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ORIGINAL RESEARCH
HEAD & NECK

Diffusion-Weighted Imaging of Nasopharyngeal Carcinoma:
Can Pretreatment DWI Predict Local Failure Based on
Long-Term Outcome?

B.K.H. Law, “*AD. King, ““K.S. Bhatia, A,T.Ahuja, M.K.M. Kam, “*'B.B. Ma, ““'Q.Y. Ai, “'FK.F. Mo, ““J. Yuan,

and ““D.K.W. Yeung

ABSTRACT

BACKGROUND AND PURPOSE: Pretreatment prediction of patients with nasopharyngeal carcinoma who will fail conventional treat-
ment would potentially allow these patients to undergo more intensive treatment or closer posttreatment monitoring. The aim of the
study was to determine the ability of pretreatment DWI to predict local failure in patients with nasopharyngeal carcinoma based on
long-term clinical outcome.

MATERIALS AND METHODS: One hundred fifty-eight patients with pretreatment DWI underwent analysis of the primary tumor to
obtain the ADC mean, ADC skewness, ADC kurtosis, volume, and T-stage. Univariate and multivariate analyses using logistic regression
were performed to compare the ADC parameters, volume, T-stage, and patient age in primary tumors with local failure and those with
local control, by using a minimum of 5-year follow-up to confirm local control.

RESULTS: Local control was achieved in 131/158 (83%) patients (range, 60.3-117.7 months) and local failure occurred in 27/158 (17%) patients
(range, 5.2-79.8 months). Compared with tumors with local control, those with local failure showed a significantly lower ADC skewness
(ADC values with the greatest frequencies were shifted away from the lower ADC range) (P = .006) and lower ADC kurtosis (curve peak
broader) (P = .024). The ADC skewness remained significant on multivariate analysis (P = .044). There was a trend toward higher tumor
volumes in local failure, but the volume, together with T-stage and ADC mean, were not significantly different between the 2 groups.

CONCLUSIONS: Pretreatment DW! of primary tumors found that the skewness of the ADC distribution curve was a predictor of local

failure in patients with nasopharyngeal carcinoma, based on long-term clinical outcome.

ABBREVIATIONS: LC = local control; LF = local failure; NPC = nasopharyngeal carcinoma; ROC = receiver operating characteristic

asopharyngeal carcinoma (NPC) is a radiosensitive tumor,
but despite recent advances in treatment by using intensity-
modulated radiation therapy, local tumor recurrence still occurs
in 12% of patients." Recurrent primary tumors deep to the naso-
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pharyngeal wall may be undetectable by endoscopy, and they are
difficult to treat. Moreover, only a small percentage of these re-
current primary tumors present early while the tumor is still ame-
nable to salvage surgery.” It would be beneficial to identify pa-
tients with resistant NPC so that more aggressive treatment can be
given from the outset, such as an additional radiation therapy
boost, chemotherapy, or targeted therapy, or these patients can be
selected for posttreatment biopsy or closer posttreatment surveil-
lance imaging.

Hypoxia and high stromal content are 2 of the factors related
to a poor treatment outcome in head and neck cancers. Both
micronecrosis, believed to be related to hypoxia, and high stromal
content” may decrease the restriction of the diffusion of water
molecules in tumors that is reflected by an increase in the ADC on
DWI. Indeed, reports of head and neck squamous cell carcinoma
suggest a significant association between high pretreatment ADC
and poor treatment outcome.* ' However, for NPC, a smaller
number of pretreatment predictive DWT studies have been re-

ported. This is probably because local tumor relapse is less com-
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mon in NPC than in squamous cell carcinoma and is spread out
during a longer posttreatment period. Most relapses in squamous
cell carcinoma occur in the first 2 years, whereas for NPC, only
around 52% of NPCs relapse in the first 2 years, with a further
39% at 2-5 years and 9% after 5 years.'" Currently, most predic-
tive treatment-response NPC studies are based on a relatively
short-term outcome ranging up to 3 months posttreatment,'*'*
and only 1 study has reported results based on longer term out-
come correlating pretreatment DWI with local relapse-free or dis-
ease-free survival at 3 years.'®

Therefore, the aim of this study was to determine the diagnos-
tic performance of pretreatment DWT of the primary tumor site
for the prediction of local failure (LF) based on long-term fol-
low-up at a minimum of 5 years for patients diagnosed with local
control (LC) in NPC.

MATERIALS AND METHODS

Patients

Patients presenting with NPC from an endemic region in south-
ern China underwent MR imaging of the head and neck to obtain
conventional anatomic-based images and DWI. Local institu-
tional review board approval was obtained for this retrospective
study. Patients were eligible for this study on the basis of the
following: 1) biopsy-proved, previously untreated NPC; 2) com-
pletion of a full course of treatment with radiation therapy or
chemoradiotherapy; and 3) clinical follow-up of at least 5 years
from the start of treatment in patients with LC.

MR Imaging Examination and Analysis

All MR imaging examinations were performed on a 1.5T
whole-body system (Intera NT; Philips Healthcare, Best, the
Netherlands) with a 30 mT m ™' maximum gradient capability. A
standard receive-only head and neck coil was used. The diffusion-
weighted images were acquired in the axial plane by using a spin-
echo single-shot echo-planar imaging sequence (TR, 2000 ms; TE,
75 ms; section thickness, 4 mm without gap; FOV, 23 cm; acqui-
sition matrix, 112 X 112; reconstruction matrix, 256 X 256; num-
ber of signal averages, 4) with fat suppression. A pair of rectangu-
lar diffusion gradients was applied along all 3 orthogonal axes to
obtain isotropic DWI with 6 b-values of 0, 100, 200, 300, 400, and
500 s/mm”. Conventional MR imaging, including axial fat-sup-
pressed T2-weighted turbo spin-echo, axial T1-weighted spin-
echo, and contrast-enhanced axial T1-weighted spin-echo se-
quences, was also performed for anatomic correlation. DWT was
performed before contrast agent injection.

DWI Analysis

The ADC map was calculated with DWT of all 6 b-values. The
primary tumor in the nasopharynx was contoured on the ADC
map by using the anatomic images for guidance by using the Ex-
tended MR Workspace (Philips Healthcare). Radiologic assess-
ment was performed without knowledge of the clinical outcome.
The entire volume of the primary NPC was outlined by a single
radiologist (A.D.K.) with >20 years of experience in MR imaging
of NPC. A histogram analysis method was used to examine the
distribution of ADC values. The distribution of the ADC values

within the primary tumor was assessed by using an in-house-
developed Matlab (Version 7.10; MathWorks, Natick, Massachu-
setts) program.

The ADC parameters obtained from histogram analysis in
each tumor were the ADC mean, ADC skewness, and ADC kur-
tosis. In this study, skewness and kurtosis are defined as E(x — )/
o” and E(x — w)*/o®, respectively, where E is the expected value,
W is the mean of x, and o is the SD of x. ADC skewness measures
the skew in shape of the ADC distribution curve, with the skew-
ness value being more positive when there is a greater frequency of
low ADC values (the curve is “right-skewed” with the peak and
short tail of the curve toward the left side and the long tail toward
the right side) and more negative when there is a greater frequency
of high ADC values (the curve is “left-skewed” with the peak and
short tail of the curve toward the right side and the long tail to-
ward the left side). ADC kurtosis measures the shape of the peak
of the curve, with the kurtosis value being higher when the peak is
more acute and lower when the peak is more flattened/broadened.

Conventional MR Imaging Analysis

The stage of the primary tumor (T-stage according to the seventh
edition of the American Joint Committee on Cancer classification)
was obtained together with primary tumor volume, calculated man-
ually by tracing the outline of the primary nasopharyngeal tumor on
the contrast-enhanced axial T1-weighted image to obtain the cross-
sectional area and multiplying by the section thickness.

Clinical End Point Assessment

Regular scheduled clinical follow-up was performed after treat-
ment in all patients. LF was determined by histology (a biopsy
positive for NPC at the local site at least 12 weeks after the end of
treatment) or increase in tumor size on imaging or endoscopic
examination. Most patients with LF present in the first 5 years;
therefore, a minimum of 5-year follow-up was required in this
study to confirm LC. Patients who had insufficient clinical fol-
low-up before LC could be confirmed (including those who died
within 5 years) were excluded from the study.

Statistical Analysis

The ADC parameters (mean, skewness, and kurtosis), primary
tumor volume, and patient age were compared in the group of
patients with LC and the group of patients with LF by using inde-
pendent Student ¢ tests. Univariate logistic regression analyses
with ADC parameters, primary tumor volume, patient age, and
T-stage (T1-T2 versus T3-T4) were performed to determine
whether there was a correlation between these parameters and LF.
Odds ratios and their corresponding 95% CI were calculated, pa-
rameters with P values < .05 were included, and the duration of
follow-up was adjusted in a multivariate analysis. Receiver oper-
ating characteristic (ROC) analysis with the area under the ROC
curve was used to identify the optimal threshold of any significant
parameter on multivariate analysis. The optimal threshold was
obtained by optimizing the sensitivity and specificity. The sensi-
tivity, specificity, accuracy, positive predictive value, and negative
predictive value of the optimal threshold were calculated, and the
significance of this threshold was re-evaluated with the x> test to
ensure that it remained significant. All statistical tests were
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Table 1: ADC parameters, volume, and T-stage of the primary tumor and the patient age for prediction of treatment response

Univariate Logistic

Whole Group Local Failure Local Control Student Regression
(N =158) (n=27) (n=131) t Test P Odds Ratio
Parameter (Mean) (Mean) (Mean) (P Value) Value (95% CI)

ADC mean (X10~> mmZ/s) 091+ 01 0.90 + 0.12 091+ 0 879 878 0.75(0.02-29.45)
ADC skewness 0.68 = 0.47 0.45 *+ 040 0.72 =047 .006% .0072 0.22(0.08-0.67)
ADC kurtosis 493 +1.87 419 +1.29 5.08 = 1.94 .024° .024° 0.65 (0.44-0.95)
Primary tumor volume (mL) 24.63 £17.99 28.20 +17.90 23.89 = 17.99 256 298 1.011(0.99-1.03)
T-stage

T1, T2 74 12 62 NA 785 1.123 (0.49-2.58)

T3, T4 84 15 69
Patient age (yr) 50.19 =10.34 49.74 £ 11.34 50.28 =10.17 .805 .804 1.00 (0.96-1.04)

Note:—NA indicates not applicable.
@ Statistically significant.
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median follow-up of 87 months (mean,
88 months; range, 60.3—-117.7 months)
from the start of treatment. LF occurred
, in 27/158 (17%) patients (undifferenti-
ated carcinoma; n = 27; poorly differen-
tiated carcinoma; n = 0) at a median of
25 months (mean, 33 months; range,
5.2-79.8 months) from the start of treat-
. ment. LF occurred in the first 2 years in
12/27 (44%) patients; at 2—5 years in
11/27 (41%) patients, of whom, LF oc-
i curred in the 2- to 3-year period in 4/27
(15%) patients; and after 5 years in 4/27
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FIG 1. ADC map and histogram of primary NPC before treatment in a 50-year-old woman with
local failure. The histogram shows that the greatest frequency of ADC values is shifted toward the
central ADC range (ADC skewness = 0.11) and the peak is broadened (ADC kurtosis = 3.89).

2-sided, and P values < .05 indicated a statistically significant
difference. Statistical analyses were performed by using SPSS soft-
ware (Version 20.0; IBM, Armonk, New York).

RESULTS

Two hundred sixty-six patients underwent DWI from March
2004 to April 2009, of whom, 108 patients were excluded from
analysis for the following reasons: incomplete follow-up data (<5
years of clinical follow-up for patients with LC; # = 53) and small
lesion size/degradation of DWI for ROI analysis (n = 55). The
study group comprised 158 patients with NPC (119 men and 39
women; mean age, 50 years; range, 27— 81 years) with undifferen-
tiated carcinoma (n = 155) or poorly differentiated carcinoma
(n = 3) who had undergone concurrent chemoradiotherapy (n =
100) or radiation therapy alone (n = 58). The T-stage was T1 (n =
42), T2 (n=32), T3 (n = 56),and T4 (n = 28). The volume of the
primary tumors ranged from 6.1 to 98.7 mL, with a mean of 24.6
mL and a median of 18.4 mL.

Clinical End Point
LC was achieved in 131/158 (83%) patients (undifferentiated car-
cinoma; n = 128; poorly differentiated carcinoma; n = 3), with a
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(15%) patients.

DWI and Tumor Volume
The pretreatment ADC mean, ADC

skewness, ADC kurtosis, primary tumor

1 15 2 25

volume, T-stage, and patient age for the
group of patients with LF and the group
of patients with LC and the statistical
analysis are shown in Table 1. Compar-
ison of these 2 groups showed a statistically significantly lower
ADC skewness (ADC values with the greatest frequencies were
shifted away from the lower ADC range) and ADC kurtosis (ADC
curve peak broader) in the group with LF (Fig 1) compared with
the group with LC (Fig 2) (P = .006 and .024, respectively). There
was a trend toward higher tumor volumes in the group with LF,
but the difference was not significant (P = .256). The other pa-
rameters also showed no significant differences. ADC skewness
and kurtosis significantly predicted LF in univariate analysis, but
only ADC skewness remained significant (P = .044) in multivar-
iate analysis. Side-by-side boxplots of the ADC skewness values of
tumors with LF and LC are shown in Fig 3. Moreover, a threshold
of ADC skewness of =0.55 (P = .0001) was identified as a predic-
tor of LF in ROC curve analysis (Fig 4); the diagnostic perfor-
mance of ADC skewness is shown in Table 2.

DISCUSSION

On the basis of long-term clinical follow-up of patients treated for
NPC, pretreatment DWI showed that the ADC distribution
curves of primary tumors with LF had significantly lower ADC
skewness than primary tumors with LC (ie, the ADC distribution
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FIG 2. ADC map and histogram of primary NPC before treatment in a 43-year-old man with
local control. The histogram shows that the greatest frequency of ADC values is shifted
1.42) and the peak is more acute (ADC

toward the lower ADC range (ADC skewness
kurtosis = 8.77).
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FIG 3. Side-by-side boxplots of ADC skewness comparing local con-
trol and local failure.
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FIG 4. ROC analysis curve for ADC skewness.

curve of tumors with LF showed that the
greatest frequencies of ADC values were
shifted away from the lower ADC
] range). Therefore, visually, compared
with tumors with LC, those with LF
showed a shift of the curve peak away
from the left side of the curve (greater
frequency of lower ADC values) toward
1 the center (symmetric frequency distri-
bution of low and high ADC values) or
right side of the curve (greater frequency
i of higher ADC values). ADC skewness
remained significant on multivariate
analysis, and a threshold of <0.55 pro-
duced a relatively high negative predic-
tive value (93%) for LF, though the pos-
itive predictive value was low (30%),

1 156 2 25

which could limit the clinical value of
using DWI to predict NPC response.

Analysis of the shape of the ADC his-
togram curve pretreatment also showed
that primary tumors with LF had signif-
icantly lower ADC kurtosis values than
tumors with LC (ie, their ADC histogram peak was broader and
less acute compared with the ADC histogram peak of the tumors
with LC). A broader peak suggests that the tumor is more heter-
ogeneous; this finding supports the view that those tumors with
greater heterogeneity are more likely to fail treatment.'® In this
study, there was also a trend toward tumors with higher volume
having LF, but neither volume difference nor T-stage was signif-
icant. These results highlight the potential value of ADC skewness
and ADC kurtosis because they stand out as the only parameters
that may be able to identify resistant tumors over a range of tumor
volumes and T-stages.

Pretreatment tumor ADC values have been shown to be pre-
dictors of treatment response in head and neck cancers. Previous
head and neck squamous cell carcinoma studies have found sig-
nificantly higher tumor ADC values in patients with LF,>7'°
nodal failure,* or poor treatment response,® while other studies
have shown a similar trend in the ADC values that did not reach
statistical significance.'”'? It has been postulated that poor out-
comes of some squamous cell carcinomas are due to tumor factors
that are known to increase ADC values, such as micronecrosis,
lower cellularity, and, more recently, negative human papilloma-
virus status and high stromal content.”*°*' Of note, the ratio of
stroma to tumor cells is recognized as an important determinant
of outcome in head and neck squamous cell carcinoma. In regard
to NPC, research now also shows that stroma-rich NPCs are as-
sociated with poor prognosis and an increased risk of relapse.
Therefore, it could be postulated that NPCs with high ADCs are
more likely to have a poor outcome compared with those with low
ADCs. Currently, there are only a few NPC DWI studies that have
correlated diffusion parameters with tumor characteristics at di-
agnosis, such as T-stage,”>** early intratreatment response,”” and

1271526 Regarding using pretreatment tu-

posttreatment response.
mor ADC to predict posttreatment response,'>”'* 3 of these stud-

ies were based on short-term outcome at the end or 3 months after
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Table 2: ADC skewness threshold obtained from ROC curve
analysis to predict local failure

Parameter ADC Skewness
Threshold =0.55
P value .0001
Area under the ROC curve 0.68
True-positive 21
False-positive 49
True-negative 82
False-negative 6
Sensitivity 78%
Specificity 63%
Accuracy 65%
Positive predictive value 30%
Negative predictive value 93%

the end of treatment.'”"* These 3 studies showed mixed results
with both low'>'? and high'* pretreatment ADCs reported in
tumors with poor outcomes, with the results being significant in
only 1 of the studies.'” However, a recent NPC study by Zhang
et al'® with long-term follow-up and a large sample size of 541 pa-
tients showed a significant association between a high mean ADC
in primary tumors pretreatment and poor survival at 3 years. That
study measured the pretreatment mean ADC at the level of the
largest primary tumor diameter and used ROC curve analysis to
identify an optimal cutoff ADC for LF of =0.747 X 10~ > mm?/s
(area under the ROC curve = 0.68, P = .004), which was shown to
correlate with both local relapse-free survival and disease-free
survival.

Our study broadly supports the findings of Zhang et al,'> with
high primary tumor ADC values being associated with poor local
response. However, we were unable to show this correlation by
using the ADC mean and could only show such a correlation by
using the ADC skewness. This discrepancy between our results
and those of Zhang et al'® may be related to the longer follow-up
period in our study, with a subsequently greater incidence of fail-
ure at the primary site, 17% (27/158) compared with 4.3% (23/
541), of which 44% (13/27) in our study occurred beyond 3 years.

We postulate that more sophisticated ADC measurements
such as ADC skewness may be needed to identify primary tumors
that will relapse at a longer time after the end of treatment. The
assessment of ADC skewness in this study used histogram analysis
of the distribution of the ADC values from the entire tumor vol-
ume and had an advantage over the ADC mean in that it took
tumor heterogeneity into account. Most tumors are heterogeneous,
and the proportion of the cancer cell population with high ADC
values may influence the final treatment outcome. From the results,
we postulate that tumors that are likely to have resistant tumor cells
are those in which the proportion of high ADC cells is similar or
greater than the proportion of low ADC cells. However, other rea-
sons for the discrepancy in the significance of the ADC mean between
the 2 studies could include the smaller sample size in our study and
the difference in the outcome measures used to denote response.
Specifically, we did not use survival data such as local relapse-free
survival to assess primary site response; instead, we took a simple
approach and directly compared the ADC values of the primary tu-
mors with LC against the ADC values of primary tumors with LF.

Previous NPC studies have shown that larger tumor volumes
are associated with more unfavorable outcomes at the primary
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site.””*> This finding was also a trend in this study but did not
reach significance, possibly because the mean volume of our pri-
mary tumors (24.6 mL) was in the lower range of previously re-
ported cutoff thresholds, which have ranged from 13 to 60
mL.>”?% In addition, the T-stage was not significant. This finding
is possibly explained by the better treatment outcomes as a result
of intensity-modulated radiation therapy’® and also the wide use
of MR imaging for staging, which can lead to upstaging to T3
disease as a result of greater sensitivity to bone invasion compared
with CT.*” Histologic NPC subtype also has a major influence on
treatment outcome, whereby the undifferentiated form of NPC
has a better prognosis than the other subtypes.’® In our fairly large
study of 158 patients, we think that the histologic subtype did not
influence the results because most (98%) were of the same undif-
ferentiated carcinoma subtype, with only 2% (3 tumors) being
poorly differentiated, none of which showed LF.

Use of ADC measures of tumor heterogeneity such as ADC
skewness and kurtosis is fairly new to the DWI research, but a few
cancer studies in head and neck squamous cell carcinoma and
tumors of the ovary/peritoneum and brain have shown that pre-

3940 or intratreatment’***° ADC skewness and kurto-

treatment
sis may predict treatment outcome.

NPC may relapse many years after treatment; therefore, one of
the main strengths of this study was the long-term clinical fol-
low-up of the primary site (mean, ~7.5 years and maximum, ~10
years) with a minimum of 5 years for patients with LC. However,
because of the long clinical follow-up required for this study, one
of the main limitations was that the DWI protocol was set up
some time ago when, to reduce susceptibility artifacts at the skull
base, the fitted 6 b-values used were up to a maximum of 500
s/mm”. It has been shown subsequently that more advanced non-
Gaussian models for ADC analysis influence the ADC in NPC.*!
In head and neck squamous cell carcinoma, the choice of b-values
may also influence the accuracy of ADC for the prediction of
treatment response, and some authors have proposed using ADCs
calculated from the mid/high b-range (300/500-1000 s/mm?)>'°
to predict locoregional response.

CONCLUSIONS

This study correlated the ADC values of the pretreatment primary
NPC with treatment outcome at the primary site on the basis of
long-term clinical follow-up. Compared with primary tumors
with LC, those with LF had lower ADC skewness and kurtosis. The
ADC skewness remained significant on multivariate analysis. The
simple ADC measurement using the mean value was not a predic-
tor of outcome in this study, suggesting that more sophisticated
measurements, such as skewness, may be needed to reflect the
predictive value of high ADC cancer cell populations in heteroge-
neous tumors. The primary tumor volume and T-stage of NPC
were not significant parameters in this study for predicting treat-
ment response at the primary site, suggesting that ADC skewness
and kurtosis may have the potential to predict tumor response,
even in smaller volume or earlier stage tumors.
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