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ORIGINAL RESEARCH
HEAD & NECK

Diffusion-Weighted Imaging to Assess HPV-Positive versus
HPV-Negative Oropharyngeal Squamous Cell Carcinoma: The

Importance of b-Values
V. Lenoir, B.M.A. Delattre, Y. M’RaD, C. De Vito, T. de Perrot, and M. Becker

ABSTRACT

BACKGROUND AND PURPOSE: Controversy exists as to whether ADC histograms are capable to distinguish human papillomavirus–
positive (HPV1) from human papillomavirus–negative (HPV–) oropharyngeal squamous cell carcinoma. We investigated how the
choice of b-values influences the capability of ADC histograms to distinguish between the two tumor types.

MATERIALS AND METHODS: Thirty-four consecutive patients with histologically proved primary oropharyngeal squamous cell carci-
noma (11 HPV1 and 23 HPV–) underwent 3T MR imaging with a single-shot EPI DWI sequence with 6 b-values (0, 50, 100, 500, 750,
1000 s/mm2). Monoexponentially calculated perfusion-sensitive (including b¼0 s/mm2) and perfusion-insensitive/true diffusion ADC
maps (with b$ 100 s/mm2 as the lowest b-value) were generated using Matlab. The choice of b-values included 2 b-values
(ADCb0–1000, ADCb100–1000, ADCb500–1000, ADCb750–1000) and 3–6 b-values (ADCb0–750–1000, ADCb0–500–750–1000, ADCb0–50–100–1000,
ADCb0–50–100–750–1000, ADCb0–50–100–500–750–1000). Readers blinded to the HPV– status contoured all tumors. ROIs were then copied
onto ADC maps, and their histograms were compared.

RESULTS: ADC histogram metrics in HPV1 and HPV– oropharyngeal squamous cell carcinoma changed significantly depending on
the b-values. The mean ADC was lower, and skewness was higher in HPV1 than in HPV– oropharyngeal squamous cell carcinoma
only for ADCb0–1000, ADCb0–750–1000, and ADCb0–500–750–1000 (P, .05), allowing distinction between the 2 tumor types. Kurtosis was
significantly higher in HPV1 versus HPV– oropharyngeal squamous cell carcinoma for all b-value combinations except 2 perfusion-
insensitive maps (ADCb500–1000 and ADCb750–1000). Among all b-value combinations, kurtosis on ADCb0–1000 had the highest diagnostic
performance to distinguish HPV1 from HPV– oropharyngeal squamous cell carcinoma (area under the curve ¼ 0.893; sensitivity¼
100%, specificity¼ 82.6%). Acquiring multiple b-values for ADC calculation did not improve the distinction between HPV1 and
HPV– oropharyngeal squamous cell carcinoma.

CONCLUSIONS: The choice of b-values significantly affects ADC histogram metrics in oropharyngeal squamous cell carcinoma.
Distinguishing HPV1 from HPV– oropharyngeal squamous cell carcinoma is best possible on the ADCb0–1000 map.

ABBREVIATIONS: AJCC ¼ American Joint Committee on Cancer; AUC ¼ area under the curve; HNSCC ¼ head and neck squamous cell carcinoma; HPV1 ¼
human papillomavirus positive; HPV– ¼ human papillomavirus negative; OPSCC ¼ oropharyngeal squamous cell carcinoma

Infection with human papillomavirus (HPV) is a well-documented
risk factor for oropharyngeal squamous cell carcinoma (OPSCC).1

The literature suggests that HPV-positive (HPV1) OPSCC is a dis-

tinct tumor entity with an improved response to radiation therapy

and a better outcome in comparison with HPV-negative (HPV–)
OPSCC.2,3 As a result, the latest editions of the American Joint

Committee on Cancer (AJCC) and the TNM Classification of
Malignant Tumors staging manuals use different OPSCC staging

criteria depending on HPV status.4,5 The HPV status is established
by p16 immunohistochemistry complemented by polymerase chain

reaction to detect HPV DNA or by in situ hybridization for virus

DNA and oncoprotein E6/E7 messenger RNA.6

Several studies have shown that HPV1 OPSCC differs from

HPV– OPSCC in terms of not only pathogenesis and prognosis

but also histopathologic characteristics and microstructural heter-
ogeneity.7,8 DWI allows quantification of the Brownian motion of
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water molecules in vivo, and ADC values, expressed in square milli-
meter per second, are inversely correlated with cellular density.

ADC metrics could, therefore, serve as imaging biomarkers in head
and neck squamous cell carcinoma (HNSCC), with the advantage

of being able to evaluate the entire tumor noninvasively in vivo,

thus avoiding the inconsistency inherent to invasive tissue sampling.
Some investigators found that HPV1 OPSCCs have lower mean

ADC values than HPV–OPSCCs, most likely because of differences
in the cellular microenvironment.8-11 However, these observations
have not been confirmed by others.12,13 ADCmetrics are influenced
by DWI acquisition protocols, choice of b-values, scanner character-
istics that may vary among vendors, and lesion segmentation techni-
ques that are operator-dependent.11,14,15 When ADC values are
calculated with a monoexponential decay model including b¼0 as
the lowest b-value, molecular diffusion is influenced by tissue perfu-
sion effects. Although these tend to increase ADC values, they can
be corrected for using either higher b-values or multiple b-values.16

From a practical point of view, monoexponential ADC calculation
using 2 b-values reduces the acquisition time in clinical routine as
opposed to the acquisition of multiple b-values.

The effect of perfusion on ADC maps used as cancer bio-
markers is not completely clear and may vary from one tumor to
another. Not surprising, the choice of the right number and type of
b-values for the assessment of HNSCC is still somewhat controver-
sial, and varies among 2,8-10 3,12,13 or 6 b-values.17,18 It has been
recommended that for monoexponentially calculated ADCs with 2
b-values, the lowest b-value should be in the range of 100–150 s/
mm2 and the highest b-value should be between 500 and 1000 s/
mm to obtain a “perfusion-insensitive” and thus a “true diffusion”
ADC estimation.14 However, some studies evaluating ADC charac-
teristics of HPV1 and HPV– OPSCC are based on ADCs calcu-
lated monoexponentially with 2 b-values only, namely 0 s/mm2

and 1000 s/mm2. To the best of our knowledge, it is not yet clear
whether in patients imaged for HNSCC, ADC maps calculated
with several b-values (“multi-b ADC maps”) allow a better distinc-
tion between HPV1 and HPV– OPSCC than maps calculated
only with 2 b-values and whether the perfusion effect on the ADC
calculation, which occurs with b¼0, has a role in this context.

The purpose of the current study was to investigate how the
choice of b-values influences the ability of ADC histogram metrics
to differentiate HPV1 from HPV– OPSCC and which combina-
tion of b-values performs best for distinguishing between the 2 tu-
mor types. We, therefore, compared histograms of ADC maps
obtained with 2 b-values, multiple b-values, and different combina-
tions thereof and correlated the results with the HPV– status.

MATERIALS AND METHODS
Patient Inclusion Criteria
This retrospective study was approved by the Institutional Ethics
and Research Committee and was performed according to the
guidelines of the Helsinki II declaration. Informed consent was
waived. The inclusion criteria for patients in this study were 3-
fold: 1) consecutive adult patients imaged in our institution for
histologically proved primary OPSCC, 2) HPV status determined
by p16 immunohistochemistry (nuclear and cytoplasmic staining
of $70% of neoplastic cells required for HPV– positivity)19 and
polymerase chain reaction for HPV DNA, and 3) MR imaging
examinations obtained on the same scanner with a 6 b-value
DWI sequence allowing retrospective calculation of ADC maps
with different b-value combinations. During 24months, 49 con-
secutive patients with OPSCC underwent MR imaging with the
above-mentioned DWI sequence. Fifteen patients were excluded
from the study because of previous radiation therapy (n¼ 11),
lack of documentation of the HPV– status (n¼ 2), tumor size too
small for segmentation (n¼ 1), or dental hardware artifacts
impairing DWI quality (n¼ 1). Therefore, 34 patients with pri-
mary OPSCC fulfilled the inclusion criteria.

MR Imaging Protocol
Images in all patients were obtained on a 3T Ingenuity TF PET/
MR imaging (Philips Healthcare) system with a routine imaging
protocol, which included morphologic sequences covering the
area between the skull base and the thoracic inlet (axial T1 and
T2, coronal T2 STIR, axial and coronal T1 after IV injection of a
gadolinium-based contrast agent) and 2 single-shot EPI DWI
sequences with 6 b-values (0, 50, 100, 500, 750, 1000s/mm2), each
DWI sequence covering 12 cm in the craniocaudal direction, ie, a
first sequence covering the suprahyoid neck followed by a second
sequence covering the infrahyoid neck. The EPI DWI sequences
had the following parameters: FOV¼ 230 � 254 mm2, acquired
resolution ¼ 2 � 2 � 3mm3, reconstructed resolution¼ 1.3 �
1.3 � 3mm3, TE/TI/TR ¼ 73/230/6859ms, sensitivity encoding
acceleration factor¼ 2, slices ¼ 40, total acquisition time¼ 4
minutes 7 seconds. Because we were interested in the DWI char-
acteristics of primary OPSCC, only the sequences covering the
primary tumors were used for analysis.

Generation of ADC Maps with Different b-Values
Reconstruction of ADC maps with different b-value combina-
tions using the monoexponential decay model was performed
with an in-house-developed Matlab software program (Matlab

Table 1: Choice of b-values for each calculated ADC map
No. of b-Values Used b-Values Monoexponential Model

2 0 1000 ADCb0–1000

4 0 50 100 1000 ADCb0–50–100–1000

5 0 50 100 750 1000 ADCb0–50–100–750–1000

6 0 50 100 500 750 1000 ADCb0–50–100–500–750–1000

3 0 750 1000 ADCb0–750–1000

4 0 500 750 1000 ADCb0–500–750–1000

2 100 1000 ADCb100–1000

2 500 1000 ADCb500–1000

2 750 1000 ADC b750–1000
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release 2009b 32bit; MathWorks). When only 2 b-values were con-
sidered for monoexponential ADC calculation (4 combinations in
this study), we used the following formula: ADC ¼ (ln SIb1 – ln
SIb2)/( b2 – b1), where b1 and b2 were the 2 b-values used. When
using multiple b-values (5 combinations in this study), multi-b
ADC (ADCmultiple-b) was calculated by fitting the linearized version
of the monoexponential decay model to the data on the basis of the
following formula: SIb / SI0 ¼ exp (– b � ADCmultiple-b), where SIb
is the signal intensity in the pixel measured for each b-value and SI0
is the signal intensity in the pixel without diffusion-weighted sensi-
tization (b¼0). This type of ADC calculation was chosen because it
corresponds to the least-squares exponential fitting model used
widely for multiple b values and as provided in clinical routine by
all MR imaging vendors. Calculations using the biexponential or
the stretched exponential model were not considered on the basis
of the current recommendations20 and because the monoexponen-
tially calculated ADC has been shown to be the most reliable diffu-
sion parameter in different tumor types.21,22 Table 1 shows the
choice and combination of b-values for each calculated ADCmap.

Tumor Segmentation
The OsiriX MD, Version 11, software (Pixmeo) was used for ROI
placement. Freehand ROIs were drawn by 2 subspecialty board-
certified head and neck radiologists (with .10 years’ experience)
on the basis of side-by-side visualization of axial T2, contrast-
enhanced T1, b¼1000, and ADC images. The ADC maps used for
segmentation were the ADC maps generated automatically by the
MR imaging scanner (6 b-values) and used in clinical routine.
Both radiologists were blinded to the HPV status and clinical data.
The freehand ROIs encompassed the largest cross-sectional tumor
areas on 2 consecutive axial slices without excluding necrotic

portions.8,10 Tumor areas for ROI placement were selected on the
basis of the agreement of both readers, and ROI boundaries were
drawn in consensus. The reasons for contouring the largest cross-
sectional tumor areas on 2 consecutive slices were as follows: First,
other studies evaluating ADC values in HPV1 and HPV–OPSCC
also used the same approach;8,10 second, because whole-tumor seg-
mentation is time-consuming and because we aimed to use a
method that would be feasible during clinical routine, this choice
appeared as a good compromise between contouring only 1 largest
cross-sectional area (with potentially too few pixels for analysis)
and whole-tumor segmentation.

Quantitative and Semiquantitative (Visual) Analysis
The same ROIs were then copied on all ADC maps (Online
Supplemental Data), and a csv file containing all pixel information
from the ROIs was then exported from OsiriX to Matlab. ADC his-
togram parameters resulting from the combined voxel data from
both ROIs into 1 large histogram were analyzed for each ADCmap
separately (ie, for each investigated b-value combination). The eval-
uated parameters included the following: mean ADC, skewness,
and excess kurtosis. Comparison between histogram parameters in
HPV– and HPV1OPSCCs was done for all combinations of b-val-
ues. Receiver operating characteristic curves and areas under the
curve (AUCs) were calculated to assess the diagnostic performance
for distinguishing HPV1 from HPV– OPSCC. In addition, to
avoid overly optimistic estimates of AUCs resulting from analysis
of the full data set, we used a leave-one-out cross-validation
approach with linear discriminant analysis as a model. The linear
discriminant analysis score function was estimated on the training
set after leaving 1 observation out. The process was repeated for all
observations, and each of the left-out observations was predicted

Table 2: Patient and tumor characteristics

HPV– OPSCC (n= 23) HPV+ OPSCC (n= 11) P Value
Average age (range) (yr) 62 (50–82) 62 (48–85) .986a

Sex
Women 7 (7/23, 30%) 6 (6/11, 55%)
Men 16 (16/23, 70%) 5 (5/11, 45%) .329b

Tumor location
Oropharynx 23 (23/23, 100%) 11 (11/11, 100%)

T classification according to AJCC 20184,5 .944c

T1 3 (3/23, 13%) 0 (0/11, 0%)
T2 3 (3/23, 13%) 2 (2/11, 18%)
T3 5 (5/23, 22%) 2 (2/11, 18%)
T4 12 (12/23, 52%) 7 (7/11, 64%)
N classification according to AJCC 20184,5 .138c

N0 5 (5/23, 22%) 0 (0/11, 0%)
N1 3 (3/23, 13%) 5 (5/11, 45%)
N2 15 (15/23, 65%) 6 (6/11, 55%)
N3 0 (0/23, 0%) 0 (0/11, 0%)

M classification according to AJCC 20184,5 .630c

M0 22 (22/23, 96%) 11 (11/11, 100%)
M1 1 (1/23, 4%) 0 (0/11, 0%)

Tumor keratinization at histopathology .140b

Present 14 (14/23, 61%) 7 (7/11, 64%)
Absent 9 (9/23, 39%) 4 (4/11, 36%)

Mean proliferation index, MIB-1 (range) (%) 55 (15–90) 69 (50–90) .126d

a T test.
b Pearson x 2 test.
c Fisher exact test.
dMann-Whitney-Wilcoxon test.
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across this estimated score function. By means of the linear relation
between the linear discriminant analysis scores and the original
observations, the optimal threshold was calculated to determine the
sensitivity, specificity, and accuracy for each ADCmap.

Furthermore, to visually evaluate differences between tumors on
the studied ADC maps, we generated a customized color map
(Online Supplemental Data). This customizedmap aimed to facilitate
visual (semiquantitative) assessment of possible differences between
ADC pixel values and their distribution. Visual assessment of tumor
ROIs on the color-coded ADC maps was done by the same 2 radiol-
ogists without knowledge of the HPV– status, and discrepancies
between the scores were solved by consensus. A 5-point Likert scale
(1 ¼ definitely HPV–, 2 ¼ probably HPV–, 3¼ indeterminate,
4¼ probably HPV1, 5¼ definitely HPV1) was used. Criteria for
visual ROI scoring included perceived tumor heterogeneity and
ADC values, both presumed lower in HPV1 OPSCCs.

Statistical analysis was performed with R (Version 3.3.2;
RStudio: Integrated Development for R; https://www.rstudio.
com/products/rstudio/download/). Differences between the 2 tu-
mor groups (HPV1 and HPV– OPSCC) were assessed with a
significance level set at P, .05.

RESULTS
Among the 34 patients included in this study, 23 patients had
HPV– OPSCC and 11 patients had HPV1 OPSCC. Patient and
tumor characteristics are shown in Table 2.

Table 3 summarizes the results of pair-wise comparisons
between ADC histogram parameters of HPV1 versus HPV–
OPSCC for all investigated ADC maps on the basis of the ROIs
drawn in consensus by the 2 readers. A significantly lower mean
ADC was found in HPV1 OPSCC versus HPV– OPSCC only
for 3 b-value combinations (ADCb0–1000, ADCb0–750–1000, and
ADCb0–500–750–1000), however, not for the other 6 combinations.
Likewise, ADC skewness was significantly higher in HPV1
OPSCC than in HPV– OPSCC for the same b-value combina-
tions, however, not for all other combinations. ADC excess kur-
tosis was significantly higher in HPV1 OPSCC than in HPV–
OPSCC for all b-value combinations excepting 2 pure diffusion
ADC maps (ADCb500–1000 and ADCb750–1000). The results of pair-
wise comparisons are equally illustrated as boxplots in the Online
Supplemental Data.

Depending on the choice of b-values, ADC histogram shapes
showed significant changes for the same tumor ROI. While
HPV1 and HPV– OPSCC could be distinguished from one
another on the basis of their different histogram shapes on ADC
maps calculated with b¼0, this was not the case for the perfu-
sion-insensitive ADCb100-1000, ADCb500–1000, and ADCb750–1000

maps due to overlapping metrics (Fig 1).
Receiver operating curve analyses to discriminate between

HPV1 and HPV–OPSCC were performed for all parametric ADC
maps. Table 4 illustrates the AUCs for the ADC maps with statisti-
cally significant differences between HPV1 and HPV– OPSCC for

Table 3: Comparison of ADC histograms in HPV+ versus HPV– OPSCC for each b-value combinationa

HPV– OPSCC HPV+ OPSCC P Valueb

ADC Meanc

ADCb0–1000 1117 (SD, 151) 977 (SD, 183) .038
ADCb0–50–100–1000 1029 (SD, 176) 924 (SD, 185) .164
ADCb0–50–100–750–1000 1051 (SD, 168) 925 (SD, 176) .077
ADCb0–50–100–500–750–1000 1061 (SD, 167) 935 (SD, 176) .084
ADCb0–750–1000 1141 (SD, 156) 983 (SD, 177) .017
ADCb0–500–750–1000 1127 (SD, 156) 970 (SD, 177) .017
ADCb100–1000 947 (SD, 245) 875 (SD, 206) .214
ADCb500–1000 838 (SD, 255) 758 (SD, 287) .176
ADCb750–1000 900 (SD, 360) 942 (SD, 340) .942

Skewness
ADCb0–1000 0.156 (SD, 0.453) 0.486 (SD, 0.444) .031
ADCb0–50–100–1000 0.266 (SD, 0.442) 0.393 (SD, 0.48) .258
ADCb0–50–100–750–1000 0.331 (SD, 0.526) 0.363 (SD, 0.609) .445
ADCb0–50–100–500–750–1000 0.31 (SD, 0.542) 0.363 (SD, 0.649) .383
ADCb0–750–1000 0.177 (SD, 0.518) 0.506 (SD, 0.483) .046
ADCb0–500–750–1000 0.2 (SD, 0.496) 0.499 (SD, 0.458) .034
ADCb100-1000 0.136 (SD, 0.427) 0.069 (SD, 0.486) .468
ADCb500–1000 0.229 (SD, 0.431) 0.103 (SD, 0.47) .537
ADCb750–1000 0.672 (SD, 0.739) 0.435 (SD, 0.383) .214

Excess kurtosis
ADCb0–1000 0.12 (SD, 0.71) 1.22 (SD, 0.45) , .001
ADCb0–50–100–1000 0.34 (SD, 0.81) 1.36 (SD, 0.69) , .001
ADCb0–50–100–750–1000 0.57 (SD, 1.25) 1.64 (SD, 1.15) .008
ADCb0–50–100–500–750–1000 0.55 (SD, 1.25) 1.74 (SD, 1.23) .007
ADCb0–750–1000 0.21 (SD, 0.81) 1.22 (SD, 0.58) .002
ADCb0–500–750–1000 0.2 (SD, 0.84) 1.19 (SD, 0.53) .002
ADCb100–1000 0.51 (SD, 1.2) 1.22 (SD, 1.09) .019
ADCb500–1000 0.19 (SD, 0.84) 0.7 (SD, 1.1) .188
ADCb750–1000 0.76 (SD, 2.18) 0.3 (SD, 1.09) .942

a Data are means.
bMann-Whitney-Wilcoxon test.
c Units in �10�6mm2/s.
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all 3 evaluated metrics, ie, ADC mean, skewness, and kurtosis
(Table 3), as well as for the ADCb100-1000 recommended in the liter-
ature.14 Pair-wise comparisons showed that the highest diagnostic
performance to distinguish HPV1 from HPV– OPSCC was
achieved with excess kurtosis on a mixed perfusion-diffusion map,
ie, the ADCb0-1000 map (AUC ¼ 0.893; sensitivity ¼ 100%, speci-
ficity ¼ 82.6%, threshold ¼ 0.641). The AUC of excess kurtosis on
the ADCb0–1000 map was superior to the AUC of excess kurtosis
on the other ADC maps (P, .05). However, for ADC mean and
skewness, the respective AUCs on ADCb0-1000, ADCb0-750–1000, and
ADCb0–500–750–1000 were similar (P, .05). In contrast, ADC mean
and skewness on ADCb100–1000 could not distinguish HPV1 from
HPV–OPSCC (P, .05).

The Online Supplemental Data show the same data as in
Table 4 but with AUCs calculated with leave-one-out cross-vali-
dation and linear discriminant analysis as a model. Results were
similar for all maps, albeit with slightly different thresholds.

By means of the customized color map for all tumors, discrepant
scores regarding the distinction between HPV1 and HPV–OPSCC
were present in 10% of readings (31 of 306 ADC maps). These dis-
crepant readings were solved by consensus. On the basis of a con-
sensus reading, a clearly visible difference between HPV1 and
HPV– OPSCCs was found on most ADC maps in terms of hetero-
geneity and ADCmean values; however, this difference disappeared
on the perfusion-insensitive pure diffusion ADC maps calculated

with b$ 500 (Fig 2). The AUC for visually distinguishing HPV1
from HPV– OPSCC (semiquantitative assessment by the 2 readers
in consensus using a 5-point Likert score) was highest for ADCb0–

1000 (AUC¼ 0 .723) and ADCb0–50–100-1000 (AUC¼ 0.715) and low-
est for ADCb500–1000 (AUC= 0.649) and ADCb750–1000 (AUC¼
0.514), respectively.

DISCUSSION
HPV1 OPSCC is a distinct tumor entity with a better treatment
response in comparison with HPV– OPSCC.2,3 Several authors
have pointed out that noninvasive analysis of tissue-specific pa-
rameters with DWI may have implications in the context of per-
sonalized treatment and follow-up concepts. Previous studies
have indicated that quantitative analysis of textural ADC features
may be a useful in vivo biomarker for the assessment of OPSCC,
allowing a more comprehensive analysis of tumor tissue than
localized biopsy.8,10 Our study focused specifically on OPSCC
because from a clinical point of view, it appears important to
investigate tumors from specific sites separately because their
characteristics may vary and treatment may differ from one site
to another. From a radiologic point of view, there is an interest in
optimizing the performance of DWI sequences to better under-
stand differences between HPV1 and HPV– OPSCC at pretreat-
ment imaging and during follow-up while reducing time-
consuming MR imaging protocols to the necessary minimum.

FIG 1. ADC histogram changes caused by b-value choice illustrated in 2 different patients with OPSCC. T2 and corresponding b¼1000 images
with tumor ROIs (in yellow) are shown on the left side of the figure. The histograms in blue were obtained from the pixel values of the HPV1
OPSCC ROI, and the histograms in orange, from the pixel values of the HPV– OPSCC ROI. ADC mean values are indicated in blue for the HPV1
OPSCC and in red for the HPV– OPSCC, respectively. On ADC maps with b¼0, HPV1 OPSCC histograms have lower ADC mean values, a slen-
der peak (leptokurtic shape), and a right skew, whereas HPV– OPSCC histograms have higher ADC mean values, lower kurtosis (flatter shape),
and a more symmetric shape (Gaussian distribution). On ADC maps with b¼0, the histograms of the 2 tumors can be easily distinguished one
from another. This is hardly possible on perfusion-insensitive ADC maps (ADCb100-1000, ADCb500-1000, ADCb750-1000) due to overlapping metrics.
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The results published in the literature vary concerning the ability
of ADC values to distinguish HPV1 OPSCC from HPV–
OPSCC. Some authors have demonstrated significant differences
between mean ADC values in HPV1 versus HPV– OPSCC,8-10

and a recent meta-analysis based on 5 studies concluded that
mean ADC values are lower in HPV1 OPSCC than in HPV–
OPSCC.11 Other authors, however, could not confirm the useful-
ness of ADC quantification in the context of OPSCC.12,13

The results of our study indicate that the choice of b-values is
extremely important in DWI sequences because some b-value
combinations fail to successfully distinguish HPV1 from HPV–
OPSCCs, whereas other combinations have a high diagnostic per-
formance in this respect. In particular, using only b-values of
$100 for ADC calculation appears to be ineffective regarding
this specific question. ADC values calculated with high b-values
only are perfusion-insensitive, whereas ADC values calculated
with b¼0 and b¼1000 reflect mixed perfusion-diffusion phenom-
ena. It, therefore, appears that the perfusion component of ADC
calculation may actually play a more important role in distin-
guishing HPV1 from HPV– OPSCC than previously thought.
Leaving out b=0 values from ADC calculation leads to significant
changes in histogram metrics and, as a consequence, the ADC
histograms in HPV1 and HPV– OPSCCs tend to overlap,
thereby hindering distinction between the 2 tumor types (Fig 1).
This finding may explain the conflicting results of previous stud-
ies because only EPI DWI protocols with b¼0 reported differen-
ces in mean ADC values between HPV1 OPSCC and HPV–
OPSCC, whereas those without b¼0 did not. This perfusion-
related effect is most pronounced on mean ADC and skewness,
whereas excess kurtosis appears to be a more robust feature
because it retains statistical significance on most ADC maps,
including the ADCb100-1000 map (Table 3).

So far, only very few authors have reported a higher ADC excess

kurtosis in HPV1 OPSCC compared with HPV– OPSCC.8,10 Our

study confirms this observation. This higher excess kurtosis

observed on most ADC maps can be explained by the fact that

HPV1 OPSCCs tend to be more homogeneous tumors; therefore,

the number of pixels with the same ADC value in a tumor ROI is

higher than in the ROI of a more heterogeneous tumor with vari-

able cellularity and variable amounts of keratinization and/or ne-

crosis, such as HPV– OPSCS.8 In addition, it appears that the

ADCb0–1000, ADC b0–750–1000, and ADC b0–500–750–1000 maps are the

most robust to distinguish HPV1 from HPV– OPSCC as on these

3 maps, all studied parameters (mean, skewness, kurtosis) revealed

significant differences between the 2 tumor types. Furthermore,

when using a customized color scale to distinguish HPV1 from

HPV– OPSCC, differences in ADC values and ROI heterogeneity

were particularly well visualized on ADC maps with b¼0, whereas

both tumor types showed similar features on the perfusion-insensi-

tive ADC maps calculated with b$ 500 (Fig 2). Finally, our study

showed equally that by means of a classic monoexponential model,

the acquisition of b¼0 and b¼1000 was sufficient for distinguishing

HPV1 fromHPV–OPSCC. Therefore, acquiring multiple b-values

did not offer advantages in comparison with ADCb0-1000. This result

has practical implications because it allows decreasing DWI acquisi-

tion times in clinical routine. The time invested in acquiring multi-

ple b-values could thus be used for other sequences or to improve

spatial DWI resolution.
Our study has several limitations, and some elements inherent

in all methodologies of texture analysis may limit the reproducibil-
ity of our observations. First, technical parameters of MR imaging
equipment may differ from one vendor to another, making direct
comparisons difficult. Second, segmentation is an operator-depend-
ent process and may lead to different definitions of ROIs. Third, the
sample size in this study is small. Finally, the focus on OPSCC
enhances clinical specificity, but it also limits data generalization to
HNSCC arising from other sites. The data of the present study,
which focused on primary OPSCC, showed that tumor heterogene-
ity as reflected by ADC maps can be influenced by the choice of b-

Table 4: Diagnostic performance of ADC maps capable of distinguishing HPV+ from HPV– OPSCC on the basis of ADC mean, skew-
ness, and kurtosisa

Feature AUC P Value TP FP TN FN Sensitivity Specificity Accuracy Optimal Threshold
ADCb0–1000

ADC mean 0.723 .019 8 7 16 3 0.727 0.695 0.706 1062.429b

ADC skewness 0.731 .016 8 6 17 3 0.727 0.739 0.735 0.349
ADC kurtosisc 0.893 ,.001 11 4 19 0 1.000 0.826 0.882 0.640

ADCb0–750–1000

ADC mean 0.755 .009 8 7 16 3 0.727 0.695 0.706 1088.702b

ADC skewness 0.715 .023 8 5 18 3 0.727 0.783 0.765 0.500
ADC kurtosisc 0.826 .001 10 5 18 1 0.909 0.783 0.823 0.651

ADCb0–500–750–1000

ADC mean 0.755 .009 8 5 18 3 0.727 0.783 0.765 1034.222b

ADC skewness 0.727 .009 8 4 19 3 0.727 0.826 0.794 0.525
ADC kurtosisc 0.826 .001 10 5 18 1 0.909 0.783 0.823 0.620

ADCb100–1000

ADC mean 0.636 .105 8 8 15 3 0.727 0.652 0.676 958.089b

ADC skewness 0.581 .231 7 9 14 4 0.636 0.609 0.618 0.133
ADC kurtosisc 0.751 .010 9 7 16 2 0.818 0.696 0.735 0.484

Note:—TP indicates true-positive; FP, false-positive; TN, true-negative; FN, false-negative.
a For comparison, the diagnostic performance of the perfusion-insensitive map recommended in the literature14 is equally shown. P values to distinguish HPV1 from
HPV– OPSCC were calculated with the Mann-Whitney-Wilcoxon test. Sensitivity, specificity, and accuracy were calculated using the optimal threshold (Youden index
from receiver operating curve analysis).
b ADC mean thresholds in x10�6mm2/s.
c Excess kurtosis.
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values on EPI DWI sequences. Therefore, further work is needed to
determine which microstructural tissue properties are precisely re-
sponsible for the observed differences. Future studies may also
determine the place of the most appropriate b-value choice in ADC
quantification for the follow-up of OPSCC.

CONCLUSIONS
Our study based on a small population of patients with OPSCC
showed that ADC mean, skewness, and kurtosis derived from per-
fusion-sensitive ADC maps calculated with b¼0 and b¼1000 can
distinguish HPV1 from HPV– OPSCC, whereas mean and skew-
ness from ADC maps calculated with only b$ 100 values (perfu-
sion-insensitive maps) cannot. The acquisition of multiple b-values
did not improve differentiation of HPV1 fromHPV–OPSCC.

Disclosure forms provided by the authors are available with the full text and
PDF of this article at www.ajnr.org.
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