellular space and plasma; and V)
represents the volume of the extravascular, extracellular
space per unit volume of tissue.

Pathological and immunobistochemical evaluation

Histopathological, histological grade diagnosis, and
immunohistochemical staining analysis of each lesion
were reviewed by pathologists with more than 10 years of
experience who were blinded to participant MRI and clinical
information. Formalin-fixed and paraffin-embedded tissues
were stained with hematoxylin and eosin for histopathological
observation and analyzed by immunohistochemistry using
antibodies against HIF-1a [1:300, phosphate-buffered
saline (PBS)]. Five FOVs were randomly selected for each
section, and 200 cells were counted in each FOV. After that,
the level of expression of HIF-1a was scored according to
the percentage of positive cells: 0 points, 0-25%; 1 point,
26-50%; 2 points, 51-75%; 3 points, 76-99%; and 4 points,
100%. Staining intensity was scored as: 0 points, no staining;
1 point, light yellow; 2 points, dark yellow; and 3 points, dark
brown. A tumor was allocated to the high-expression group
only when HIF-1a positive cells were more than 50% and
staining intensity was >2 points; otherwise, it was allocated to
the low-expression group.

Postoperative follow-up

Routine follow-up included clinical physical examination
and chest computed tomography (CT; with a 1 mm thick
reconstruction). This was done every 3 months for 2 years
and then every 6 months for 1 year. The local assessment
was performed below the MRI examination in case of
abnormal findings. The OS was defined as the time from
the initial pathological diagnosis to death.

Statistical analysis

The software SPSS 28.0 (IBM Corp., Armonk, NY, USA)
was used for all statistical analyses. Interobserver agreements
between the two observers for conventional and DCE-
MRI features were assessed using the intraclass correlation
coefficient (ICC) scale: ICC <0.50, poor agreement; 0.50—
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0.75, moderate agreement; 0.76-0.90, good agreement;
and 0.91-1.00, excellent agreement. Pearson and Spearman
analyses were used to determine the correlation between the
DCE-MRI parameters and HIF-1a-positive cell expression.
Differences in MRI features between high- and low-
expression groups were assessed. An independent samples
t-test was used for continuous normal distribution variables.
The chi-square test and Mann-Whitney U-test were used for
categorical and continuous non-normal distribution variables.
Receiver operating characteristic (ROC) curves were used
for analyzing statistically significant DCE-MRI parameters.
The cut-off value, area under the curve (AUC), sensitivity,
specificity, accuracy, positive predictive value (PPV), and
negative predictive value (NPV) were obtained, respectively.
Cox proportional hazard models were used to explore the
univariate association between OS and MRI features. Survival
curves were plotted using the Kaplan-Meier method. A P
value of 0.05 was considered statistically significant.

Results

Figure 1 illustrates the flow chart of the participant
recruitment process. Ultimately, 71 patients were included
in the final analysis, including 40 males (mean age 58 years;
range, 35 to 77 years) and 31 females (mean age 61 years;
range, 29 to 82 years). There was only one lesion in each
participant. Of the 71 lesions included in this study, 34
were in the low-expression group, and 37 were in the high-
expression group. A total of 21 lesions were located in the
thigh, 11 in the calf, 8 in the knee, 9 in the shoulder, 12 in
the forearm, 6 in the upper arm, and 4 in the back. The
expression of HIF-1la-positive cells ranged from 10% to
90%. Among the 71 included patients, 23 (32.4%) had
grade I STS, 33 (46.5%) had grade II STS, and 15 (21.1%)
had grade III STS. The expression of HIF-1o exhibited
a moderately positive correlation with histological grade
(r=0.512, P=0.012). The distribution of histological types in
the two groups is demonstrated in Table S1.

Interobserver ag'reement

The interobserver agreement between the two readers for
conventional MRI features ranged from good to excellent
(1able 1). The ICC values ranged from 0.815 to 0.927. The
percentage coefficient of variation (CV%) ranged from 3.4%
to 8.6%. Measurement of DCE-MRI features showed the
ICC ranging from 0.927 to 0.934 and the CV% ranging
from 3.4% to 4.8%.
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Clinically suspected soft tissue masses
(n=150)

Y

Histologically proven soft tissue sarcoma
(n=90)

Exclusion:

e Benign or intermediate soft tissue
tumors (n=37);

e Recurrent soft tissue tumors (n=15);

e Previous treatment history (n=8)

Y

Available MRI and pathological results
(n=71)

Y

Exclusion:

¢ MRI images with severe artifacts (n=6);

¢ Only underwent puncture biopsy (n=9);

e The interval between MRI and surgery
over 2 weeks (n=4)

v

34 patients in low-expression group
37 patients in high-expression group

Figure 1 Flowchart of the study. MRI, magnetic resonance imaging.

Table 1 Repeatability and coefficient of variation of all MRI features

4827

MRI features

ICC (95% Cl)

CVs (95% Cl) (%)

Location

Maximum tumor diameter
Envelope

T2WI tumor heterogeneity
Peritumoral edema

Peritumoral enhancement

Necrosis

Configuration

Tail-like pattern

Bone invasion

Vessel invasion and/or encasement
Nerve invasion and/or encasement
TIC curve types

Ktrans

K.

ep

Ve

0.918 (0.835 to 0.946)
0.924 (0.874 to 0.961)
0.854 (0.772 to 0.913)
0.843 (0.724 to 0.895)
0.891 (0.821 to 0.953)
0.905 (0.732 to 0.932)
0.815 (0.751 to 0.887)
0.921 (0.882 to 0.951)
0.927 (0.851 to 0.981)
0.843 (0.738 to 0.916)
0.826 (0.782 to 0.843)
0.842 (0.775 to 0.914)
0.927 (0.891 to 0.962)
0.921 (0.834 to 0.965)
0.934 (0.892 to 0.987)
0.931 (0.861 to 0.971)

5.1 (2.6 t0 7.9)
4.6 (2.2107.8)
6.6 (3.4 t0 9.1)
6.9 (3.2 to 9.5)
5.7 (2.8 t0 8.1)
5.3 (2.5 10 7.8)
8.6 (4.0 to 11.3)
7.5(3.4109.1)
4.4 (2.4107.3)
6.8 (3.1 t0 9.6)
8.1 (4.2 to 10.6)
7.1 (3.9 t0 9.5)
43(19t07.2)
4.8 (2.1107.5)
3.4(2.1106.7)
3.7 (1.8 10 6.6)

MRI, magnetic resonance imaging; ICC, intraclass correlation coefficient; CVs, coefficients of variation; Cl, confidence interval; T2WI, T2-
weighted image; TIC, time-signal intensity curve; K", the volume transfer constant; K., the flux rate constant between the extravascular,
extracellular space and plasma; V,, the volume of the extravascular, extracellular space per unit volume of tissue.

Univariate analysis of MRI features in HIF-10 bigh- and

low-expression groups

Table 2 shows the univariate analysis of the differences in

MRI features between the HIF-1o high- and low-expression
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groups. With respect to conventional MRI features, T2WI
tumor heterogeneity, peritumor enhancement, necrotic
area, and configuration were significantly different between
the groups (P<0.05). Specifically, features of high T2WI

heterogeneity, peritumoral enhancement, a necrotic area of
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Table 2 Descriptive statistics and distribution of clinical and MRI features according to tumor HIF-1o expression level

Characteristics Low expression High expression P value

Gender 0.686
Male 41 (14/34) 46 (17/37)
Female 59 (20/34) 54 (20/37)

Age 0.242
<50 years old 32 (11/34) 51 (17/37)
>50 years old 68 (23/34) 49 (20/37)

Pain 0.877
Absent 56 (19/34) 54 (20/37)
Present 44 (15/34) 46 (17/37)

Location 0.306
Deep 50 (17/34) 41 (15/37)
Superficial 35 (12/34) 38 (14/37)
Deep and superficial 15 (5/34) 21 (8/37)

Maximum tumor diameter 0.219
<5cm 41 (14/34) 19 (7/37)
5-10 cm 32 (11/34) 49 (18/37)
>10 cm 27 (9/34) 32 (12/37)

Growth rate 0.580
Slow 47 (16/34) 41 (15/37)
Fast 53 (18/34) 59 (22/37)

Peritumoral capsule sign 0.451
Absent 71 (24/34) 78 (29/37)
Present 29 (10/34) 22 (8/37)

T2WI tumor heterogeneity 0.044*
Slightly heterogeneous 62 (21/34) 38 (14/37)
Highly heterogeneous 38 (13/34) 62 (23/37)

Peritumoral edema 0.542
Absent 44 (15/34) 51 (19/37)
Present 56 (19/34) 49 (18/37)

Peritumoral enhancement 0.024*
Absent 65 (22/34) 38 (14/37)
Present 35 (12/34) 62 (23/37)

Necrosis 0.002~
<50% necrosis 85 (29/34) 41 (15/37)
>50% necrosis 15 (5/34) 59 (22/37)

Table 2 (continued)
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Table 2 (continued)

Characteristics Low expression High expression P value
Configuration 0.032¢
Non-multilobulated 74 (25/34) 43 (16/37)
Multilobulated 26 (9/34) 57 (21/37)
Tail-like pattern 0.649
Absent 65 (22/34) 59 (22/37)
Present 35 (12/34) 41 (15/37)
Bone invasion 0.260
Absent 79 (27/34) 68 (25/37)
Present 21 (7/34) 32 (12/37)
Vessel invasion and/or 0.627
encasement
Absent 59 (20/34) 57 (21/37)
Present 41 (14/34) 43 (16/37)
Nerve invasion and/or encasement 0.078
Absent 56 (19/34) 76 (28/37)
Present 44 (15/34) 24 (9/37)
TIC curve types 0.188
| 15 (5/34) 8 (3/37)
Il 35 (12/34) 27 (10/37)
1] 35 (12/34) 38 (14/37)
\% 15 (5/34) 27 (10/37)
K™ (min™"), mean + SD 0.210+0.058 0.311+0.091 <0.001*
K., (min™"), mean + SD 0.444+0.300 0.896+0.656 0.001*
V, (min™"), mean = SD 0.528+0.247 0.560+0.253 0.596

Data are percentages, with the ratio between the number of patients with a given feature and the number of patients with analyzable
features in parentheses, if not otherwise specified. *, statistically significant at P value <0.05. MRI, magnetic resonance imaging; T2WI, T2-
weighted image; TIC, time-signal intensity curve; HIF-1a, hypoxia-inducible factor 1-alpha; K", the volume transfer constant; Kep, the flux
rate constant between the extravascular, extracellular space and plasma; V,, the volume of the extravascular, extracellular space per unit

volume of tissue; SD, standard deviation.

50%, and multilobulated tumors were more prone to occur
in the HIF-1a high-expression group.

Regarding DCE-MRI parameters, the high-expression
group showed significantly higher K™ and K,, values than
the low-expression group. No significant differences in TIC
curve types and V] values were observed between the low- and
high-expression groups. Figures 2,3 show typical examples of
DCE-MRI maps that illustrate these trends in the low- and
high-expression groups. The ROC analysis (Table 3, Figure

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

4) indicated high specificity (93.9%) of the K™ value in
predicting HIF-1a high-expression; however, the K,, value
provided the best performance in diagnostic sensitivity (84.2%).

The correlation coefficient analysis revealed that the K™
value showed the most significant positive correlation with HIF-
Lo expression (r=0.705, P<0.001). There was a moderate positive
correlation between the K,, value and HIF-1a expression
(r=0.543, P<0.001), yet no correlation was found between the ]
value and HIF-1a expression (r=0.123, P=0.308).
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Figure 2 An extraskeletal osteosarcoma in a 63-year-old male patient. The tumor shows equal muscle signal intensity on the T1-weighted
image (A), high signal intensity on the T2-weighted image (B), and high signal intensity on the diffusion-weighted image (C). The lesion
exhibits heterogeneous signal intensities on at least 50% of the tumor volume and foci of necrosis. On DCE-MRI analysis, the K™ (D),
K, (E), and V, (F) values were 0.313, 0.758, and 0.412 min™', respectively. The TIC was a type III curve (G). Microscopic photographs
at a magnification of 200 times (immunohistochemical staining) show that a large number of HIF-1a stained tumor cells were diffusely
distributed. The final HIF-1a expression was determined to be 65%, and the staining intensity score was 3 points (H). The lesion was
classified into the high-expression group, and patient died of disease 28 months after surgery. DCE-MRI, dynamic contrast-enhanced
magnetic resonance imaging; TIC, time-signal intensity curve; HIF-10, hypoxia-inducible factor 1-alpha; ROI, region of interest; SD,
standard deviation; AU, arbitrary units; iAUC, initial area under the gadolinium concentration-time curve; K", the volume transfer
constant; K, the flux rate constant between the extravascular, extracellular space and plasma; ¥/, the volume of the extravascular, extracellular

space per unit volume of tissue.

Multivariate Cox proportional analysis of OS survival analysis of the study population. The findings
- suggest that MRI morphological features and quantitative
Participants were followed up for 6-36 months. There were o .

: i o parameters help predict high HIF-1a expression and may
48 survivors and 23 deaths. The 3-year survival probability
for this series was 0.68 for OS. The variables that differed

significantly between the HIF-1a high- and low-expression

significantly predict prognosis in patients with STS.
Although various functional MRIs have been developed
to evaluate the histological expression of solid tumors,

groups were included in a multifactorial Cox regression conventional MRI sequences are still critical for radiologists.

analysis (Table 4). In the final model, features of necrosis Several studies have illustrated that morphologic MRI

0, . . ans L. ) .
greater than 50%, multilobulation, and K™ values greater characteristics may help predict pathological outcomes of

than 0.262 min™ were strongly associated with a higher risk STS. Zhao et al. reported that peritumoral enhancement was
of death. Survival analyses are summarized in Figure 5. an independent predictor of high-grade STS (25). Crombé

et al. pointed out that MRI features, including necrosis,
Discussion heterogeneity, and peritumoral enhancement of soft-tissue
sarcomas, were associated with grade III tumors, metastasis-
"This study initially revealed the feasibility of conventional free survival, and OS (13). In this study, the univariate
MRI features and DCE-MRI parameters in assessing HIF- results showed that the HIF-1a high-expression group was

la expression. On this basis, we performed a short-term more likely to have a rapid infiltrative growth pattern with
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Figure 3 A myxoid liposarcoma in a 58-year-old female patient. The tumor showed equal muscle signal intensity on the T1-weighted image

(A), homogeneous high signal intensity on the T2-weighted image (B), and high signal intensity on diffusion-weighted image (C). By DCE-
MRI analysis, the K (D), K,, (E), and ¥ (F) values were 0.246 min', 0.644 min”', and 0.382 min™, respectively. The TIC was a type III

curve (G). Microscopic photographs at a magnification of 200 times (immunohistochemical staining) show that a large number of HIF-1a

stained tumor cells were diffusely distributed. The final HIF-1a expression was determined to be 40%, and the staining intensity score was

1 point (H). The lesion was classified into the low-expression group. DCE-MRI, dynamic contrast-enhanced magnetic resonance imaging;

TIC, time-signal intensity curve; HIF-1a, hypoxia-inducible factor 1-alpha; ROI, region of interest; SD, standard deviation; AU, arbitrary

units; iIAUC, initial area under the gadolinium concentration-time curve; K™, the volume transfer constant; K,

.» the flux rate constant

between the extravascular, extracellular space and plasma; V, the volume of the extravascular, extracellular space per unit volume of tissue.

Table 3 ROC analysis using different parameters for discriminating between high- and low-expressions of soft tissue sarcoma

Parameters AUC (95% Cl) Cut-off value Sensitivity Specificity Accuracy PPV NPV
K™ 0.823 (0.726 to 0.921) 0.262 60.5% 93.9% 76.1% 92.0% 67.4%
Koy 0.776 (0.664 to 0.887) 0.455 84.2% 66.7% 76.1% 74.4% 78.6%

ROC, receiver operating characteristic; AUC, area under the curve; Cl, confidence interval; PPV, positive predictive value; NPV, negative

predictive value; K™”, the volume transfer constant; K.,

peritumoral enhancement, multilobulated necrotic areas,
and T2WT heterogeneity. Subsequent multifactorial analysis
showed that more than 50% necrosis and multilobulation
were good predictors of high mortality risk in patients.
Necrosis, as a vital marker of rapid growth in high-grade
malignancies, has been widely reported in studies related
to STSs. Indeed, HIF-1a reflects the oxygenation level of
the tissue. For highly malignant sarcomas, the faster the
growth rate, the higher the need for oxygen. Necrosis is
bound to occur when tumor neovascularization cannot
meet its demand. The more extensive the area of necrosis,

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

» the flux rate constant between the extravascular, extracellular space and plasma.

the higher the level of oxygen deprivation of the tumor will
be. This malignant cycle explains why extensive necrosis
occurs in sarcomas with high HIF-lo expression. The
configuration of STS has been reported several times in
recent years. Higher grade (G2/3) STS display a polycyclic/
multilobulated structure, and this configuration may help
predict tumor recurrence (26,27). In the present study, the
multilobulated structure was associated with high HIF-
la expression and might be a potential predictor of poor
patient prognosis. Indeed, the multilobulated structure
reflects an infiltrative tumor growth pattern, and such
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operating characteristic; K", the volume transfer constant; K,,,

plasma.

tumors are often shown to have a high histological grade.
We also verified that HIF-1a expression gradually increased
with higher histological grade.

The DCE-MRI quantitative analysis introduces a
pharmacokinetic model to monitor the interpenetration
process between the contrast agent in the intravascular
and extracellular extravascular space (EES), which allows
a more accurate and visual description of microcirculatory
information such as tumor tissue perfusion and capillary
permeability (21). The K™ reflects the outflow rate of the
contrast agent from plasma into EES, determined by the
effects of plasma blood flow, permeability, and capillary
surface area. Conversely, K,, represents the outflow rate
of the contrast agent from the EES back into the plasma.
The correlation of DCE-MRI perfusion parameters with
HIF-1o expression has been performed in various tumors.
The results show that both K™ and K,, values positively
correlate with HIF-1a expression, which is consistent with
the findings of Awasthi and Xie in their studies of gliomas
(15,19). However, it is essential to note that several studies
have suggested opposite conclusions. In a study of cervical
cancer, HIF-1a was negatively correlated with K" or
K,, (17). Lindgren also concluded that high DCE-MRI
perfusion parameters imply a low hypoxic state within
ovarian cancer (18).

The discrepancy between the mechanisms of hypoxia
regulation in different histological types of tumors should
be considered when interpreting the differences between
the results of various studies. It has been reported that HIF-

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

Table 4 Multivariable survival analyses based on MRI features

MRI features HR (95% Cl) P value

T2WI tumor heterogeneity
Slightly heterogeneous 1.00 (referent)
Highly heterogeneous 0.92 (0.56 to 1.52) 0.757

Peritumoral enhancement

Absent 1.00 (referent)
Present 1.26 (0.77 to 2.41) 0.301
Necrosis

<50% necrosis 1.00 (referent) 0.008*

>50% necrosis 2.45 (1.38 to 4.35)
Configuration

Non-multilobulated 1.00 (referent)
Multilobulated 1.98 (1.01 to 3.90) 0.009*
Krans

K™ <0.262 min™' 1.00 (referent)
K™ >0.262 min™ 4.19 (1.79 to 9.84) 0.006*
Kop

K., <0.455 min™ 1.00 (referent)

K., =0.455 min™

ep =

1.33 (0.92 to 1.85) 0.082

*

, statistically significant at P value <0.05. MRI, magnetic
resonance imaging; T2WI, T2-weighted image; HR, high risk; Cl,
confidence interval; K™™, the volume transfer constant; Ko, the
flux rate constant between the extravascular, extracellular space
and plasma.

lo expression in cervical and ovarian cancers is mainly
induced by oxygen-dependent mechanisms (28,29). The
more severe the tumor hypoxia due to reduced intra-tumor
perfusion, the higher the HIF-1a expression. In contrast,
in STS, the induction pathway of HIF-1a is a non-oxygen-
dependent pathway (30). The expression of HIF-1a was
mainly generated by the induction of oncogenic signals
in tumor cells, which implies that HIF-1a expression was
not entirely affected by the hypoxic environment (31).
Therefore, our microscopic pathological observation of a
diffuse distribution of HIF-1a-positive cells throughout the
sections is consistent with the findings of Shintani ez /. (32).
However, it is known that HIF-1a induces the expression of
downstream vascular-related factors such as VEGE, which
means that the high expression of HIF-1a leads to more
tumor neovascularization. Therefore, the overall level of
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Figure 5 Graphs show Kaplan-Meier survival curves for OS according to MRI features associated with HIF-1a expression. (A) Survival
curves depending on necrosis area; (B) survival curves depending on configuration; (C) survival curves depending on K™ values. OS, overall
survival; HIF-1a, hypoxia-inducible factor 1-alpha; MRI, magnetic resonance imaging; K", the volume transfer constant.

microcirculation in the tumor is elevated. The exchange of
contrast agents between the vascular lumen and the EES
becomes faster and more frequent, explaining why the
increased expression of HIF-1a leads to higher K™ and K,,
values. Survival analysis showed that K" values showed a
more reliable quantitative predictor of OS in STS patients
than the morphological features of conventional MRI
[hazard ratio (HR) =4.19], which is an essential addition to
K™ values in ST studies.

The V, is a direct estimate of leakage volume used for
the distribution of contrast agent in the extravascular
space, reflecting the volume of EES. A higher V] value
indicates a more extensive area of tumor necrosis. In this
study, V, values were not significantly different between
the high- and low-expression groups, which is inconsistent
with previous studies (18,33). The EES reflected by the
V. value is easily affected by cell density, microvascular
permeability, necrosis, cystic degeneration, and extracellular
matrix. The V, value is also affected by edema around
the tumor tissue and might be inaccurate. However, the
diffusion-weighted imaging (DWI) technique may assess

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

extracellular extravascular volume noninvasively by the
diffusion limitation of water molecules. The application of
DWI techniques in the assessment of HIF-1a expression
in tissues has been reported (16,34,35). High HIF-1a
expression may promote glucose uptake and metabolism
and enhance the proliferation of sarcoma cells, leading to
increased cell number and volume, limiting the diffusion
of water molecules (36). This implies that DWI techniques
and DCE-MRI may complement each other by providing
heterogeneous information about microstructures in a
hypoxic microenvironment.

Some limitations should be considered when interpreting
the results. First, this study involved a small sample and
was conducted at a single institution. The differences
in the biological behavior of different histological types
of STS may have impacted the final results. Second, the
standardized image acquisition protocol in DCE-MRI
imaging of STS remains uncertain. Further determination
of the optimal DCE-MRI scanning protocol for STS is
needed in the future. Third, the selection and processing
of the ROI in this study were singular. Although this
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approach is conventional, texture analysis, deep learning,
and other means of acquisition may provide more in-depth
information for image processing.

Conclusions

This study demonstrated a statistically significant correlation
between MRI features and HIF-1a expression in STS, based
on the DCE-MRI examination. Significant differences
were found between multiple MRI morphological features
and quantitative parameters between the high- and low-
expression groups. Moreover, the results of short-term
survival analysis showed that a greater than 50% necrotic
area, multilobulation, and and K" values over 0.262 min™'
were potential predictors of poor prognosis in STS patients.
This result suggests the potential of conventional MRI
combined with DCE-MRI analysis as a reliable imaging
biomarker for predicting STS oxygenation levels. It may
offer a method of patient prognosis, however further
follow-up studies with large samples are needed to verify its
significance as an independent prognostic predictor.
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Supplementary

Table S1 Detailed histological types in the low-expression and
high-expression groups

Low-expression group (n=34)
Pleomorphic liposarcoma (n=5)
Rhabdomyosarcoma (n=2)
Fibrosarcoma (n=7)

MPNST (n=3)

Myxoid liposarcoma (n=5)
Leiomyosarcoma (n=3)
Synovial sarcoma (n=2)
UPS (n=7)

High-expression group (n=37)
Pleomorphic liposarcoma (n=7)
Rhabdomyosarcoma (n=2)
Fibrosarcoma (n=5)

MPNST (n=2)

Dedifferentiated liposarcoma (n=3)
Leiomyosarcoma (n=4)

Synovial sarcoma (n=2)

UPS (n=10)

Extraskeletal osteosarcoma (n=2)

MPNST, malignant peripheral nerve sheath tumor; UPS,
undifferentiated pleomorphic sarcoma.
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