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Abstract

Background

Germ cell tumors (GCTs) comprise a rare and heterogeneous group of neoplasms present-
ing different clinical and histological characteristics, leading to a challenging scenario in clini-
cal practice. Diffusion-weighted imaging (DWI) has been suggested as an indirect marker of
tumor density and cellularity and could be used to monitor therapeutic response. However,
its role in pediatric GCTs needs to be clarified.

Purpose

Here, we evaluated the features of DWI in pediatric extracranial GCTs in a reference Brazil-
ian institution.

Material and methods

We included 43 pediatric patients with primary GCTs treated between 2008 and 2022 in
Hospital de Amor de Barretos. The patients’ MRI images included T1-weighted without con-
trast, T2-weighted, DWI and apparent diffusion coefficient (ADC) maps. DWI was evaluated
in the section that exhibited the greatest restricted diffusion in the largest hypersignal area
of the image. The lowest ADC value was determined to define the region of interest (ROI).
We used a small ROI, avoiding necrotic, adipose tissue, noisy or nonenhancing lesion vox-
els as recommended. ROI determination was established by visual inspection by two radiol-
ogists in accordance. We used two values of b (b = 50 mm?/s or b = 800) for ADC values.

Results

The highest mean ADC (mADC) value was observed in pure teratomas (1,403.50 + 161.76
x10 mm?/s; mean + SD) compared to other histologies (yolk sac, mixed teratoma, dysger-
minoma and mixed GCT) of GCT (p<0.001). Furthermore, ROC analysis determined a
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cutoff mADC value of 1,179.00 x 10~ mm?/s that differentiated pure teratomas from the
other GCT histologies with a sensitivity of 95.8% and a specificity of 92.9% (AUC = 0.979;
p<0.01). A significant increase in mADC was observed for malignant GCTs in treatment
(1,197.00 + 372.00 mm?/s; p<0.001) compared to that exhibited at the time of diagnosis
(780.00 + 168.00 mm?/s; mean + SD. Our findings suggest that mADC assessment could
be used as a tool to distinguish pure teratomas from malignant CGT histologies at diagnosis.
Additionally, we demonstrated reasonable evidence that it could be used as a complemen-
tary tool to monitor treatment response in patients with malignant GCT.

Introduction

Germ cell tumors (GCT's) comprise a rare and heterogeneous group of benign or malignant
neoplasms that are clinically and pathologically complex, derived from primordial germ cells
and can occur in gonadal or extragonadal sites [1]. GCT's present two distinct peaks of inci-
dence, one before two years old, reflecting the high incidence of tumors with sacrococcygeal
location, and the other between 8 to 12 years for females and 11 to 14 for males, representing
the high incidence in ovarian and testicular tumors for this age group [1, 2]. GCTs represent
3.3% of malignant tumors in children and adolescents (<15 years). The annual occurrence is
0.4 cases per 100,000 children under 15 years old for malignant tumors and 0.6 cases per
100,000 children for teratomas [3-6]. Among children under five years old, teratomas are the
most frequent histological subtype, followed by yolk sac tumors, germinomas and others.
Regarding anatomical distribution, GCTs in childhood more often affect the sacrococcygeal
region, followed by the gonadal region and others [1, 7, 8].

Treatment recommendations for pediatric germ cell tumors are difficult due to the inability
to define widely accepted risk groups. The Brazilian Germ Cell Pediatric Study Group
(BGC-PED Study Group) has shown over the years the importance of establishing a standard
treatment protocol for improving patient survival, reaching a global 5-year survival rate greater
than 80% for high-risk patients treated with cisplatin and etoposide [2]. Although the majority
of GCTs present a good response to treatment with an effective cure potential as demon-
strated, cases refractory to treatment lead to a challenging scenario in clinical practice [9].

A central question in the management of tumors concerns the ability to measure the
response to treatment, leading to the optimization of therapy, mainly for those presenting
resistant tumors [10, 11]. Currently, strategies for accessing treatment response are based on
the identification of anatomical and morphological changes occurring in tumor size [12] as
well as tumor serum markers [13].

In this context, diffusion-weighted imaging (DWI) has been suggested as an indirect
marker of tumor density and cellularity and has been associated with injury aggressiveness
and tumor response [14]. Even during successful anticancer therapy, changes in cell density
due to necrosis and apoptosis cause significant changes in water diffusion, which can be
detected by DWI. In addition, these changes occur early in relation to macroscopic response
indicators, such as tumor size and volume [11, 15]. Quantitative analysis is also possible by cal-
culating the apparent diffusion coefficient (ADC), assigning absolute values to the region
under study. The increase in ADC values during treatment may indicate cell death [16], and
both have been proposed as biomarkers of therapeutic response in several types of tumors,
including brain, kidney, breast, liver, musculoskeletal, head and neck, prostate and uterine
tumors [17, 18].
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Potentially, DWI allows the identification of small changes in cell integrity at an early stage
of treatment, which can be used to evaluate patients with GCT [19]. Additionally, DWI-
derived parameters are attractive as image biomarkers because acquisition is noninvasive, does
not require the use of contrast agent, does not use ionizing radiation, is quantitative and is
obtained relatively quickly and easily incorporated into the patient’s routine [14], mainly in
children. However, its role in managing pediatric extracranial GCTs is still poorly explored.

For this purpose, in this study, we evaluated DWI and ADC in MRI images available for 43
pediatric patients with primary extracranial GCT' treated according to the BGC-PED Study
Group protocols in a single Brazilian pediatric cancer institution.

Material and methods

The study was conducted following national and institutional ethical policies and was
approved by the Hospital de Amor Ethical Committee (protocol CAAE
78263417.7.1001.5437). The ethics committee considered this retrospective study to have min-
imal risk, ensuring confidentiality and not resulting in any clinical implications for the
patients. For these reasons, the ethical committee waived the need for informed consent.

Patients and imaging protocol

We included 43 pediatric patients (age < 21 years old; both sexes) diagnosed with primary
germ cell tumors (gonadal or extracranial) treated at Children’s Cancer Hospital—Hospital de
Amor, Barretos. All patients were enrolled in the treatment protocols of the BGC-PED Study
Group, GCT-2008 or GCT-2017.

According to BGC-PED Study Group protocols, for patients with suspected GCTs, initial
diagnostic investigation includes radiological images for the evaluation of staging, response to
chemotherapy and the possibility of a surgical approach. Subsequently, the specific location of
the tumor and the potential for dissemination are considered for a diagnostic evaluation. Clin-
ical and radiological evaluation unequivocally indicating a circumscribed and localized tumor
indicates complete surgical resection as the treatment of choice, minimizing risks for the
patient. If metastatic disease and/or risk of mutilating surgery is confirmed, biopsy for histo-
pathological diagnosis should be performed. The diagnosis of GCT is confirmed through
microscopic examination of HE (hematoxylin and eosin) and immunohistochemical examina-
tion after obtaining tumor material by complete surgical resection of the tumor or biopsy. The
GCT-2008 or GCT-2017 protocols use FIGO (International Federation of Gynecology and
Obstetrics) staging for ovarian tumors [20] and COG (Children’s Oncology Group) staging for
testicular and extragonadal tumors [21]. Data regarding tumor histology, primary site, sur-
gery/biopsy and tumor size are demonstrated in S1 Table.

We evaluated MRI scans with DWI and ADC maps of the primary tumor at diagnosis avail-
able for patients in the period between 2008 and 2022. We included patients naive to treatment
and patients who started treatment and were undergoing a reevaluation during treatment.
Regarding teratomas with malignant components, we considered the histological subtypes of
GCT as only germinoma, yolk sac tumor, embryonic carcinoma and choriocarcinoma.

Image analysis

MRI images were acquired in the axial plane and included T1-weighted without contrast,
T2-weighted, DWI and ADC maps. All ADC maps were analyzed using the Arya Pixeon Medi-
cal System program (Pixeon). Restricted diffusion of water molecules and high cellularity were
evaluated in the section that exhibited the greatest restricted diffusion represented by the larg-
est hypersignal area in DWI, confirmed by the loss of the corresponding image signal in the
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Fig 1. T1w, T2w, DWI and ADC maps of 4 representative patients with germ cell tumors. Hypersignal areas are observed in the diffusion sequence
(DWI) showing correlation with areas of signal loss on the ADC map (ADC) denoting restricted movement of water molecules and high cellularity. The
red box corresponds to the zoomed area represented in the ROI column. The red circle represents the ROI, and the white box represents the measured
mADC value. ROI: region of interest.

https://doi.org/10.1371/journal.pone.0294976.9001

ADC map. Accordingly, two experienced radiologists (CEBC and FMPS) determined the low-
est (darkest part of image) ADC value to draw a 6 mm? circular region of interest (ROI)
completely within the tumor, avoiding areas of necrosis, hemorrhage, adipose tissue, cystic tis-
sue, and noisy or nonenhancing lesions, supported by the correlation with T1- and
T2-weighted sequences (Fig 1). For other tumors, it is known that the selection of the lowest
ADC value within the lesion (corresponding to the most active part of the lesion) might pro-
vide a more accurate discrimination between malignant and benign lesions [22, 23]. Addition-
ally, the strategy described above is suggested as the preferred method for measuring ADC
values to reduce inter- and intrareader variability and improve DWI consistency and compa-
rability between sites in other tumors [23]. ADC values were obtained using two values of b

(b = 50 mm*/s or b = 800 mm?/s) and reported in units of 107> mm?/s. The acquisition param-
eters used for MRI images are demonstrated in S2 Table.

Statistical analysis

Descriptive statistics (mean, standard deviation medians and proportions) were used to char-
acterize the clinical and demographic data. The relationship between ADC and histological
subtype was assessed using ANOVA, and multiple comparisons were performed by the Bon-
ferroni correction. Normality of distribution for the variables was determined by the Shapiro-
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Wilk test. Relations were assessed using the Chi-square or Fisher’s exact test as appropriate for
categorical variables. Receiver operating characteristic (ROC) curve analysis and area under
the curve (AUC) were used to determine optimal cutoff values of ADC and to determine its
potential diagnostic performance. For all analyses, values of p < 0.05 were considered indica-
tive of a significant difference. Statistical analysis was performed using IBM SPSS version 27.0
software (SPSS, Chicago, IL, USA).

Results

We evaluated MRI images from primary tumors at diagnosis of 43 pediatric patients con-
firmed with germ cell tumors (gonadal or extragonadal). The demographic and clinicopatho-
logical characteristics of the patients are shown in Table 1.

The normality of the ADC variable was verified by the Shapiro-Wilk test in each histology
category (Table 2).

Mean ADC (mADC) values for the different GCT histologies are demonstrated in Table 3.
Our findings demonstrated an increased mADC value in pure teratomas (1,403.50 + 161.76
x10” mm®/s; mean + SD) with a statistically significant difference when compared to the other
histologies of GCT (Table 3). Dysgerminomas presented the lowest mADC value
(646.00 + 65.18 x10™> mm?/s; mean + SD) in our cohort; however, excluding pure teratomas,
no statistically significant difference was observed compared to the other GCT histologies.

Excluding immature teratomas, we performed an ROC analysis considering mADC and
determined a cutoff value of 1,179.00 x 10~> mm?/s that differentiated pure teratomas from the

Table 1. Demographic and clinicopathological characteristics of the 43 pediatric patients diagnosed with primary germ cell tumors (gonadal or extracranial)

included in the study.

Demographic and clinicopathological characteristics (n = 43) %

Age (years; 11.17 + 5.33)

Sex

Tumor histology

Histology classification

Tumor staging

Patient status

Female 30 69.8
Male 13 30.2
Pure teratoma 14 32.6
Yolk sac 9 20.9
Immature teratoma 5 11.6
Dysgerminoma 5 11.6
Mixed teratoma® 4 9.3
Mixed GCT" 6 14.0
Malignant 24 55.8
Benign 14 32.6
Immature teratoma 5 11.6
I 24 57.1
II 0 -

111 10 23.8
v 8 19.1
Alive (no disease)® 31 72.1
Alive (in treatment)? 12 27.9

* Mixed teratoma: teratoma is one of the components of mixed tumor;

> Mixed GCT: no teratoma component in mixed tumor;

© At the time of the study, patients were alive without disease;

4 At the time of the study, patients were alive and receiving treatment;
BGC-PED-Study Group: Brazilian Germ Cell Pediatric Study Group

https://doi.org/10.1371/journal.pone.0294976.t001
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Table 2. Normality distribution of ADC values evaluated by the Shapiro-Wilk test.

Histology P value
Pure teratoma 0.870
Immature teratoma 0.535
Yolk Sac 0.165
Mixed teratoma 0.126
Dysgerminoma 0.698
Mixed GCT 0.832

https://doi.org/10.1371/journal.pone.0294976.1002

other histologies (yolk sac, mixed teratoma, dysgerminoma and mixed GCT) of GCT with a
sensitivity of 95.8% and a specificity of 92.9% (AUC = 0.979; p<0.01) if pure teratoma was pre-
dicted to have a higher mADC value than the cutoff (Fig 2). Considering teratomas, we deter-
mined a cutoff value of 1,337.00 x 10> mm?/s that differentiated pure from immature
histology with a sensitivity of 80.0% and a specificity of 71.4% (AUC = 0.871; p = 0.016) if pure
teratomas were predicted to have a higher mADC value than the cutoff (Fig 2). Additionally,
considering dysgerminomas, we determined a cutoff value of 898.0 x 10> mm?*/s that differen-
tiated dysgerminomas from benign GCTs (pure teratoma) with a sensitivity of 100.0% and a
specificity of 100.0% (AUC = 1.0; p<0.01) if dysgerminoma was predicted have a lower
mADC value than the cutoff (Fig 2). Regarding malignant disease (dysgerminoma, yolk sac
and mixed GCTs), ROC analysis was not able to establish a significant cutoff mADC value
with acceptable sensitivity and specificity between these histologies (Fig 2).

Additionally, we evaluated mADC values for 11 patients with malignant GCT with DWI
images available at diagnosis and in revaluation during treatment using the generalized linear
statistical model. We observed that compared to the diagnosis (780.00 + 168.00 mm/s;
mean * SD), we observed a significant increase in mADC when evaluating patients during
treatment (1,197.00 #+ 372.00 mm®/s; p<0.001) (Fig 3). The majority of the patients underwent
surgery for tumor resection to consolidate treatment, which made it impossible to analyze
tumor images at the end of the treatment.

Discussion

Recent studies have shown that the high capacity to differentiate tissues and collect biochemi-
cal information makes MRI the most efficient diagnostic imaging method for evaluating GCT

Table 3. Mean ADC values for the GCT histology types from the primary tumors of the 43 patients included in the study.

Histology

mean
Pure teratoma 1,403.50
Immature teratoma 1,052.20
Yolk sac 859.78
Mixed teratoma® 809.75
Dysgerminoma 646.00
Mixed GCT® 733.67

Mean ADC (x10 mm?/s)

SD median min. max. p value*
161.76 1,398.00 1,081.00 1,669.00
314.15 1,058.00 631.00 1,382.00 0.034
256.02 840.00 603.00 1,383.00 <0.01
232.17 723.00 650.00 1,143.00 <0.01
65.18 655.00 544.00 715.00 <0.01
160.96 705.00 525.00 952.00 <0.01

*P value: determined by comparing pure teratoma histology with the other histologies of GCT using the Bonferroni statistical test.

* Mixed teratoma: teratoma is one of the components of mixed tumor;

® Mixed GCT: no teratoma component in mixed tumor;

SD: standard deviation; min: minimum; max: maximum

https://doi.org/10.1371/journal.pone.0294976.t003
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Fig 2. Receiver operating characteristic curve (ROC) analysis. ROC analysis for prediction of pediatric extracranial germ cell tumor types based on
mADC value using diffusion-weighted imaging in magnetic resonance. AUC (area under the curve).

https://doi.org/10.1371/journal.pone.0294976.9002

at its primary site. MRI presenting T1- and T2-weighted sequences provides details of soft tis-
sues at a higher level of discrimination than computed tomography (CT). The addition of the
diffusion sequence of free water molecules does not significantly increase the examination
time and does not require intravenous paramagnetic contrast. Higher tissue cellularity or
increased cell density results in low ADC values [14]. However, ADC measurements as a tool
to support tumor diagnosis and/or response to treatment are still not known in pediatric germ

cell tumors [24].

In our study, we demonstrated that mADC values could be useful for distinguishing malig-
nant from benign origins of pediatric GCTs, but more specifically, it can be used to discrimi-
nate pure teratomas from GCTs of other histologies at diagnosis. We showed that decreased
mADC values (1,179.00 x 10~> mm?*/s) were associated with malignant tumors, indicating an
increase in cell density that is characteristic of this group of tumors (ROC AUC = 0.979;
p<0.01). These findings were significantly more evident in dysgerminomas due to the

PLOS ONE | https://doi.org/10.1371/journal.pone.0294976  November 30, 2023

7/12


https://doi.org/10.1371/journal.pone.0294976.g002
https://doi.org/10.1371/journal.pone.0294976

PLOS ONE DWI in pediatric germ cell tumors

1800
A

1600 =

1400

1200

1000

mADC (10 mm?/s)

Diagnosis Revaluation

Pre-chemotherapy

Post-chemotherapy

Fig 3. mADC measurements of malignant GCT patients at diagnosis and during treatment. A. mADC was determined for 11 patients with
malignant GCT at diagnosis, revaluated during treatment, and compared using the generalized linear statistical model. B. T2w and ADC maps of one
representative patient with yolk sak tumor pre and post chemotherapy. The red circle represents the ROI, and the white box represents the measured
mADC value. ROI: region of interest.

https://doi.org/10.1371/journal.pone.0294976.9003

presence of higher tumor cellularity or increased tumor cell density (lowest mADC values).
Thus, MRI with diffusion can be used as an important tool in the evaluation of tumor cellular-
ity and density and the differential diagnosis of dysgerminomas or pure teratomas.

A report evaluating DWI and ADC maps in pediatric intracranial GCTs also indicated that
the mADC of solid tumor portions was significantly lower in the germinoma group
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(1.113 + 0.415 x 10> mm?/s) than in the nongerminomatous GCT (NGGCT) group

(1.499 + 0.469 x 10> mm?/s, p = 0.001). Additionally, the authors demonstrated that the
mADC threshold value (1.143 x 10~ mm?/s) had the highest specificity (91.3%) and positive
predictive value (92.3%) for discriminating germinomas from NGGCTs [25]. These data cor-
roborate our observations in pediatric extracranial germ cell tumors.

Recently, MRI with a diffusion sequence of water molecules was shown to be sensitive to
changes in the tumor cell density represented by significant damage to tumor cells related to
the breakdown of the membrane barrier and reduction of tumor cellularity after chemother-
apy [26]. Patients with malignant GCT who have no surgical indication are treated with che-
motherapy. Therapeutic response prediction is possible in GCTs that express biological
markers (AFP, BHCG and LDH); however, in some histological GCT subtypes, such biological
markers are not expressed [27].

We demonstrated, using MRI with diffusion, that at least some of the tumors evaluated at
diagnosis (without treatment) showed an increased mADC value at the moment of revaluation
during treatment, which could reflect a therapeutic response with treatment-induced cell
death. In this context, some scholars have reported the association of ADC with short-term
clinical outcomes in other types of cancer lesions, such as the early response to chemotherapy
[28, 29]. However, the observation of ADC at different time points among different patients in
our study limits our understanding of its potential role in monitoring a patient’s therapeutic
response. More patients should be evaluated in such a context to confirm whether mADC
increases during treatment could be used together with serum markers as a parameter to mon-
itor treatment response.

The relatively small number of cases evaluated and the retrospective design of the study
could represent limiting factors in data interpretation. Additionally, another limitation is asso-
ciated with data (b-values) generated using different 1.5 T scanners. However, scholars
reported in one study that changing b-value combinations for ADC analysis had no impact on
the discrimination between benign and malignant lesions [30].

Conclusions

Together, our data suggest that mADC evaluation at GCT diagnosis can be used as a support
tool for the discrimination of benign (pure teratoma) from malignant tumors (dysgerminoma,
yolk sac and mixed GCT). Additionally, our study showed evidence that mADC could also be
used as a complementary tool to monitor treatment response in patients with malignant GCT.
Due to the heterogeneity of the histological GCT subtypes as well as their lower occurrence in
children and adolescents, we consider that the assessment of ADC as a predictor of response
and clinical outcomes needs to be validated in a larger cohort and a prospective scenario.

Supporting information

$1 Table. Tumor histology, primary site, surgery/biopsy and tumor size of the of the 43
pediatric patients diagnosed with primary germ cell tumors (gonadal or extracranial)
included in the study.

(PDF)
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(PDF)

S3 Table. Raw data.
(PDF)
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