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What are the novel findings of this work?
We have developed a predictive model for methotrexate
(MTX) resistance in low-risk gestational trophoblastic
neoplasia (GTN) with myometrial invasion, which
combines a Doppler marker of tumor vascularity with the
International Federation of Gynecology and Obstetrics
(FIGO) score, thus improving the predictive power of the
latter.

What are the clinical implications of this work?
The Doppler-based predictive model achieved a specificity
of 96.6% and stratified patients with low-risk GTN into
low (< 10%), intermediate (10–90%) and high (> 90%)
probability of MTX resistance. Thus, it has the potential
to guide patient counseling and subsequent management.

ABSTRACT

Objectives This prospective clinical study aimed to
evaluate the vascularization characteristics of low-risk
gestational trophoblastic neoplasia (GTN) using Doppler
imaging and to develop a predictive model for resistance
to methotrexate (MTX).

Methods Patients with low-risk GTN receiving primary
MTX treatment were enrolled from the Women’s
Hospital, Zhejiang University School of Medicine,
Hangzhou, China, from September 2012 to August 2018.
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The primary endpoint was to develop and internally
validate a predictive model for resistance to MTX therapy
in these patients. In the training set, clinical features
and Doppler hemodynamic parameters before MTX
therapy were analyzed using logistic regression to identify
independent predictors of MTX resistance, which were
integrated into the model. The predictive performance of
the model was evaluated by leave-one-out cross-validation
in the training dataset and internal validation in an
independent-sample test dataset.

Results The entire imaging protocol was completed
by 147 eligible patients, of which 110 comprised
the training set and 37 the test set. In the training
set, cases with myometrial invasion (81.8%; 90/110)
showed vascular-enriched areas in the myometrium and
high velocity and low impedance ratios of the uter-
ine artery (UtA) compared to cases without myome-
trial invasion (18.2%; 20/110). On multivariate logistic
regression analysis, time-averaged mean velocity in UtA
(UtA-TAmean) and the International Federation of Gyne-
cology and Obstetrics (FIGO) score were identified as
independent predictors (P = 0.009 and P = 0.043, respec-
tively) of MTX resistance. The Doppler-based predictive
model, developed based on the 90 cases with myome-
trial invasion, was y =−2.95332 + 0.41696 × FIGO
score + 0.03551 × UtA-TAmean. The model showed an
area under the curve of 0.757 (95% CI, 0.653–0.862) and
the optimal cut-off value was 0.50622, which had 45.2%
sensitivity and 96.6% specificity. The model stratified
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patients with low-risk GTN into low (< 10%), interme-
diate (10–90%) and high (> 90%) probability of MTX
resistance, based on the threshold values of −1.59544 and
0.10046. The model had an accuracy of 74.4% (95% CI,
64.5–82.3%) in the cross-validation and 72.7% (95% CI,
55.8–84.9%) in the internal validation.

Conclusions The Doppler-based predictive model, com-
bining a non-invasive marker of tumor vascularity with
the FIGO scoring system, can differentiate cases with low
from those with high probability of developing MTX resis-
tance and therefore has the potential to guide treatment
options in patients with low-risk GTN and myometrial
invasion. © 2020 The Authors. Ultrasound in Obstetrics
& Gynecology published by John Wiley & Sons Ltd on
behalf of International Society of Ultrasound in Obstetrics
and Gynecology.

INTRODUCTION

Gestational trophoblastic neoplasia (GTN) is a group of
disease processes originating from the placenta with local
invasion and metastasis1. GTN can be treated success-
fully by cytotoxic chemotherapy. The chemotherapeutic
regimen is selected based on the International Federation
of Gynecology and Obstetrics (FIGO) 2000 prognostic
scoring system2. This system differentiates quantitatively
patients as having low risk (FIGO score ≤ 6) or high
risk (FIGO score ≥ 7) of potentially developing resistance
to single-agent chemotherapy. Commonly, methotrexate
(MTX) is the agent of choice due to its advantages of easy
administration and relatively low cost1,3–7. However, the
FIGO score fails to provide a clear prediction between
low-risk patients that will subsequently become MTX
resistant and those that will respond well8. Thus, approx-
imately 30–40% of patients with low-risk GTN require
alternative therapeutic regimens following the develop-
ment of resistance to MTX1,4,5,7,9,10. Changing drugs
substantially prolongs treatment duration, increases the
accumulation of drug side effects and thus increases the
risk of morbidities3. Therefore, efforts to refine this prog-
nostication system are needed for GTN management11.

Tumor vascularization is known to be correlated sig-
nificantly with drug resistance12–14. Doppler ultrasound
is a non-invasive, radiation-free, high temporal resolution
tool that assesses vascular characteristics of tumors in real
time15–21. Several (mostly retrospective) studies on GTN
have evaluated the usefulness of Doppler in predicting
chemotherapy resistance; however, their conclusions
remain controversial22–26. Such discrepancies could be
attributed to the variation in the MTX regimens (e.g.
5-day, 8-day or weekly) and the small sample sizes.
Furthermore, since the existing papers selected different
ultrasound parameters, these results were dependent
mostly on the candidate parameters.

This cohort study recruited prospectively a relatively
large number of subjects with low-risk GTN who
were treated with the same regimen. The study aimed
to evaluate the clinical features and vascularization

characteristics, based on Doppler imaging, of low-risk
GTN and to develop a predictive model for MTX
resistance in these patients.

METHODS

Patients

This prospective study was conducted in compliance
with the guidelines of the Declaration of Helsinki and
was approved by the Ethics Committee of the Women’s
Hospital, Zhejiang University School of Medicine
(Reference: 20120023). Study subjects with low-risk
GTN were recruited consecutively between September
2012 and August 2018.

Eligible patients met the following inclusion criteria:
the first-line chemotherapy was single-agent MTX; the
complete course of treatment was undertaken in our
hospital; and written informed consent was obtained.
Exclusion criteria were: change of treatment regimen due
to MTX side effects (serositis or allergy); transcatheter
arterial embolization before chemotherapy; and histo-
logic diagnosis of placental-site trophoblastic tumor or
epithelioid trophoblastic tumor.

All patients were followed up for at least 1 year after
the last course of chemotherapy27.

Endpoints

The primary endpoint was to develop and internally
validate a predictive model for resistance to MTX therapy
in low-risk GTN patients.

The secondary endpoints were: (1) to describe the
vascularization characteristics of low-risk GTN at the
baseline ultrasound examination, focusing on the uterine
artery (UtA) and the tumor central vessels (TCV),
particularly with respect to the differences between cases
with and those without myometrial invasion; (2) to
assess the intraobserver, interobserver and interdevice
reliability of Doppler measurements in the UtAs; and (3)
to assess the correlation between UtA Doppler indices
and actinomycin-D resistance after MTX resistance.

Sample size calculation

In accordance with the transparent reporting of a
multivariable prediction model for individual prognosis
or diagnosis (TRIPOD) statement, the subjects were
separated into the training set for development of the
predictive model in the first phase, and the test set
for independent validation of the model in the second
phase28. The sample size of the training set was calculated
based on preliminary data of 45 cases in our hospital
(16 cases with MTX resistance and 29 MTX responsive),
which showed that the overall rate of MTX response
was about 65% (allocation ratio; 0.35/0.65 = 0.538)
and revealed that the area under the curve (AUC) of the
Doppler-based model for MTX resistance was estimated
to be 0.70. In order to achieve the AUC of 0.70 with the
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Doppler-based predictive model, assuming a SD of the
AUC of 0.05, with an alpha of 5% and a power of 90%,
a minimum of 31 cases of MTX resistance and 57 cases
of MTX responsive, i.e. a total of 88 cases with low-risk
GTN, were required to develop the multivariate logistic
regression model. For the test set, the sample size was
based on an alpha of 10% and a power of 80% in order
to meet the minimal amount of data, i.e. the estimated
sample size of 33 cases, for independent validation.

Chemotherapy and response evaluation

Patients were treated initially with MTX administered
as an intramuscular injection at a dose of 0.4 mg/kg/day
(maximum of 25 mg) for 5 days, repeated every 2 weeks10.
Their response to chemotherapy was monitored by weekly
measurement of serum human chorionic gonadotropin
(hCG). MTX resistance was defined as a plateau or
rise in serum hCG level that continued for at least two
consecutive cycles of chemotherapy or development of
new metastases or both, indicating a need for salvage
therapy29–32.

Patients who developed MTX resistance were changed
to treatment with actinomycin-D (intravenous injection,
10 μg/kg/day for 5 days, every other week). Patients
who developed resistance to actinomycin-D therapy were
then treated with an etoposide, MTX, actinomycin-D,
vincristine and cyclophosphamide (EMA/CO) intravenous
injection as a weekly alternating schedule. Treatment was
continued in all patients for two cycles of consolidation
chemotherapy after their hCG levels fell to normal
(< 5.3 IU/L).

Ultrasound and data collection

Participants underwent a transvaginal ultrasonographic
examination within 3 days before chemotherapy. Doppler
assessments were performed using Voluson 730 Expert
or Voluson E8 (version number 1 1.4.2, BT 14.0.6; GE
Healthcare, Zipf, Austria) equipped with a 5–9-MHz
transvaginal probe.

The patient was examined in the lithotomy position and
with an empty bladder. The ultrasound probe was gently
introduced into the vagina. The following variables were
measured: (1) uterine volume; (2) bilateral UtA diameters
and hemodynamic parameters (Figure S1); and (3) tumor
volume and hemodynamic parameters of TCV in cases
with detectable myometrial invasion.

Uterine volume was calculated using the prolate
ellipsoid formula: uterine volume (cm3) = L (cm) × AP
(cm) × W (cm) × 0.523, where L is length, AP is
anteroposterior diameter and W is width.

For measurement of the UtA diameters and hemody-
namic parameters, the image was magnified sufficiently
to include only the isthmus and the lower segment of the
uterus. The UtA diameters were measured on the seg-
ment before bifurcation of the UtA into cervical and
corporeal branches in order to ensure that the UtA,
rather than the arcuate artery, was being examined.

The calipers were placed at the innermost edge of the
echogenic lines so that the crossbars coincided with the
inner border of the echogenic lines (on–on) to measure
the artery diameter. The following seven hemodynamic
parameters were measured twice in each UtA on pulsed
Doppler: peak systolic velocity (PSV), end-diastolic veloc-
ity (EDV), time-averaged maximum velocity (TAmax),
time-averaged mean velocity (TAmean), systolic/diastolic
flow velocity ratio (S/D), resistance index (RI) and pul-
satility index (PI). The sample volume had to include
the whole internal diameter of the vessel and the posi-
tion of the transvaginal probe was adjusted to keep the
angle of insonation below 30◦. The highest velocity val-
ues (UtA-PSV, UtA-EDV, UtA-TAmax and UtA-TAmean)
and the lowest impedance ratios (UtA-RI, UtA-PI and
UtA-S/D) recorded were used for analysis, as described
previously33,34.

In patients with detectable myometrial invasion, the
length, width and anteroposterior diameter of the tumor
were measured in the cross-sectional plane, and the tumor
volume was calculated using the prolate ellipsoid formula
as mentioned above. The TCV hemodynamic parameters
were acquired in four different central vessels, which were
defined as vessels located at least 5 mm from the tumor’s
outer margin34. For each central vessel, the same seven
hemodynamic parameters as for the UtAs were captured
using pulsed Doppler. The highest TCV-PSV, TCV-EDV,
TCV-TAmax and TCV-TAmean measurements and the
lowest TCV-RI, TCV-PI and TCV-S/D measurements
were used for analysis.

Development of predictive model

Variables that were identified as significant on univariate
logistic regression analysis were included in multivariate
logistic regression analysis to assess which variables
provided an independent prediction of MTX resistance.
Independent predictors were incorporated into a predic-
tive model. The performance of the model was evaluated
by cross-validation in the training dataset and internal
validation in the test dataset.

Statistical analysis

The sample size was estimated using a one receiver-
operating-characteristics (ROC) curve power calculation.
Continuous data were tested for normality using the
Kolmogorov–Smirnov test. Student’s t-test was used
for comparison of normally distributed data and
Mann–Whitney U-test for non-normally distributed
continuous data. All contingency tables were assessed
using the chi-square test, or Fisher’s exact test if the
number of subjects was less than five. Univariate
and forward stepwise multivariate logistic regressions
were performed to determine the predictive factors for
MTX resistance. ROC curves were used to test the
discriminative potential of significant factors selected by
logistic regression. An AUC with a lower limit of 95% CI
> 0.5 was considered to be significant discrimination.
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Z-test was used for pairwise comparison of ROC curves.
Leave-one-out cross-validation was used to reduce
selection bias, in which the model was trained using data
from n – 1 patients and the remaining case was used as
the validation set. This process was repeated n times, so
every case was left out once. The classification accuracy
for each process was used to estimate how well the model
performed35. Bland–Altman analysis and intraclass
correlation coefficient (ICC) were used to evaluate
intraobserver, interobserver and interdevice repeatability
of the UtA Doppler measurements (detailed methods
are provided in Appendix S1). P < 0.05 (two-tailed) was
considered statistically significant. Analyses were carried
out using SPSS version 19.0 (IBM Corp., Armonk, NY,
USA) and R statistical package for Mac (R Foundation
for Statistical Computing, Vienna, Austria) and PASS
15.0 for Windows XP (NCSS LLC., Kaysville, UT, USA).

RESULTS

Of 211 patients presenting with low-risk GTN during the
study period, 147 patients (110 in the training set and 37
in the test set) who received chemotherapy were eligible
for inclusion and completed the entire imaging protocol.
Figure 1 illustrates the inclusion of participants into this
study. Table 1 summarizes the clinical characteristics
of the included patients. There were no significantly
different characteristics between the training and the test
datasets (all P > 0.05).

In the training set, the median age of patients
was 33 (range, 15–56) years. The overall primary
complete-response rate to single-agent MTX chemother-
apy was 64.5% (71/110). The 39 patients with MTX
resistance were switched to treatment with single-agent
actinomycin-D, and 76.9% (30/39) of them achieved com-
plete remission. The remaining 23.1% (9/39) cases were
changed to an EMA/CO regimen. No cases had recurrence
and the overall survival was 100% at least 1 year after the
last course of chemotherapy. The patients underwent an
average of 6.7 (range, 2–13) treatment cycles.

Ultrasound findings in training dataset

Among the 110 low-risk GTN cases in the training dataset,
uterine myometrial invasion was detected by transvaginal
ultrasound in 81.8% (90/110) cases and was not detected
in 18.2% (20/110) cases. In the 90 cases with myometrial
invasion, the mean tumor volume was 17.26 (range,
0.15–113.03) cm3 and hypervascular areas were observed
in the myometrium on color Doppler (Figure 2a,b).
In the 20 cases without myometrial invasion, no
vascular-enriched areas were noted (Figure 2c,d). Patients
with myometrial invasion showed significantly higher
UtA-PSV, UtA-EDV, UtA-TAmax and UtA-TAmean
and significantly lower UtA-S/D, UtA-RI and UtA-PI
compared with those without myometrial invasion
(P < 0.01 for all) (Table S1). Since the abnormal Doppler
signal was not detected within the lesion in the 20 GTN

Test datasetTraining dataset

Low-risk GTN cases from
September 2017 to August 2018

(n = 43)

Low-risk GTN cases from
September 2012 to August 2017

(n = 168)

Underwent ultrasound
examination

(n = 164)

Enrolled
(n = 120)

Eligible for inclusion
(n = 110)

Myometrial invasion
(n = 90)

No myometrial
invasion
(n = 20)

Excluded:
 • Transcatheter arterial
 embolization (n = 4)

Excluded:
 • Did not receive
 chemotherapy (n = 20)
 • Received MTX and
 actinomycin-D (n = 24)

Excluded:
 • Changed regimen due to
 MTX allergy (n = 8)
 • Did not complete
 treatment (n = 2)

Underwent ultrasound
examination

(n = 42)

Enrolled
(n = 39)

Eligible for inclusion
(n = 37)

Myometrial invasion
(n = 33)

No myometrial
invasion
(n = 4)

Excluded:
 • Transcatheter arterial
 embolization (n = 1)

Excluded:
 • Did not receive
  chemotherapy (n = 3)

Excluded:
 • Changed regimen due to
 MTX allergy (n = 2)

Used for development
of predictive model of

MTX resistance

Validation

Figure 1 Flowchart showing inclusion of patients with low-risk gestational trophoblastic neoplasia (GTN) in training and test datasets for
development of predictive model of resistance to methotrexate (MTX).
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cases without myometrial invasion, they were excluded
from further analysis of the Doppler-based predictive
model (Table S2).

Analysis of repeatability of Doppler measurement of
the seven UtA hemodynamic parameters showed that the
ICC for intraobserver repeatability ranged from 0.855 to
0.985 (95% CI, 0.773–0.990), the ICC for interobserver
repeatability ranged from 0.797 to 0.952 (95% CI,
0.677–0.969) and the ICC for interdevice repeatability
ranged from 0.790 to 0.902 (95% CI, 0.653–0.937)
(Tables S3–S5 and Figures S2–S4).

Predictive factors for MTX resistance based on training
dataset

The presence or absence of uterine myometrial invasion
on ultrasound was not associated significantly with MTX
resistance (P = 0.639).

Table 1 Clinical characteristics of patients with low-risk gestational
trophoblastic neoplasia included in training and test datasets

Characteristic

Training
dataset

(n = 110)

Test
dataset
(n = 37) P

Age 0.409
< 40 years 82 (74.5) 25 (67.6)
≥ 40 years 28 (25.5) 12 (32.4)

Antecedent pregnancy 0.818
Hydatidiform mole 98 (89.1) 32 (86.5)
Spontaneous miscarriage 7 (6.4) 2 (5.4)
Term pregnancy 4 (3.6) 2 (5.4)
Unknown 1 (0.9) 1 (2.7)

Interval from antecedent
pregnancy

0.723

< 4 months 104 (94.5) 35 (94.6)
4 to < 7 months 1 (0.9) 1 (2.7)
7 to < 13 months 2 (1.8) 0 (0.0)
≥ 13 months 3 (2.7) 1 (2.7)

Initial clinical symptom 0.656
Abnormal serum hCG 97 (88.2) 30 (81.1)
Irregular vaginal bleeding 9 (8.2) 4 (10.8)
Abnormal imaging 3 (2.7) 2 (5.4)
Other 1 (0.9) 1 (2.7)

Pretreatment serum hCG 0.703
< 1000 IU/L 25 (22.7) 6 (16.2)
1000–10 000 IU/L 44 (40.0) 16 (43.2)
10 000–100 000 IU/L 41 (37.3) 15 (40.5)

Myometrial invasion 0.294
No 20 (18.2) 4 (10.8)
Yes 90 (81.8) 33 (89.2)

Detectable lesion on imaging* 0.815
No 5 (4.5) 2 (5.4)
Yes 105 (95.5) 35 (94.6)

FIGO stage 0.221
I 38 (34.5) 13 (35.1)
III 72 (65.5) 23 (62.2)
IV 0 (0.0) 1 (2.7)

FIGO score 0.098
0–2 61 (55.5) 13 (35.1)
3–4 38 (34.5) 18 (48.6)
5–6 11 (10.0) 6 (16.2)

Data are given as n (%). *Imaging included pelvic Doppler
ultrasound, chest X-ray and computed tomography and brain
magnetic resonance imaging. FIGO, International Federation of
Gynecology and Obstetrics; hCG, human chorionic gonadotropin.

Based on univariate logistic regression analysis, in
patients with myometrial invasion, all seven UtA hemody-
namic parameters (PSV, EDV, TAmax, TAmean, S/D, PI
and RI) were associated significantly with MTX resistance
(all P < 0.01), as were the three impedance ratios of TCV

Figure 2 Difference in uterine vascularization between patient with
low-risk gestational trophoblastic neoplasia (GTN) and myometrial
invasion (a,b) and patient with low-risk GTN without myometrial
invasion (c,d). In the case with detectable myometrial invasion,
heterogeneous mass is seen on grayscale ultrasound (a) and
myometrial vascular-enriched mass on color Doppler (b). In patient
without invasion, myometrium appears normal on both grayscale
ultrasound (c) and color Doppler (d).
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(S/D, PI and RI; all P < 0.05). Clinical characteristics
including the FIGO score, pretreatment serum hCG level
and uterine lesion volume, were identified as significant
predictors for MTX resistance (all P < 0.01) (Table 2).

On multivariate logistic regression analysis, the FIGO
score and UtA-TAmean were identified as independent
predictors of MTX resistance. Both predictors were
significantly higher in the MTX-resistance group com-
pared with the MTX-responsive group (P = 0.043 and
P = 0.009, respectively) (Table 2). On ROC curve ana-
lysis, the UtA-TAmean and FIGO score had an AUC
of 0.765 (95% CI, 0.663–0.867) and 0.726 (95% CI,
0.611–0.841), respectively, indicating that they had dis-
criminatory potential (Figure 3). The optimal cut-off value
for UtA-TAmean was 25.9 cm/s, with 71.0% sensitiv-
ity, 69.5% specificity, 55.0% positive predictive value
(PPV) and 82.0% negative predictive value (NPV).
Patients with high UtA-TAmean (≥ 25.9 cm/s) had a
5.57-fold (95% CI, 2.147–14.443) increased risk for
MTX resistance compared to those with low (< 25.9 cm/s)
UtA-TAmean. The optimal cut-off value for FIGO score
was 4, with 51.6% sensitivity, 86.4% specificity, 66.7%
PPV and 77.3% NPV. Patients with FIGO score ≥ 4 had
a 6.80-fold (95% CI, 2.539–18.963) increased risk for
MTX resistance compared to those with low (< 4) FIGO
score.

The univariate logistic regression analysis of possible
predictors of resistance to single-agent actinomycin-D
following MTX resistance is presented in Table S6.
None of the evaluated clinical or ultrasound parameters
obtained before MTX treatment was predictive of
resistance to actinomycin-D as a second-line treatment.

0.8 0.6

Specificity

0.4 0.2 0.01.0
0.0

0.2

0.4

0.6
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ns
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Figure 3 Receiver-operating-characteristics curves for prediction of
methotrexate resistance by uterine artery time-averaged mean
velocity ( ), International Federation of Gynecology and
Obstetrics (FIGO) score ( ) and the predictive model combining
these two variables ( ), in patients with low-risk gestational
trophoblastic neoplasia and myometrial invasion.

Development of predictive model for MTX resistance
in cases with myometrial invasion

FIGO score and UtA-TAmean were integrated into
the predictive model as y = −2.95332 + 0.41696 × FIGO
score + 0.03551 × UtA-TAmean. The model had an AUC
of 0.757 (95% CI, 0.653–0.862) for the prediction of
MTX resistance (Figure 3). The optimal cut-off value
was 0.50622, on the maximal Youden’s index, which
had 45.2% sensitivity, 96.6% specificity, 87.5% PPV
and 77.0% NPV. The odds ratio was 2.718 (95% CI,
1.665–4.438). Figure 4 shows ultrasound findings in
two patients with model-predicted probability of MTX
resistance above and below this cut-off, respectively.

As shown in Figure 5a, the Doppler-based predictive
model is able to differentiate cases into low (< 10%),
intermediate (10–90%) and high (> 90%) predicted
probability of MTX resistance, based on the threshold
values of −1.59544 (the 10th centile) and 0.10046
(the 90th centile). In the low-probability group, 14.3%
(4/28; 95% CI, 5.7–31.5%) and 85.7% (24/28; 95% CI,
68.5–94.3%) of patients were MTX resistant and MTX
responsive, respectively. In the high-probability group,
77.8% (14/18; 95% CI, 54.8–91.0%) and 22.2% (4/18;
95% CI, 9.0–45.2%) of patients were MTX resistant
and MTX responsive, respectively. However, using FIGO
score only, there was significant overlap of risk scores
between the two groups (Figure 5c).

Using leave-one-out cross-validation for the training
dataset (n = 90), 22 cases were predicted to be MTX
resistant, of which 68.2% (15/22) became resistant,
while 68 cases were predicted to be MTX responsive, of
which 76.5% (52/68) responded well to MTX treatment.
Therefore, the predictive model had a sensitivity of
48.4% (95% CI, 32.0–65.2%), specificity of 88.1%
(95% CI, 77.5–94.1%) and accuracy of 74.4% (95% CI,
64.5–82.3%).

Internal validation in the independent-sample test set

The clinical and ultrasound features of the 37 patients
included in the test dataset are presented in Table 1.
Among them, 33 patients had detectable uterine myome-
trial invasion, including 20 MTX-responsive cases and
13 MTX-resistant cases. All four cases (4/4; 100%) with
calculated probability values for MTX resistance above
the optimal cut-off value of 0.50622 had MTX resistance.
Based on the validation dataset, the prediction model had
a sensitivity of 30.8% (95% CI, 12.7–57.6%), specificity
of 100% (95% CI, 84.8–100%) and accuracy of 72.7%
(95% CI, 55.8–84.9%). Based on the thresholds estab-
lished from the training set, there were no cases (0/6) of
MTX resistance in the group with low probability of resis-
tance and no cases (0/6) of MTX response in the group
with high probability of MTX resistance (Figure 5b).

DISCUSSION

Vascularization is a significant feature of tumor devel-
opment that is associated with drug resistance12–14.

© 2020 The Authors. Ultrasound in Obstetrics & Gynecology published by John Wiley & Sons Ltd Ultrasound Obstet Gynecol 2021; 57: 829–839.
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However, tumor vascularity is not included in the current
clinical evaluation system for GTN, such as the FIGO
prognostic scoring system. In this study, by adding a
Doppler marker of tumor vascularity to improve the
predictive power of the FIGO score, we developed a

predictive model for MTX resistance in low-risk GTN
before treatment. This Doppler-based predictive model
achieved 96.6% specificity and can stratify patients
with low-risk GTN into low, intermediate and high
probability of MTX resistance. In accordance with

Table 2 Univariate and multivariate logistic regression analysis of possible predictors of methotrexate (MTX) resistance in 90 patients in
training set with low-risk gestational trophoblastic neoplasia and myometrial invasion

Parameter
Total

(n = 90)
MTX responsive

(n = 59)
MTX resistant

(n = 31)
Univariate analysis

(OR (95% CI))
Multivariate analysis

(OR (95% CI))

Age (years) 32.9 (15–56) 33.1 (20–56) 32.5 (15–53) 0.993 (0.953–1.035)
Antecedent pregnancy 0.783 (0.354–1.731)

Hydatidiform mole 82 (91.1) 55 (93.3) 27 (87.1)
Spontaneous

miscarriage
5 (5.6) 1 (1.7) 4 (12.9)

Term pregnancy 2 (2.2) 2 (3.4) 0 (0.0)
Unknown 1 (1.1) 1 (1.7) 0 (0.0)

Interval from antecedent
pregnancy (days)

71.3
(12–913)

45.2
(12–180)

118.7
(19–913)

1.008 (0.998–1.019)

FIGO stage 1.112 (0.713–1.733)
I 33 (36.7) 23 (39.0) 10 (32.3)
III 57 (63.3) 36 (61.0) 21 (67.7)

FIGO score 2.59 (0–6) 2.12 (0–5) 3.39 (1–6) 1.857 (1.303–2.646) 1.517 (1.014–2.271)
Pretreatment hCG (IU/L) 14 395.92

(131–77 634)
10 467.58

(131–57 563)
21 516.04

(280–77 634)
2.245 (1.115–4.518)*

Uterine volume (cm3) 105.45
(26.72–406.56)

93.98
(26.72–366.04)

126.24
(39.89–406.56)

1.009 (1.001–1.016)

Tumor volume (cm3) 17.26
(0.15–113.03)

10.95
(0.37–43.41)

28.69
(0.15–113.03)

1.044 (1.017–1.072)

TCV-PSV (cm/s) 48.87
(6.47–185.66)

48.03
(6.47–183.77)

50.40
(9.15–185.66)

1.002 (0.989–1.014)

TCV-EDV (cm/s) 28.40
(2.89–109.20)

27.66
(2.93–109.20)

29.74
(2.89–87.77)

1.004 (0.984–1.024)

TCV-TAmax (cm/s) 36.30
(4.02–136.98)

35.29
(4.02–136.98)

38.14
(5.23–130.38)

1.003 (0.987–1.020)

TCV-TAmean (cm/s) 14.20
(1.41–68.24)

14.00
(1.41–68.24)

14.57
(3.05–33.34)

1.003 (0.967–1.040)

TCV-S/D 1.66
(1.15–3.86)

1.73
(1.15–3.86)

1.53
(1.16–2.33)

0.197 (0.044–0.892)

TCV-PI 0.51
(0.14–1.51)

0.55
(0.14–1.51)

0.44
(0.15–0.92)

0.092 (0.010–0.841)

TCV-RI 0.37
(0.13–0.74)

0.39
(0.13–0.74)

0.32
(0.14–0.57)

0.005 (0.000–0.295)

UtA-PSV (cm/s) 96.18
(19.46–255.59)

80.82
(19.46–211.5)

124.02
(40.75–255.59)

1.016 (1.009–1.024)

UtA-EDV (cm/s) 39.35
(2.10–184.44)

29.53
(2.10–108.2)

57.15
(4.93–184.44)

1.024 (1.009–1.038)

UtA-TAmax (cm/s) 56.36
(7.20–223.78)

44.01
(7.20–142.86)

78.74
(14.11–223.78)

1.021 (1.009–1.033)

UtA-TAmean (cm/s) 31.47
(2.55–137.35)

22.32
(2.55–65.43)

46.23
(8.25–137.35)

1.044 (1.019–1.069) 1.036 (1.009–1.064)

UtA-S/D 3.43
(1.30–11.78)

3.79
(1.30–11.78)

2.80
(1.30–8.27)

0.717 (0.536–0.961)

UtA-PI 1.27
(0.26–2.99)

1.40
(0.27–2.99)

1.03
(0.26–2.63)

0.365 (0.168–0.793)

UtA-RI 0.62
(0.23–0.92)

0.66
(0.23–0.92)

0.56
(0.23–0.88)

0.024 (0.002–0.363)

UtA diameters (mm) 2.05
(1.1–3.5)

1.97
(1.1–3.4)

2.18
(1.40–3.50)

2.878 (1.070–7.744)

Continuous data are given as mean (range) and categorical data as n (%). Odds ratio (OR) and 95% CI were calculated using univariate/
multivariate logistic regression analysis, comparing data between MTX-responsive and MTX-resistant patients. *For human chorionic
gonadotropin (hCG), OR and 95% CI were obtained by log transformation. EDV, highest end-diastolic velocity; FIGO, International
Federation of Gynecology and Obstetrics; PI, lowest pulsatility index; PSV, highest peak systolic velocity; RI, lowest resistance index; S/D,
lowest systolic/diastolic flow velocity ratio; TAmax, highest time-averaged maximum velocity; TAmean, highest time-averaged mean
velocity; TCV, tumor central vessel; UtA, uterine artery.
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the TRIPOD statement, its predictive performance was
tested by both cross-validation and internal validation
on an independent-sample test set. To our knowledge,
we are the first (in our presentation at the Radio-
logical Society of North America (RSNA) meeting in
2016) to develop and validate a model to predict drug

resistance based on the classification of low-risk GTN
cases, with or without uterine myometrium invasion.
These two distinct groups (with and without myome-
trial invasion) of patients with low-risk GTN had been
shown to have very different uterine vascularization
characteristics.

Figure 4 Grayscale (a,e) and Doppler (b–d, f–h) images and measurement of hemodynamic parameters of tumor central vessels (c,g) and of
uterine artery (d,h) in a patient with low-risk gestational trophoblastic neoplasia (GTN) who responded to methotrexate (MTX) treatment
(a–d) and in a patient with low-risk GTN with MTX resistance (e–h). (a–d) This 28-year-old woman (International Federation of
Gynecology and Obstetrics (FIGO) Stage I and FIGO score 1) was predicted to be MTX responsive by the Doppler-based model (calculated
value of −2.0762). Before MTX therapy, her serum human chorionic gonadotropin (hCG) was 4441 IU/L, the uterine lesion measured
2.9 × 2.6 × 2.2 cm and time-averaged mean velocity in the uterine artery (UtA-TAmean) was 12.96 cm/s. After five cycles of MTX, her serum
hCG declined to 2.52 IU/L. (e–h) This 44-year-old woman (FIGO Stage III and FIGO score 4) was predicted to be MTX resistant by the
Doppler-based model (value of 0.69420). Before MTX therapy, her serum hCG was 54 288 IU/L, the uterine lesion measured
4.5 × 4.0 × 3.4 cm and UtA-TAmean was 55.75 cm/s. During the first three cycles, her serum hCG fluctuated on a plateau level. She was then
changed to actinomycin-D treatment.

© 2020 The Authors. Ultrasound in Obstetrics & Gynecology published by John Wiley & Sons Ltd Ultrasound Obstet Gynecol 2021; 57: 829–839.
on behalf of International Society of Ultrasound in Obstetrics and Gynecology.
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Figure 5 Scatterplots showing distribution of probability of methotrexate (MTX) resistance as calculated by the Doppler-based predictive
model (a,b) and distribution of International Federation of Gynecology and Obstetrics (FIGO) score (c,d) in MTX-responsive ( ) and
MTX-resistant ( ) patients in the training set (a,c) and in the test set (b,d). High-probability ( ) and low-probability ( ) cases are
marked in (a) and (b).

Several ultrasound parameters have been reported
to predict MTX resistance in patients with low-risk
GTN, such as a sizeable myometrial invasion (≥ 4 cm
diameter)26, a low TCV-RI (≤ 0.28)25 and a low UtA-PI
(≤ 1.0 or 1.1)23,24. In this study, we analyzed 17 ultra-
sound features using univariate logistic regression analysis
and identified 12 significant predictors of MTX resistance.
Some of these predictors have been reported previously,
but others, such as UtA-PSV, UtA-EDV, UtA-TAmax,
UtA-TAmean, UtA-S/D, UtA-RI, TCV-S/D and TCV-PI,
were shown for the first time to be prognostic markers.
Furthermore, UtA-TAmean was identified on multivariate
logistic regression analysis as a significant independent
predictor of MTX resistance. Therefore, our results are
not only consistent with previous research23–26, but
also demonstrate new Doppler predictors for MTX
resistance.

UtA-TAmean might be a new marker for MTX resis-
tance. It consists of volumetric blood-flow parameters
representing intensity-weighted mean frequency obtained
with all ranges of velocities along the cardiac cycle.
UtA-TAmean is adaptable for capturing parabolic flow,
in which flow in the center of the vessel is faster and
flow along the periphery of the vessel is slower36. In

the UtA, which is a peripheral artery vessel, higher
TAmean, suggestive of increased volumetric blood
flow, is due perhaps to increased perfusion in the
downstream microvasculature in a uterine lesion. Patho-
logically, high UtA-TAmean is associated potentially with
increased neoangiogenesis, enlarged vessels and severe
arteriovenous shunting, which are inherent features of
GTN37. Thus, a high UtA-TAmean is a potential marker
associated with increased severity of the disease and
an increased risk of MTX resistance. The measurement
of UtA-TAmean was determined to be an objective
and reproducible method for the assessment of blood
vessel flow.

The Doppler-based predictive model for MTX
resistance has the potential to guide counseling and
subsequent management. For instance, cases with a
model-calculated value of < −1.59544 (10th centile of
the predicted probability) would be advised to receive
MTX treatment, whereas cases with a model value of
> 0.10046 (90th centile of the predicted probability)
would be advised to receive other treatment. However,
further investigation through randomized controlled
trials is required to identify the most appropriate
alternative chemotherapy treatment for patients who are
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identified by our prediction model to be MTX resistant.
In the absence of alternative chemotherapy treatment,
patients with intermediate probability of MTX resistance
(predicted values between −1.59544 and 0.10046)
should be counseled regarding the risk of non-response
to MTX (29.5% (13/44) in our cohort).

One potential limitation of this study is that the
patient cohort (both the training and the test datasets)
was derived from a single institution, allowing for the
possibility of selection bias of studied subjects. Women
recruited in the study, however, represented a consecutive
series of low-risk GTN cases. Our hospital is the Center
for Uterine Cancer Diagnosis & Therapy Research of
Zhejiang Province. As a consequence, our results were
unlikely to be subject to referral/selection bias compared
with community hospitals. The future direction of this
project is to obtain data from multicenter clinical studies
and to validate the robustness of our Doppler-based
predictive model for predicting chemoresistance in an
external independent dataset.

In conclusion, we have developed a Doppler-based
predictive model, which includes a non-invasive marker
of tumor vascularity and the FIGO prognostic scoring
system, for the prediction of MTX resistance in patients
with low-risk GTN and myometrial invasion. This model
has the potential to guide treatment options in these
patients. External validation of the model with multi-
center data is needed to confirm our findings to allow its
clinical utility.
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SUPPORTING INFORMATION ON THE INTERNET

The following supporting information may be found in the online version of this article:

Table S1 Uterine artery hemodynamic parameters in patients with low-risk gestational trophoblastic
neoplasia, according to whether they had myometrial invasion

Table S2 Univariate logistic regression analysis of possible predictors of methotrexate resistance in 20 patients
in training set with low-risk gestational trophoblastic neoplasia and no myometrial invasion

Tables S3–S5 Intraobserver (Table S3), interobserver (Table S4) and interdevice (Table S5) repeatability of
uterine artery hemodynamic measurements

Table S6 Univariate logistic regression analysis of possible predictors of resistance to single-agent
actinomycin-D after methotrexate resistance in 90 patients in training set with low-risk gestational
trophoblastic neoplasia and myometrial invasion

Appendix S1 Intraobserver, interobserver and interdevice repeatability of Doppler measurements in uterine
arteries

Figure S1 Doppler assessment of uterine artery. (a) Uterine artery was visualized on grayscale ultrasound at
level of uterine isthmus. (b) Hemodynamic parameters of uterine artery were measured using pulsed Doppler.

Figure S2 Bland–Altman plots of agreement between two measurements by the same observer (intraobserver
reproducibility) of the uterine artery peak systolic velocity (PSV), end-diastolic velocity (EDV), time-averaged
maximum velocity (TAmax), time-averaged mean velocity (TAmean), systolic/diastolic flow velocity ratio
(S/D), pulsatility index (PI) and resistance index (RI) using GE Voluson E10. Solid line indicates mean
difference (PSV, −0.34; EDV, −0.08; TAmax, −0.39; TAmean, −0.43; S/D, 0.11; PI, 0.08; RI, 0.00) and
dashed lines mark 95% limits of agreement.

Figure S3 Bland–Altman plots of agreement between two measurements by two different observers
(interobserver reproducibility) of the uterine artery peak systolic velocity (PSV), end-diastolic velocity (EDV),
time-averaged maximum velocity (TAmax), time-averaged mean velocity (TAmean), systolic/diastolic flow
velocity ratio (S/D), pulsatility index (PI) and resistance index (RI) using GE Voluson E10. Solid line indicates
mean difference (PSV, −0.41; EDV, −0.09; TAmax, −0.58; TAmean, 0.06; S/D, −0.04; PI, 0.02; RI, 0.00)
and dashed lines mark 95% limits of agreement.

Figure S4 Bland–Altman plots of two measurements by the same observer using GE Voluson E10 and Philips
EPIQ 5 (interdevice reproducibility) of the uterine artery peak systolic velocity (PSV), end-diastolic velocity
(EDV), time-averaged maximum velocity (TAmax), time-averaged mean velocity (TAmean), systolic/diastolic
flow velocity ratio (S/D), pulsatility index (PI) and resistance index (RI). Solid line indicates mean difference
(PSV, −0.43; EDV, 0.64; TAmax, 0.88; TAmean, 0.83; S/D, −0.30; PI, −0.16; RI, −0.01) and dashed lines
mark 95% limits of agreement.
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