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Abstract
Background: Functional MRI (fMRI) parameters analysis has been proven to be a promising tool of predicting
therapeutic response to induction chemotherapy (IC) in nasopharyngeal carcinoma (NPC). The study was designed
to identify and compare the value of fMRI parameters in predicting early response to IC in patients with NPC.
Methods: This prospective study enrolled fifty-six consecutively NPC patients treated with IC from January 2021 to
May 2021. Conventional diffusion weighted imaging (DWI), diffusion kurtosis imaging (DKI), intravoxel incoherent
motion (IVIM) and dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI) protocols were performed
before and after IC. Parameters maps (ADC, MD, MK, Dslow, Dfast, PF, Ktrans, Ve and Kep) of the primary tumor were
calculated by the Functool post-processing software. The participants were classified as responding group (RG) and
non-responding group (NRG) according to Response Evaluation Criteria in Solid Tumors 1.1. The fMRI parameters
were compared before and after IC and between RG with NRG. Logistic regression analysis and ROC were
performed to further identify and compare the efficacy of the parameters.
Results: After IC, the mean values of ADC(p < 0.001), MD(p < 0.001), Dslow(p = 0.001), PF(p = 0.030) and Ve(p = 0.003)
significantly increased, while MK(p < 0.001), Dfast(p = 0.009) and Kep(p = 0.003) values decreased dramatically, while
no significant difference was detected in Ktrans(p = 0.130). Compared with NRG, ADC-pre(p < 0.001), MD-pre(p <
0.001) and Dslow-pre(p = 0.002) values in RG were lower, while MK-pre(p = 0.017) values were higher. The areas
under the ROC curves for the ADC-pre, MD-pre, MK-pre, Dslow-pre and PRE were 0.885, 0.855, 0.809, 0.742 and 0.912,
with the optimal cutoff value of 1210 × 10− 6 mm2/s, 1010 × 10− 6 mm2/s, 832 × 10− 6, 835 × 10− 6 mm2/s and 0.799
respectively.
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Conclusions: The pretreatment conventional DWI (ADC), DKI (MD and MK), and IVIM (Dslow) values derived from
fMRI showed a promising potential in predicting the response of the primary tumor to IC in NPC patients.
Trial registration: This study was approved by ethics board of the Chinese PLA General Hospital, and registered on
January 30, 2021, in Chinese Clinical Trial Registry (ChiCTR2100042863).
Keywords: Functional magnetic resonance imaging, Magnetic resonance imaging, Induction chemotherapy,
Nasopharyngeal carcinoma

Background
Nasopharyngeal carcinoma (NPC) is a common malignancies that arises from nasopharyngeal epithelial tissues
and has remarkable epidemiological features including
regional, racial and familial aggregations, more than 70%
of new cases are in east and southeast Asia [1]. Due to
the tumor’s deep-seated location, almost 80% patients
failed to be diagnosed early until it is at the advanced
stage [2].
Although the efficacy and safety of combined chemoradiotherapy in locoregionally advanced NPC made it to
be the standard treatment protocol [3], the platinumbased induction chemotherapy (IC) followed by concurrent chemoradiotherapy produced superb outcomes for
patients with stage III or IVA/B NPC [4, 5]. Moreover,
IC has also been proven to be beneficial for downstaging, thus reduction of tumor size eventually contributes
to protection of organ at risks, improving quality of life
of NPC [6]. Unfortunately, the patient’s response to IC
seems to be variable widely, not all of them can response
positively. So accurately predicting response to IC is vital
for prognosis and subsequently management [4], specificity for patients with limited and poor response outcomes if it was available prior to the complement of IC.
The advances in imaging modalities have led to improving the ability of diagnosing NPC [7], predicting and
assessing tumor responding to treatment [8–12]. The
apparent diffusion coefficient (ADC) which represents
cellularity and interstitial water mobility is calculated by
diffusion weighted imaging (DWI) using monoexponential model reflecting Gaussian diffusion. ADC
has been proven to be a valuable technique to accurately
predict therapeutic response to IC in head and neck
squamous cell carcinoma [9]. In comparison with DWI,
diffusion kurtosis imaging (DKI) potentially provides
more information about the underlying microstructure
using a polynomial model, reflecting both Gaussian and
non-Gaussian diffusion properties [13], representing the
interaction between molecules with intercellular compounds and cell membranes [13, 14]. Previous studies
have suggested that DKI can be used to evaluate curative
effect of IC in malignancies [9–12, 15, 16]. Intravoxel incoherent motion (IVIM) diffusion weighted model, using

multiple b values and bi-exponential fitting equation,
can quantify and discriminate pure water molecular diffusion and microcirculatory perfusion of the tissue [17,
18]. Several studies have investigated potential value of
the parameters derived from IVIM in assessing and predicting its radiotherapy or chemotherapy response [8,
10, 19–21]. Dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI), a functional imaging modality,
was identified as a valuable tool of reflecting tumor
angiogenesis density, vascular permeability and tumor
neo-angiogenesis blood flow [22, 23]. DCE-MRI therefore become prevalent in studies on the prediction of
curative effect of malignancies [24–30].
Although there have been studies on investigating the
value of single fMRI techniques in assessing and predicting effect of chemotherapy in tumor. However, to our
knowledge, most of these studies focused predominantly
on the tumors occur in other locations rather than nasopharynx. Moreover, it is worth mentioning that there
has been no research to date was designed to compare
the value of conventional DWI, DKI, IVIM and DCEMRI in predicting treatment response of IC in locally
advanced NPC. Therefore, the study was aimed to combined DWI, DKI, IVIM and DCE-MRI techniques simultaneously to identify and compare the value of multipleparameters in predicting early IC response of NPC for
the first time.

Methods
Patient population and induction chemotherapy regimens

The prospective single-center study protocol was
approved by the Institution Review Board of our hospital
(Clinical Trails Registration number was ChiCTR21
00042863), and all participants signed a written informed consent. From January 2021 to May 2021, fiftynine consecutively patients pathologically diagnosed
NPC were prospectively enrolled.
The inclusion criteria were as follows: (1) histological
diagnosis of nasopharyngeal carcinoma (according to
AJCC 8th Head and Neck Tumor Staging Criteria: T14N2-3M0 but not T1-2N1M0, T3-4N0-1M0, as patients
with locoregionally advanced NPC were more likely to
receive IC in our center); (2) aged ranges from 18 to 70;
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(3) KPS ≥70 or ECOC 0–1; (4) be candidate to DCE-MR
scan. (5) without any malignancies or anticancer treatment ever; (6) written informed consent. The exclusion
criteria were as follows: (1) contraindications to IC; (2)
MRI contraindications: metal implants such as dentures
and prostheses in the mouth; (3) bad quality of obtained
images constrained further analysis. All participants were
asked to receive two cycles IC, docetaxel (70 mg/m2 on
day 1) or Paclitaxel-albumin (260 mg/m2 on day 1), cisplatin (P) 40 mg/m2 on days 1 and 2. Totally 3 cases
were excluded, 2 of them quitted as a result of chemotherapy related toxicities and the third one quitted due
to Claustrophobia. There was no excluded case due to
bad image quality.

Functional MRI techniques

All MRI exams were performed on a 3.0 T MR scanner
(Signa HDx, GE Healthcare, Milwaukee, WI, USA). Each
patient underwent MR imaging within 3 days before the
IC and 21–24 days after the second cycle of IC. The
MRI protocols consisted of conventional DWI, DKI,
IVIM and DCE-MRI sequences, and all of which were
implemented in the same examination.
Prior to DWI images, conventional MRI sequences, including axial, sagittal and coronal T2-weighted 2D turbo
spin-echo images were obtained with a 16-channal neurovascular head and neck array coil. Subsequently, axial
DWI was acquired using a single shot echo-planar imaging sequence, with b value of 0 and 600 mm2/s. The
axial DKI sequence was performed using a single-shot
spin echo echo planar imaging sequence with fast suppression. And the diffusion gradients were applied in
three orthogonal gradient diffusion directions. The IVIM
was acquired using a prototyped integrated specific slice
dynamic Shim (iShim) sequence, the parameters of
which were identical to those for DKI, except for using
the multiple b values (detailed information was summarized in Additional file 1). DCE-MRI was acquired using
FLASH 3D gradient echo sequence [31], to obtain four
series of unenhanced images and thirty-one series of enhanced images without any delay after intravenous injection of 0.2 ml/kg of the contrast agent (Gd-TPA,
Magnevist, Bayer Schering, Berlin, Germany). The automatic syringe pump was applied to inject the contrast
agent, with a flow rate of 2 ml/s, followed by a 20 ml saline flush at the identical rate. The acquisition time of
DWI, DKI, IVIM and DCE-MRI were 2:00, 4:09, 2:44
and 4:44 min respectively. After that, the axial, sagittal
and coronal post-contrast T1 weighted 2D turbo spinecho images with fat saturation were acquired in the
same position as the T2WI. (Detailed information was
summarized in Additional file 1).
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Image analysis

The independent Linux workstation (Advantage
Workstation version 4.6, GE Healthcare) was used to
process the data. Pixel-wise ADC maps were calculated by a two-variable linear least-square method on
the basis of a mono-exponential model, using the following equation [14]: Si = S0× exp. (−bi × ADC). The
Si means the MRI signal intensity at the diffusion
weighting bi, while the S0 represents that of nondiffusion weighted.
The DKI parameter maps were obtained using the
post-processed Functool software. In comparison with
the mono-exponential equation, the DKI model yielded
two variables while S0 is known, according to the following equation [13, 14]: Si = S0 × exp.(−bi × D+ 16 bi2 × D2 ×
K). with S0, D, and K as fitting variables, where Si is the
signal at a particular b value, S0 is the baseline signal
without diffusion gradient [16]. Accordingly, D is diffusivity, K describes peakedness of a probability of water
distribution [13, 14]. The parameter MD is the diffusion
coefficient in normal diffusion after correcting the nonGaussian effect, while MK reflects non-Gaussian diffusion behavior. MK as the non-Gaussian component may
depict the inhomogeneity of diffusion that cannot be
measured with conventional DWI.
After the IVIM raw data was transferred to the Linux
workstation, and the parameters including Dslow, Dfast
and PF were calculated by MADC prototype software in
the Functool software package. The assumption of the
IVIM model was based on the translation movements at
voxel levels. IVIM signal attenuation is the sum of the
tissue and blood component, taking the shape of biexponential decay [18]: Si/S0 = (1-f) × exp.(−b × Dslow) +
exp.(−bi × Dslow + Dfast). Si means the signal intensity (SI)
with diffusion gradient bi, S0 represented SI with the diffusion gradient was 0. Dslow means the true diffusion
representing pure molecular diffusion (mm2/s), while
Dfast represents pseudo diffusion coefficient as reflected
by perfusion relative diffusion or incoherent microcirculation (mm2/s), PF acted as fractional perfusion related
to microcirculation [18].
The DCE parameter maps including Ktrans, Ve, Kep,
were calculated using two-compartment model regards
the tissue and plasma as two compartments [23]. The
transport was determined by volume transfer constant:
Ktrans (from the blood plasma to extracellularextravascular space) and Kep (from extracellularextravascular space to the blood plasma). The parameter
ve was defied as EES fractional volume and was calculated by the following equation: Ve = Ktrans/Kep.
The largest slice of the target lesions on the axial plane
was identified by two radiologists (15 years of experience
in head and neck imaging). Region of interest (ROI) of
the target lesions were manually drawn on conventional
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DWI/DKI/IVIM/DCE-MRI parameter maps with the
principle of encompassing the whole tumor area (as
shown in Fig. 1). The time required for analysis of every
single imaging varied from 3 to 5 min. Overall, ADC
values took the shortest time, while longer time was required for the post-processing of DCE-MRI. The
changes of the parameters before and after IC were calculated as followings equation: △(parameters) = post (parameters)
–pre
(parameters);
△(parameters)% =
△(parameters)/pre (parameters)%. Tumor volume was
calculated as follows: Volume = area of lesion× (thickness of slice + interstice gap).
Response evaluation

The target lesions were classified as responding group
(complete or partial response) and non-responding
group (stable or progressive disease) after two cycles of
chemotherapy, assessed by Response Evaluation Criteria
in Solid Tumors (RECIST Version1.1). The primary
tumor was identified as the only target lesion to be
assessed according to RECIST 1.1, the pathologically
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enlarged cervical lymph nodes were not evaluated. The
regression ratio and the tumor volume reduction ratio
was calculated as the following equation: △(Diameters/
Volume) = post (Diameters /Volume) – pre (Diameters/
Volume);
△(Diameters/Volume)% = △(Diameters/Volume) /pre (Diameters/Volume)%.
Statistical analysis

Categorical data was compared by chi-square test, correction for continuity or Fisher’s exact test. Before and
after treatment, mean value of these parameters were
compared using Paired t test or Wilcoxon rank-sum test
(according to normality of data distributed).
Independent-samples t test or Mann-Whitney U test
(according to normality of data distributed) was performed to compare the mean value of the parameters
and changes of parameters after treatment between RG
and NRG. Logistic regression analysis was applied to fit
the significant parameters to generate a new predictive
factor (PRE). ROC curve analyses were performed to further identify and compare the efficacy of the significant

Fig. 1 Pre-IC, (A) ADC, (B) MD, (C) MK, (D) Dslow, (E) Dfast, (F) PF, (G) Ktrans, (H) Ve, (I) Kep maps derived from fMRI were obtained in a 19-yearold man with nasopharyngeal carcinoma
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parameters in terms of the value of predicting IC outcomes. All data were analyzed by SPSS 26.0 and Medcalc. A p value less than 0.05 was considered statistically
significant.

Results

Comparison of fMRI parameters before and after IC

There were statistically significant differences in ADC,
MD, MK, Dslow, Dfast, PF, Ve and kep except for Ktrans before and after IC. After treatment, the mean values of
ADC, MD, Dslow, PF and Ve significantly increased, while
MK, Dfast and Kep values decrease dramatically (Table 2,
Fig. 2).

Participants and tumor characteristics

A totally 56 participants were enrolled in the study, including 46 males and 10 females, mean age was 45.54 ±
12.84 years (range from 18 to 67). Subsequent to two cycles of IC, the regression ratio in diameters of the primary tumor was 10.30 ± 10.12%, and tumor volume’s
reduction ratio was 52.61 ± 23.63%. 36 patients were
assigned to RG, of the remaining 20 were categorized as
NRG. The reduction rate of tumor diameters in RG
(49.24%) was significantly higher than NRG
(18.62%)(p < 0.001), and the same trend was observed
for volume changes (64.98 ± 17.77% and 30.35 ± 14.94%,
respectively) (p < 0.001). No significant difference was
found in age, sex, T, N, pathological classification and
chemotherapy regimens between RG and NRG
(Table 1).

Comparison of fMRI parameters between RG and NRG

Statistically significant differences were identified in
ADC-pre, ADC-post, ΔADC%, MD-pre, ΔMD, ΔMD%,
MK-pre, ΔMK, ΔMK%, Dslow-pre between RG and NRG.
The results, as shown in Table 3, Fig. 3 (see Additional file 2), also indicate that the mean value of ADCpre(p < 0.001), MD-pre(p < 0.001) and Dslow-pre(p =
0.002) in RG were lower than those in NRG, in contrast
to the value of MK-pre(p = 0.017).
The diagnostic performance of MRI parameters

The areas under the ROC curves for parameters ADCpre, MD-pre, MK-pre and Dslow-pre were 0.885, 0.855,
0.809 and 0.742 respectively, with the optimal cutoff
value of ADC-pre (1210 × 10− 6 mm2/s), MD-pre

Table 1 Patient demographic data and clinical characteristics of responding group and nonresponding group
Age

RG(n = 36)

NRG(n = 20)

t/χ2

p

43.75 ± 13.14

48.75 ± 11.92

1.41

0.165

0.003

0.959

2.716

0.444

2.869

0.406

3.283

0.224

1.344

0.246

Gender
Male

29 (80.6%)

17 (85.0%)

Female

7 (19.4%)

3 (15.0%)

T1

2 (5.6%)

0 (0%)

T2

18 (50.0%)

7 (35.0%)

T3

10 (27.8%)

7 (35.0%)

T4

6 (16.7%)

6 (30.0%)

AJCC T stage

A CC N stage
N0

1 (2.8%)

1 (5.0%)

N1

5 (13.9%)

6 (30.0%)

N2

16 (44.4%)

6 (30.0%)

N3

14 (38.9%)

7 (35.0%)

non-cornification undifferentiated

19 (52.8%)

7 (35.0%)

low differentiated

15 (41.7%)

9 (45.0%)

moderately differentiated

2 (5.6%)

4 (20.0%)

Docetaxel + Cisplatin

27 (75%)

12 (60%)

Paclitaxel-albumin + Cisplatin

9 (25%)

8 (40%)

Pathological classification

IC regimes

Note: data represents the number of patients and data in parentheses are percentages. Abbreviations: IC = induction chemotherapy. Abbreviations: RG:
responding group; NRG: nonresponding group; IC: induction chemotherapy
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Table 2 The comparison of fMRI parameters before and after IC
Pre-IC

Post-IC

t/Z

p

ADC (× 10−6 mm2/s)

1238.43 ± 211.932

1549.84 ± 242.527

−11.441

.000♦

MD (×10−6 mm2/s)

1012.50 ± 223.836

1432.61 ± 252.577

−12.603

.000♦

MK (×10−6)

1020.00 (183)

779.00 (226)

−5.485

.000Δ

778.00 (370)

937.00 (548)

−3.227

.001Δ

410.59 ± 181.513

363.16 ± 170.045

2.729

.009♦

PF (×10 )

198.50 (103)

243.00 (109)

−2.165

.030Δ

Ktrans(×10−3/min)

920.43 ± 549.753

790.48 ± 445.798

1.543

.130♦

Ve (×10 )

686.18 ± 242.582

838.14 ± 235.443

−3.205

.003♦

Kep (×10−3/min)

1239.50 (945)

−6

Dslow (×10

2

mm /s)

Dfast (× 10−4 mm2/s)
−4

−3

2

.003Δ

−3.019

805.00 (679)
−6

−6

2

−6

Abbreviations: IC: induction chemotherapy; ADC: apparent diffusion coefficient(×10 mm /s), MD: mean diffusion (× 10 mm /s), MK: mean kurtosis (× 10 ),
Dslow: true diffusion coefficient(× 10− 6 mm2/s), Dfast: pseudo diffusion coefficient (× 10− 4 mm2/s), PF: perfusion fraction (× 10− 4), Ktrans: volume transfer constant (×
10− 3/min), Ve: extracellular extravascular space (× 10− 3), Kep: rate constant(× 10− 3/min). Statistically significant differences determined by Paired t test are marked
with “♦” (data were reported as mean values ± standard error), while Wilcoxon rank-sum test are marked with” Δ” (data were presented as median
(interquartile range))

(1010 × 10− 6 mm2/s), MK-pre (832 × 10− 6), Dslow-pre
(835 × 10− 6 mm2/s) (Table 4, Fig. 4). Statistically significant difference was only found between ADC-pre
with MK-pre (p = 0.012), MD-pre with MK-pre (p =
0.016) (see Additional file 3). The PRE was generated
by fitting the above four metrics, with AUC of 0.912,
the sensitivity of 72.22% and specificity of 95.00%
(Table 4, Fig. 4).

Discussion
Accurately predicting response to IC might improve outcomes for locally advanced NPC by allocating patients
who was insensitive to chemotherapy to non-IC treatment, to avoiding unwanted chemotherapy related toxicities. The present study was set out to analysis and
compare the value of fMRI parameters in predicting
therapeutic response to IC in locoregionally advanced

Fig. 2 Violin distribution of the fMRI parameters before and after IC. Red violin figures represent pre-treatment fMRI values, and blue violin figures
represent post-treatment fMRI values
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Table 3 The fMRI parameters with statistical differences between RG and NRG
RG(n = 36)

NRG(n = 20)

t/U

p

D-post (cm)

1.18 (0.68)

1.94 (0.98)

113.500

0.000Δ

ΔD (cm)

−1.27 (0.59)

−0.4 (0.54)

52.000

0.000Δ

−49.24%(24.14)

−18.62 (11.71)

0.000

0.000Δ

V –post (cm )

4.80 (8.97)

11.68 (10.08)

177.000

0.002Δ

ΔV (cm3)

−10.48 (9.11)

−4.92 (4.17)

152.000

0.000Δ

−64.98 ± 17.77

−30.35 ± 14.94

7.377

0.000♦

1119.58 ± 144.06

1386.25 ± 198.23

5.790

0.000♦

1410.00 (258)

1557.00 (320)

106.000

0.002Δ

33.81 (30)

18.14 (30)

206.500

0.430Δ

902.00 (150)

1121.00 (331)

104.500

0.000Δ

504.46 ± 106.51

318.90 ± 242.72

−3.023

0.004♦

58.56 ± 20.49

28.61 ± 21.77

−4.666

0.000♦

1052.25 ± 122.02

935.10 ± 185.34

−2.538

0.017♦

492.00 (217)

305.00 (144)

129.000

0.009Δ

60.92 (20)

28.17 (14)

131.000

0.010Δ

ΔD%
3

ΔV %
ADC-pre (×10

−6

ADC-post (×10

2

mm /s)

−6

2

mm /s)

ΔADC%
−6

MD-pre (×10
ΔMD (×10

−6

2

mm /s)
2

mm /s)

ΔMD%
MK-pre (×10−6)
−6

ΔMK (×10 )
ΔMK%
Dslow-pre (×10

−6

2

mm /s)

724.50 ± 235.92

933.85 ± 219.95
3

0.002♦

3.258
−6

2

−6

2

Abbreviations: D: diameters of tumor (cm); V: volume of tumor (cm ); ADC: apparent diffusion coefficient (×10 mm /s), MD: mean diffusion (× 10 mm /s), MK:
mean kurtosis (× 10− 6), Dslow: true diffusion coefficient (× 10− 6 mm2/s). Statistical analysis was performed using the independent-samples t test were marked with
“Δ” (data were reported as mean values ± standard error), while using Mann-Whitney U test were marked with” ♦”(data were presented as median
(interquartile range))

Fig. 3 Violin distribution of ADC/MD/MK/Dslow between RG and NRG. Note: pink represents parameter of ADC; light blue represents MD; green
represents MK; red represents Dslow
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Table 4 Diagnostic efficacy of ADC-pre, MD-pre, MK-pre, Dslow-pre and PRE
AUC

95%CI

Youden

Cutoff

sensitivity

specificity

+LR

-LR

+PV

-PV

ADC-pre
(×10−6 mm2/s)

0.885

(0.772,0.955)

0.650

1210

75.00%

90.00%

7.50

0.28

93.1

66.7

MD-pre
(×10−6 mm2/s)

0.855

(0.735,0.935)

0.556

1010

80.6%

75.0%

3.22

0.26

85.3

68.2

MK-pre
(×10−6)

0.692

(0.555,0.809)

0.394

832

94.4%

45.0%

1.72

0.12

75.6

81.8

Dslow-pre
(×10−6 mm2/s)

0.742

(0.608,0.850)

0.450

835

75.00%

70.00%

2.50

0.36

81.8

60.9

PRE

0.912

(0.806,0.971)

0.672

0.799

72.22%

95.00

14.44

0.29

96.3

65.5

Abbreviation: AUC: area under the curve; 95% CI: 95% confidence interval; +LR: positive likelihood ratio; −LR: negative likelihood ratio; +PV: positive predictive
value; −PV: negative predictive value

NPC. And the study found that the parameters derived
from fMRI could reflect the changes of tumor microstructure after IC. After treatment, the mean value of
ADC, MD, Dslow, Dfast, PF and Ve significantly increased,
while MK and Kep decreased. Perhaps the most important findings were that the mean value of ADC-pre, MDpre and Dslow-pre were lower in RG than those in NRG,
conversely higher the value of MK-pre was. Furthermore, ROC analysis showed the promising potential of
fMRI parameters in discriminating RG from NRG by the
indicators of ADC-pre, MD-pre, MK-pre, Dslow-pre and
PRE.
As a functional imaging technique reflecting water diffusion in tissues, DWI has shown a promising value of
revealing changes of tumor at the cellular level. ADC derived from DWI and held strong potential to be an

Fig. 4 ROC of fMRI parameters in predicting the treatment response of IC

imaging biomarker to reflect therapeutic response early
[15]. Although it is an “apparent” metrics and has no
direct biophysical basis, ADC is thought to be closely related to extracellular space which can be influenced by
tissue architectural properties [13]. So, differences of
biological character between RG and NRG can be correctly reflected by changes of ADC theoretically. As
mentioned in the literature review, high pre-treatment
ADC could be predictor of outcomes in patients with
HNSCC [9]. Specificity, Prior studies have noted that
pretreatment tumor ADC values were supposed to be a
noninvasive important prognostic parameter for NPC
[32]. According to these findings, low ADC value before
treatment was identified as a valuable indicator of good
response to IC. It is not hard to follow actually, higher
ADC values often means less cellularity, more necrosis
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in micro-structure and poor perfusion, which can contributed to the lack of chemotherapeutic drugs delivered
to the tissue [10].
Our results showed that the mean value of ADC significantly increased after IC. The significant increase of
ADC values might result from the chemotherapy associated microstructure necrosis in the tumor, which were
in general agreement with literature [11, 20, 33–35]. The
current study also found that ADC-pre and ADC-post
values is lower in RG than those in NRG, which is consistent with that of prior studies which have demonstrated that good responder group had lower
pretreatment ADC values than the poor responder
group did [33, 35]. These discoveries corroborated with
the ideas of Yu, who suggested that non-residual group
also had lower ADC-pre than the residual group [20].
The role of ADC values in predicting treatment response
to chemoradiotherapy was also proven in metastatic
lymph nodes in patients with NPC [8]. King et al. found
that the primary tumor showed significantly lower increase in percentage change of mean ADC for local failure than for local control [34]. These findings support
our results in some extent, although some of them used
local control or residual as the indicator other than responder. The higher ADC values reflects more micronecrosis in the tumor, which might led to a poor responses by the lack of perfusion of chemotherapeutic
drugs.
DKI is based on a non-Gaussian distribution assumption, which provides an opportunity to get further insights into the actual diffusion of water molecules
in vivo [13]. In addition to MD, the introduction of diffusion kurtosis coefficient (MK) facilitates the evaluation
of non-Gaussian diffusion behavior and quantitative analysis of the extent of deviation. Our study showed that
an increase in MD-pre value, decrease in MK-pre value
after IC, and MD-pre values was lower in RG than those
in NRG. These could be explained by accelerated expansion of extracellular space and more isotropic lead to
rapid decline of MK values [36]. Previous investigations
supported our findings. Zheng et al. [12]. proposed that
the responding group presented higher baseline MD
compared with nonresponding group. And the result
was also consistent with that of Chen’s conclusion [11].
Theoretically, the lower MD-pre values indicated a decrease in tumor cell density or an expansion of the
extracellular space and more free diffusion of extracellular water which might be beneficial for blood supply as
well as chemotherapy drugs transportation. However,
both noted that there was no significant difference in
MK-pre values between groups, which differed from our
findings. The current study observed the fact that pretreatment MK values was higher in RG than that of in
NRG might indicated increased irregularity and
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heterogeneity of tissue microstructure as well as the
amount of interface of cellular tissues in RG [13]. In
spite of this result has not previously been described in
patients of NPC, However, some published articles indicated that pretreatment K values in RG indeed different
from that in NRG for other cancers [10, 37].
IVIM reflects the random microscopic motion that occurred in voxel on images of water molecules intracellular or extracellular and microcirculation of blood
[38]. Compared with conventional DWI, IVIM-MRI can
simultaneously obtain information of tumor tissue diffusion and perfusion, and may serve as predictors of effective response [19]. Our results found that Dslow and PF
values increase, whereas Dfast decrease significantly after
IC, which can be explained by changes of diffusion and
perfusion characteristics in tumor tissue, including dramatically decrease in the cellularity and micro vessels.
Similar study have been reported similar conclusions,
except for PF-pre values, the reason might be that the
duration of 1 cycle IC in that study is too short for the
parameter to be detected [39]. Dslow reflects the true
water diffusion and was related to extracellular spaces.
The present study also indicated that Dslow-pre tend to
be a predictor of an effective response, and was consistent with the previous findings [10, 17, 20, 40], which also
demonstrated that no perfusion-related parameters
could be used to distinguish responders from nonresponders.
DCE-MRI allows for probing perfusion and microvessel permeability using Tofts Pharmacokinetic analysis
of images. Our results also showed that Ve values increase, whereas Kep values decrease significantly after IC.
Ktrans-pre tended to be higher than Ktrans-post, although
there was also no significantly difference before and after
IC. This results agreed with previous conclusions that
Ktrans, Kep and their ratio Ve can be used to quantitative
analysis physiological properties of tumor [41]. Besides,
these parameters were considered as predictors of therapeutic response in head and neck cancers [42]. Studies
have reported that Ktrans and early changes of Ktrans were
potential markers to predicting response right after one
IC cycle for NPC patients [28], and pretreatment primary lesion quantitative DCE-MRI may be valuable in
predicting the prognosis for NPC [43]. DCE-MRI were
also promising in predicting response to IC in other cancers (esophageal cancer, Breast cancer and cervical squamous cell carcinoma) [25, 27, 44]. In contrast to
previous findings, However, no significant differences in
Ktrans, Kep and Ve were detected among responders and
non-responders in the study. These negative findings
might be a result of heterogeneity of tumor and the
complexity of adjacent structures invaded by the primary
tumor. Besides, the poor reproducibility of the parameters produced by DCE-MRI could be another influencing
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factor. It was reported that the repeatability of the parameters largely depend on body part and imaging sequence and the choose artery for arterial input function
measurement [41].
To our knowledge, we present a first attempt to identify and compare the value of fMRI metrics in predicting
therapeutic response to IC in NPC patients. We found
that the best metrics to discriminate responders from
non-responders were ADC-pre and MD-pre. The attempts to combine multiple statistically significant MRI
parameters failed to generate stronger predictor over
single one. Multivariable Logistic regression analysis
showed only ADC-pre was identified as an independent
predictor for responders. However, the predictor PRE
which was fitted by ADC, MD, MK and Dslow using the
way of input of Logistic regression analysis, showed a
promising value of predicting response to IC, with an
area under ROC of 0.912, a sensitivity of 75%, a specificity of 95%, cutoff values of 0.799. These results were in
line with those of Wong et al. [33]. Who also claimed
that ADC-pre was a powerful predictor of response to
IC (AUC: 0.829). As shown in literatures [20, 21, 45],
the pretreatment ADC cutoff values ranged from 0.86 to
1.2 to distinguish patients with effective (or locoregional
failure) from ineffective (locoregional control) groups.
The results reported by Chen et al. [11]. suggested that
the MD-pre provided worse diagnostic performance for
evaluating response to IC (AUC = 0.593). As reported in
prior studies, the AUC of MD-pre for predicting response to IC in NPC was 0.765(reported by Yu [20]) and
0.714 (by Xiao [39]) respectively. Zheng et al. [12]. reported the AUC for DKI was 0.898 (ranged from 0.803
to 0.993). Xiao et al. [39] found the threshold of baseline
MD values that best predicted the responders for primary nasopharynx tumors were 0.911 × 10− 3 mm2/s,
which was similar to ours (1010 × 10− 6 mm2/s). ADCpre and MD-pre as the reliable indicators of good responders to IC in NPC patients could allow the modification of the chemotherapy regime, indicate the need for
a switch to alternative strategies, improving their chance
of therapeutic success, and sparing the patients from ineffective treatment burdened by unnecessary toxicities.
Given its feasibility in the clinical setting and superiority
of efficacy, ADC-pre was more essential for guiding clinical practice and prognosis, especially for patients with
limited or poor response outcomes if it was available
prior to the complement of IC.
Several limitations of this study need to be acknowledged. First of all, the single-center study with which has
its inherent shortcomings. The lack of generalizability of
the data could be addressed by explored a multi-center,
larger sample study. Secondly, the patients were classified into RG and NRG by RECIST 1.1, however, the
method may incorrectly classified patients who response
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positively to IC into NRG, which attributed to the fact
that microstructural changes precede morphological alterations. Attempt to obtain pathological evidence failed
to confirm the response to IC with the golden criteria
due to unresectability or inoperability of NPC. Finally,
the mean value of fMRI parameters can only explain
partial property of the target tissues other than reflecting
the whole characteristics of tumor. Therefore, further
in-depth research is required, and Radiomics of the
fMRI parameters-maps for detecting microstructural
changes and predicting treatment response to IC is a
promising topic in this direction.

Conclusions
The purpose of the current study was to identify and
compare the value of conventional DWI, DKI, IVIM and
DCE-MRI in predicting early response to IC in locoregionally advanced NPC. The pretreatment ADC, MD,
MK, Dslow values emerged as reliable predictive factors
of treatment response, which demonstrated that fMRI
parameters have a potential to early detect the efficacy
of IC in NPC patients, despite the failure of DCE-MRI in
predicting curative efficacy. Multicenter radiomics trails
are urgently needed to verify our findings.
Abbreviations
fMRI: Functional magnetic resonance imaging; NPC: nasopharyngeal
carcinoma; IC: induction chemotherapy; RG: responding group; NRG: nonresponding group; DKI: diffusion kurtosis imaging; IVIM: intravoxel incoherent
motion; DCE-MRI: dynamic contrast-enhanced magnetic resonance imaging;
ADC: apparent diffusion coefficient; MD: mean diffusivity; MK: mean kurtosis;
Dslow: pure molecular diffusion coefficient; Dfast: pseudo diffusion coefficient;
PF: fractional perfusion; EES: extravascular extracellular space; Ktrans: volume
transfer constant; Kep: reflux rate constant between EES and plasma;
Ve: volume fraction of EES

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s40644-021-00428-0.
Additional file 1. . MRI standard protocol
Additional file 2. . The comparison of fMRI parameters between RG and
NRG
Additional file 3. . Pair wise comparison of ROC curves
Acknowledgements
Not applicable.
Authors’ contributions
Da-wei Zhao, Wen-jun Fan, Lin Ma, Xin-xin Zhang: design of the study, interpretation of data, draft of work. Lingling Meng, Yan-rong Luo, Kun Liu, Gang
Liu, Jin-feng Li, Xiao Zang, Meng Li: interpretation of data, draft of work. All
authors read and approved the final manuscript.
Funding
Not applicable.
Availability of data and materials
All data generated or analyzed during this study are included in this
published article and its supplementary information files.

Zhao et al. Cancer Imaging

(2021) 21:59

Declarations
Ethics approval and consent to participate
The research was HIPAA compliant and adhered to the ethical principles in
the Declaration of Helsinki as amended in 2013. This study (Clinical Trial
Registry number: ChiCTR2100042863) was approved by the research ethics
board of the Chinese PLA General Hospital. Written informed consent was
obtained from all eligible patients prior to participation.
Consent for publication
Not applicable.
Competing interests
We have no financial competing interests to declare.
Author details
1
Medical School of Chinese PLA, No.28 Fuxing Road, Beijing 100853, China.
2
Department of Radiology, Pingjin Hospital, Characteristic Medical center of
Chinese People’s Armed Police Force, Tianjin, China. 3Department of
Radiation Oncology, First Medical Center of Chinese PLA General Hospital,
Beijing, China. 4Affiliated Foshan Maternity & Child Healthcare Hospital,
Southern Medical University, Foshan, China. 5Armed Police Forces Corps
Hospital of Henan Province, No.1 Kangfu Road, Zhengzhou 450052, China.
6
Department of Otolaryngology, First Medical Center of Chinese PLA General
Hospital, Beijing, China. 7Department of Radiology, First Medical Center of
Chinese PLA General Hospital, Beijing, China.
Received: 20 June 2021 Accepted: 10 September 2021

References
1. Chen Y-P, Chan ATC, Le Q-T, Blanchard P, Sun Y, Ma J. Nasopharyngeal
carcinoma. Lancet. 2019;394(10192):64–80. https://doi.org/10.1016/s0140-673
6(19)30956-0.
2. Liu LT, Chen QY, Tang LQ, Zhang L, Guo SS, Xie CM, et al. Advanced-stage
nasopharyngeal carcinoma: restaging system after neoadjuvant
chemotherapy on the basis of MR imaging determines survival. Radiology.
2017;282(1):171–81. https://doi.org/10.1148/radiol.2016152540.
3. Pfister DG, Spencer S, Adelstein D, Adkins D, Anzai Y, Brizel DM, et al. Head
and neck cancers, version 2.2020, NCCN clinical practice guidelines in
oncology. J Natl Compr Cancer Netw. 2020;18(7):873–98. https://doi.org/10.
6004/jnccn.2020.0031.
4. Kong L, Zhang Y, Hu C, Guo Y, Lu JJ. Effects of induction docetaxel,
platinum, and fluorouracil chemotherapy in patients with stage III or IVA/B
nasopharyngeal cancer treated with concurrent chemoradiation therapy:
final results of 2 parallel phase 2 clinical trials. Cancer. 2017;123(12):2258–67.
https://doi.org/10.1002/cncr.30566.
5. Liu LT, Chen QY, Tang LQ, Guo SS, Guo L, Mo HY, et al. Neoadjuvant or
adjuvant chemotherapy plus concurrent CRT versus concurrent CRT alone
in the treatment of nasopharyngeal carcinoma: a study based on EBV DNA.
J Natl Compr Cancer Netw. 2019;17(6):703–10. https://doi.org/10.6004/
jnccn.2018.7270.
6. Yang H, Chen X, Lin S, Rong J, Yang M, Wen Q, et al. Treatment outcomes
after reduction of the target volume of intensity-modulated radiotherapy
following induction chemotherapy in patients with locoregionally advanced
nasopharyngeal carcinoma: a prospective, multi-center, randomized clinical
trial. Radiother Oncol. 2018;126(1):37–42. https://doi.org/10.1016/j.radonc.201
7.07.020.
7. Li Y, Li X, Yu X, Lin M, Ouyang H, Xie L, et al. Investigating the value of
arterial spin labeling and intravoxel incoherent motion imaging on
diagnosing nasopharyngeal carcinoma in T1 stage. Cancer Imaging. 2020;
20(1):62. https://doi.org/10.1186/s40644-020-00339-6.
8. Lu L, Li Y, Li W. The role of Intravoxel incoherent motion MRI in predicting
early treatment response to Chemoradiation for metastatic lymph nodes in
nasopharyngeal carcinoma. Adv Ther. 2016;33(7):1158–68. https://doi.org/1
0.1007/s12325-016-0352-3.
9. Chung SR, Choi YJ, Suh CH, Lee JH, Baek JH. Diffusion-weighted magnetic
resonance imaging for predicting response to Chemoradiation therapy for
head and neck squamous cell carcinoma: a systematic review. Korean J
Radiol. 2019;20(4):649–61. https://doi.org/10.3348/kjr.2018.0446.

Page 11 of 12

10. Zhang H, Li W, Fu C, Grimm R, Chen Z, Zhang W, et al. Comparison of
intravoxel incoherent motion imaging, diffusion kurtosis imaging, and
conventional DWI in predicting the chemotherapeutic response of
colorectal liver metastases. Eur J Radiol. 2020;130:109149. https://doi.org/1
0.1016/j.ejrad.2020.109149.
11. Chen Y, Ren W, Zheng D, Zhong J, Liu X, Yue Q, et al. Diffusion kurtosis
imaging predicts neoadjuvant chemotherapy responses within 4 days in
advanced nasopharyngeal carcinoma patients. J Magn Reson Imaging. 2015;
42(5):1354–61. https://doi.org/10.1002/jmri.24910.
12. Zheng D, Lai G, Chen Y, Yue Q, Liu X, Chen X, et al. Integrating dynamic
contrast-enhanced magnetic resonance imaging and diffusion kurtosis
imaging for neoadjuvant chemotherapy assessment of nasopharyngeal
carcinoma. J Magn Reson Imaging. 2018;48(5):1208–16. https://doi.org/10.1
002/jmri.26164.
13. Rosenkrantz AB, Padhani AR, Chenevert TL, Koh DM, De Keyzer F, Taouli B,
et al. Body diffusion kurtosis imaging: basic principles, applications, and
considerations for clinical practice. J Magn Reson Imaging. 2015;42(5):1190–
202. https://doi.org/10.1002/jmri.24985.
14. Arab A, Wojna-Pelczar A, Khairnar A, Szabo N, Ruda-Kucerova J. Principles of
diffusion kurtosis imaging and its role in early diagnosis of
neurodegenerative disorders. Brain Res Bull. 2018;139:91–8. https://doi.org/1
0.1016/j.brainresbull.2018.01.015.
15. Partridge SC, Zhang Z, Newitt DC, Gibbs JE, Chenevert TL, Rosen MA, et al.
Diffusion-weighted MRI findings predict pathologic response in
neoadjuvant treatment of breast Cancer: the ACRIN 6698 multicenter trial.
Radiology. 2018;289(3):618–27. https://doi.org/10.1148/radiol.2018180273.
16. Zhu L, Pan Z, Ma Q, Yang W, Shi H, Fu C, et al. Diffusion kurtosis imaging
study of rectal adenocarcinoma associated with histopathologic prognostic
factors: preliminary findings. Radiology. 2017;284(1):66–76. https://doi.org/1
0.1148/radiol.2016160094.
17. Song T, Yao Q, Qu J, Zhang H, Zhao Y, Qin J, et al. The value of intravoxel
incoherent motion diffusion-weighted imaging in predicting the pathologic
response to neoadjuvant chemotherapy in locally advanced esophageal
squamous cell carcinoma. Eur Radiol. 2021;31(3):1391–400. https://doi.org/1
0.1007/s00330-020-07248-z.
18. Szubert-Franczak AE, Naduk-Ostrowska M, Pasicz K, Podgorska J, Skrzynski W,
Cieszanowski A. Intravoxel incoherent motion magnetic resonance imaging:
basic principles and clinical applications. Pol J Radiol. 2020;85(1):e624–e35.
https://doi.org/10.5114/pjr.2020.101476.
19. Xiao Y, Chen Y, Chen Y, He Z, Yao Y, Pan J. Longitudinal assessment of
Intravoxel incoherent motion diffusion weighted imaging in evaluating the
Radio-sensitivity of Nasopharyngeal Carcinoma Treated with intensitymodulated radiation therapy. Cancer Res Treat. 2019;51(1):345–56. https://
doi.org/10.4143/crt.2018.089.
20. Xiao-ping Y, Jing H, Fei-ping L, Yin H, Qiang L, Lanlan W, et al. Intravoxel
incoherent motion MRI for predicting early response to induction
chemotherapy and chemoradiotherapy in patients with nasopharyngeal
carcinoma. J Magn Reson Imaging. 2016;43(5):1179–90. https://doi.org/10.1
002/jmri.25075.
21. Marzi S, Piludu F, Sanguineti G, Marucci L, Farneti A, Terrenato I, et al. The
prediction of the treatment response of cervical nodes using intravoxel
incoherent motion diffusion-weighted imaging. Eur J Radiol. 2017;92:93–
102. https://doi.org/10.1016/j.ejrad.2017.05.002.
22. Syed AK, Whisenant JG, Barnes SL, Sorace AG, Yankeelov TE. Multiparametric
Analysis of Longitudinal Quantitative MRI data to Identify Distinct Tumor
Habitats in Preclinical Models of Breast Cancer. Cancers (Basel). 2020;12(6).
https://doi.org/10.3390/cancers12061682.
23. Zahra MA, Hollingsworth KG, Sala E, Lomas DJ, Tan LT. Dynamic
contrast-enhanced MRI as a predictor of tumour response to
radiotherapy. Lancet Oncol. 2007;8(1):63–74. https://doi.org/10.1016/s14
70-2045(06)71012-9.
24. Chan SC, Ng SH, Yeh CH, Chang KP. Multiparametric positron emission
tomography/magnetic resonance imaging in nasopharyngeal carcinoma:
correlations between magnetic resonance imaging functional parameters
and (18) F-fluorodeoxyglucose positron emission tomography imaging
biomarkers and their predictive value for treatment failure. Tzu Chi Med J.
2021;33(1):61–9. https://doi.org/10.4103/tcmj.tcmj_4_20.
25. Liu B, Sun Z, Ma WL, Ren J, Zhang GW, Wei MQ, et al. DCE-MRI quantitative
parameters as predictors of treatment response in patients with locally
advanced cervical squamous cell carcinoma underwent CCRT. Front Oncol.
2020;10:585738. https://doi.org/10.3389/fonc.2020.585738.

Zhao et al. Cancer Imaging

(2021) 21:59

26. Mouawad M, Biernaski H, Brackstone M, Lock M, Yaremko B, Shmuilovich O,
et al. DCE-MRI assessment of response to neoadjuvant SABR in early stage
breast cancer: comparisons of single versus three fraction schemes and two
different imaging time delays post-SABR. Clin Transl Radiat Oncol. 2020;21:
25–31. https://doi.org/10.1016/j.ctro.2019.12.004.
27. Heethuis SE, Goense L, van Rossum PSN, Borggreve AS, Mook S, Voncken
FEM, et al. DW-MRI and DCE-MRI are of complementary value in predicting
pathologic response to neoadjuvant chemoradiotherapy for esophageal
cancer. Acta Oncol. 2018;57(9):1201–8. https://doi.org/10.1080/0284186X.201
8.1473637.
28. Zheng D, Yue Q, Ren W, Liu M, Zhang X, Lin H, et al. Early responses
assessment of neoadjuvant chemotherapy in nasopharyngeal carcinoma by
serial dynamic contrast-enhanced MR imaging. Magn Reson Imaging. 2017;
35:125–31. https://doi.org/10.1016/j.mri.2016.08.011.
29. Zheng D, Chen Y, Liu X, Chen Y, Xu L, Ren W, et al. Early response to
chemoradiotherapy for nasopharyngeal carcinoma treatment: value of
dynamic contrast-enhanced 3.0 T MRI. J Magn Reson Imaging. 2015;41(6):
1528–40. https://doi.org/10.1002/jmri.24723.
30. Saito K, Ledsam J, Sugimoto K, Sourbron S, Araki Y, Tokuuye K. DCE-MRI for
early prediction of response in hepatocellular carcinoma after TACE and
Sorafenib therapy: a pilot study. J Belg Soc Radiol. 2018;102(1):40. https://
doi.org/10.5334/jbsr.1278.
31. Heethuis SE, van Rossum PS, Lips IM, Goense L, Voncken FE, Reerink O, et al.
Dynamic contrast-enhanced MRI for treatment response assessment in
patients with oesophageal cancer receiving neoadjuvant
chemoradiotherapy. Radiother Oncol. 2016;120(1):128–35. https://doi.org/1
0.1016/j.radonc.2016.05.009.
32. Yan DF, Zhang WB, Ke SB, Zhao F, Yan SX, Wang QD, et al. The prognostic
value of pretreatment tumor apparent diffusion coefficient values in
nasopharyngeal carcinoma. BMC Cancer. 2017;17(1):678. https://doi.org/1
0.1186/s12885-017-3658-x.
33. Wong KH, Panek R, Dunlop A, McQuaid D, Riddell A, Welsh LC, et al.
Changes in multimodality functional imaging parameters early during
chemoradiation predict treatment response in patients with locally
advanced head and neck cancer. Eur J Nucl Med Mol Imaging. 2018;45(5):
759–67. https://doi.org/10.1007/s00259-017-3890-2.
34. King AD, Chow KK, Yu KH, Mo FK, Yeung DK, Yuan J, et al. Head and neck
squamous cell carcinoma: diagnostic performance of diffusion-weighted MR
imaging for the prediction of treatment response. Radiology. 2013;266(2):
531–8. https://doi.org/10.1148/radiol.12120167.
35. Chen Y, Liu X, Zheng D, Xu L, Hong L, Xu Y, et al. Diffusion-weighted
magnetic resonance imaging for early response assessment of
chemoradiotherapy in patients with nasopharyngeal carcinoma. Magn
Reson Imaging. 2014;32(6):630–7. https://doi.org/10.1016/j.mri.2014.02.009.
36. Zheng X, Chen Y, Zheng D, Xiao Y, Chen J, Pan J, et al. Diffusion kurtosis
imaging and tumour microstructure for monitoring response to
radiotherapy in human nasopharyngeal carcinoma xenografts. Jpn J Clin
Oncol. 2020;50(5):548–55. https://doi.org/10.1093/jjco/hyaa002.
37. Fu J, Tang L, Li ZY, Li XT, Zhu HF, Sun YS, et al. Diffusion kurtosis imaging in
the prediction of poor responses of locally advanced gastric cancer to
neoadjuvant chemotherapy. Eur J Radiol. 2020;128:108974. https://doi.org/1
0.1016/j.ejrad.2020.108974.
38. Li YT, Cercueil JP, Yuan J, Chen W, Loffroy R, Wang YX. Liver intravoxel
incoherent motion (IVIM) magnetic resonance imaging: a comprehensive
review of published data on normal values and applications for fibrosis and
tumor evaluation. Quant Imaging Med Surg. 2017;7(1):59–78. https://doi.
org/10.21037/qims.2017.02.03.
39. Xiao Y, Pan J, Chen Y, Chen Y, He Z, Zheng X. Intravoxel incoherent motionmagnetic resonance imaging as an early predictor of treatment response to
neoadjuvant chemotherapy in Locoregionally advanced nasopharyngeal
carcinoma. Medicine (Baltimore). 2015;94(24):e973. https://doi.org/10.1097/
MD.0000000000000973.
40. Noij DP, Martens RM, Marcus JT, de Bree R, Leemans CR, Castelijns JA,
et al. Intravoxel incoherent motion magnetic resonance imaging in
head and neck cancer: a systematic review of the diagnostic and
prognostic value. Oral Oncol. 2017;68:81–91. https://doi.org/10.1016/j.ora
loncology.2017.03.016.
41. Koopman T, Martens RM, Lavini C, Yaqub M, Castelijns JA, Boellaard R, et al.
Repeatability of arterial input functions and kinetic parameters in muscle
obtained by dynamic contrast enhanced MR imaging of the head and neck.
Magn Reson Imaging. 2020;68:1–8. https://doi.org/10.1016/j.mri.2020.01.010.

Page 12 of 12

42. Bernstein JM, Homer JJ, West CM. Dynamic contrast-enhanced magnetic
resonance imaging biomarkers in head and neck cancer: potential to guide
treatment? A systematic review. Oral Oncol. 2014;50(10):963–70. https://doi.
org/10.1016/j.oraloncology.2014.07.011.
43. Qin Y, Yu X, Hou J, Hu Y, Li F, Wen L, et al. Prognostic value of the
pretreatment primary lesion quantitative dynamic contrast-enhanced
magnetic resonance imaging for nasopharyngeal carcinoma. Acad Radiol.
2019;26(11):1473–82. https://doi.org/10.1016/j.acra.2019.01.021.
44. Kim Y, Kim SH, Song BJ, Kang BJ, Yim KI, Lee A, et al. Early prediction of
response to neoadjuvant chemotherapy using dynamic contrast-enhanced
MRI and ultrasound in breast Cancer. Korean J Radiol. 2018;19(4):682–91.
https://doi.org/10.3348/kjr.2018.19.4.682.
45. Lombardi M, Cascone T, Guenzi E, Stecco A, Buemi F, Krengli M, et al.
Predictive value of pre-treatment apparent diffusion coefficient (ADC) in
radio-chemiotherapy treated head and neck squamous cell carcinoma.
Radiol Med. 2017;122(5):345–52. https://doi.org/10.1007/s11547-017-0733-y.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

