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Imaging of Hypoxic Tumor: Correlation between  
Diffusion-weighted MR Imaging and 18F-fluoroazomycin  

Arabinoside Positron Emission Tomography in Head  
and Neck Carcinoma
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We investigated the usefulness of diffusion-weighted imaging (DWI) for detecting changes in the structure 
of hypoxic cells by evaluating the correlation between 18F-fluoroazomycin arabinoside (FAZA) positron 
emission tomography activity and DWI parameters in head and neck carcinoma. The diffusion coefficient 
corresponding to the slow compartment of a two-compartment model had a significant positive correlation 
with FAZA activity (ρ = 0.58, P = 0.016), whereas the diffusional kurtosis from diffusion kurtosis imaging 
had a significant negative correlation (ρ = −0.62, P = 0.008), which suggests that those DWI parameters 
might be useful as indicators for changes in cell structure.
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predicting therapeutic effects and selecting suitable treat-
ments. Moreover, if the hypoxic area within the tumor can be 
identified, hypoxia-targeting therapy would be feasible. 
18F-fluoromisonidazole (FMISO) and 18F-fluoroazomycin 
arabinoside (FAZA)-positron emission tomography (PET) 
have been reported to be useful for non-invasive hypoxic 
imaging, but they are not commonly available in clinical 
practice.2–4 The hypoxic area of the tumor exists between the 
normoxic and necrotic areas.1 In hypoxic tissue, an increase 
of cell membrane permeability and cell diameter, and 
destruction of cell membrane have been reported.5 Changes 
in cell structure caused by hypoxia lead to alterations in 
water diffusion, and it is possible that this can be detected on 
diffusion-weighted imaging (DWI) and MRI.6

The most commonly used quantity obtained from DWI is 
the apparent diffusion coefficient (ADC), which characterizes 
mono-exponential decay of the signal. However, because 
water diffusion in biological tissue is complex, the tissue struc-
ture cannot be fully described by the ADC alone. This is 
because the ADC model assumes that the diffusion of water 
molecules is Gaussian, however, it is well known that in vivo 
diffusion is non-Gaussian due to the restriction of molecular 
motion by the complex microstructure. In particular, this is 
observed at high b-values when the signal change deviates 
from mono-exponential decay. Alternatively, the signal is often 
modeled with a bi-exponential equation corresponding to a 
two-compartment model. In this model, the water diffusion is 

TECHNICAL NOTE

Introduction
Hypoxic tumors are highly malignant and frequently develop 
invasive growths and metastasis. They are also highly 
resistant to radiotherapy and chemotherapy.1 If the hypoxic 
condition of the tumor could be precisely assessed, it is 
expected that such a measurement would be useful for 
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divided into fast and slow compartments.7 The slow compart-
ment corresponds to intracellular water molecules, where dif-
fusion of the water molecules is restricted by intracellular 
structure and cell membrane. Therefore, changes in the cell 
structure might be estimated with the two-compartment 
model.7 Another way to interpret non-mono-exponential signal 
decay is the diffusion kurtosis model.8 In diffusion kurtosis 
imaging (DKI), the diffusional kurtosis (K), which is a param-
eter quantifying the degree of deviation from Gaussian 
behavior, is obtained. It has been reported that K increases 
under increased complexity of the tissue and increased  
restriction of the water diffusion.8

The purpose of this study was to investigate the useful-
ness of DWI for detecting changes in the structure of hypoxic 
cells by evaluating the correlation between FAZA-PET 
activity and several DWI parameters in head and neck carci-
noma. To the best of our knowledge, this is the first study to 
perform an analysis of this type for head and neck 
carcinoma.

Materials and Methods
Subjects
This study was conducted with the approval of the Institu-
tional Review Board, and written informed consent was 
obtained from all patients. From 32 patients enrolled in a pre-
vious FAZA study, the 11 patients who also underwent DWI 
were selected for this study.3 All patients were histopatho-
logically diagnosed with head and neck carcinoma after 
biopsy. None of the patients had undergone any form of 

treatment before DWI and FAZA-PET. Cases where a lesion 
could not be detected on DW images due to severe magnetic 
susceptibility artifact or motion artifact were excluded. Meta-
static lymph nodes that showed necrotic change on T1- and 
T2-weighted images were also excluded. Nine primary 
tumors and eight metastatic lymph nodes without necrosis 
were evaluated. Patient data is summarized in Table 1. FAZA-
PET and DWI were performed on the same day in 10 cases, 
and DWI was performed 1 day after FAZA-PET in one case.

DWI acquisition
DWI was performed using a 3T system (Magnetom Verio; 
Siemens, Erlangen, Germany). The echo planar imaging 
sequence was used with the following imaging parameters: 
TR 5000 ms, TE 98 or 105 ms, and b-value increased from  
0 to 3000 s/mm2 in 16 steps. Other parameters are summarized 
in Table 2. Images were acquired at a level where the lesion 
showed a maximum diameter on the image. Also, T1- and 
T2-weighted imaging were performed, and the imaging 
parameters are summarized in Table 2.

DWI analysis
Estimates for the parameters of each DWI model (ADC, two-
compartment, DKI) were separately obtained for each lesion.

For the two-compartment model, two diffusion coeffi-
cients (Df, Ds) and the volume fractions of the fast (Ff) and 
slow (Fs) compartments were estimated (note that Ff + Fs = 1). 
The signal change was fitted as a function of b-value to the 
following bi-exponential equation using the non-linear least 
squares method (Equations [1]).

Table 1 Summary of the 11 patients with head and neck carcinoma

No. Age/Sex Histopathology
Location of primary 

tumor
Primary tumor or  

metastatic lymph node
Tumor size (mm2)

1 65/M Squamous cell Ca Oropharynx mLN 36 × 24

2 63/F Squamous cell Ca Oropharynx PT 18 × 18

mLN 11 × 11

3 53/M Squamous cell Ca Oropharynx PT 61 × 37

4 64/M Squamous cell Ca Oropharynx PT 44 × 28

5 67/M Squamous cell Ca Oropharynx PT 45 × 31

mLN 16 × 15

6 76/M Squamous cell Ca Oral cavity PT 38 × 23

mLN 9 × 8

7 52/M Squamous cell Ca Paranasal sinus PT 39 × 17

8 71/M Squamous cell Ca Hypopharynx PT 16 × 13

9 64/M Cylindrical cell Ca Nasal cavity PT 63 × 19

mLN 11 × 10

mLN 20 × 19

10 58/M Undifferentiated Ca Epipharynx PT 31 × 31

11 51/M Lymphepithelial Ca Epipharynx mLN 25 × 17

Ca, carcinoma; mLN, metastatic lymph node; PT, primary tumor.
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S(b), S0: the signals with and without motion probing gradient 
(MPG), b: b-value.

The ADC was separately obtained using mono-exponential 
fitting for low (0–900 s/mm2, ADCLB) and high (1500– 
3000 s/mm2, ADCHB) b-value ranges (Equations [2] and [3]).
0 ≤ b ≤ 900 s/mm2:

 S b S e b( ) = 0,LB

ADC
LB

-  [2]

1500 ≤ b ≤ 3000 s/mm2:

 S b S e b( ) = -
0,HB

ADC
HB  [3]

S0,LB: the signal without an applied MPG for the low b-value 
range, S0,HB: the signal without an applied MPG for the high 
b-value range.

Images with b-values from 200 to 2000 s/mm2 were used 
for DKI analysis. Outside of this range, the low b-value 
images were not used to eliminate the effect of intravoxel 
incoherent motion, and high b-value images were not used to 
improve the precision of the fitting.9,10 Signals were fitted to 
the following quadratic equation, and estimates of the diffu-
sional kurtosis (K) and corrected diffusion coefficient (D) 
were obtained pixel-by-pixel (Equation [4]).
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A region of interest (ROI) was manually drawn on each 
lesion while referring to the T1- and T2-weighted images. The 

median values of the parameter estimates inside the ROI 
were used for statistical analysis. The median value was used 
instead of the mean value to reduce the influence of outlying 
values in the ROI. The mean ROI size was 378 mm2 (range 
56–830 mm2).

FAZA-PET acquisition
PET scanning was started 2 h after intravenous administra-
tion of FAZA (mean 374 ± 31 MBq). PET–CT scanning was 
performed using either an Aquiduo (Toshiba Medical Sys-
tems, Tochigi, Japan) or Biograph 16 (Siemens). An ROI 
was drawn on the lesion, and the maximum standardized 
uptake value (SUVmax) was measured. ROIs were also 
placed on the muscles at the back of the neck on both sides 
at the level of the hyoid bone, and the average SUV 
(SUVmean) was obtained. The tumor-to-muscle ratio (T/M) 
was then calculated by dividing the lesion SUVmax by the 
muscle SUVmean.3

Statistical analysis
Statistical analyses were performed with MATLAB version 
R2015a (MathWorks Inc., Natick, MA, USA). The Mann–
Whitney U-test was used to compare the values of the DWI 
parameter estimates and FAZA-PET T/M between the pri-
mary tumors and the metastatic lymph nodes. Correlations 
between the DWI parameter estimates and the T/M were 
evaluated using Spearman’s rank correlation coefficient.  
P < 0.05 was considered to be statistically significant.

Results
The primary tumor of a representative case (patient no. 5)  
is shown on both DWI and FAZA-PET in Fig. 1.

There was no statistically significant difference between 
the parameter estimates for the primary tumors and those for 
the metastatic lymph nodes (Table 3). Therefore, in the fol-
lowing analysis the primary tumors and the metastatic lymph 
nodes were analyzed together.

A significant positive correlation between Ds and T/M 
(ρ = 0.58, P = 0.016), and a significant negative correlation 
between K and T/M (r = –0.62, P = 0.008) were obtained 
(Fig. 2). There was no statistically significant correlation 
between the other DWI estimates and the T/M (Table 4).

Discussion
The usefulness of FAZA has been reported for head and 
neck, lung, and rectal cancers.3,4 Good agreement was found 
when FAZA accumulation was compared with the distribu-
tion of other hypoxic markers, and FAZA accumulation was 
higher in lower oxygenated tissue.11

In the two-compartment model, the slow compartment is 
thought to reflect the diffusion of intracellular water  
molecules. Therefore, it is expected that increase of the cell 
membrane permeability, increase of the cell diameter, and 

Table 2 Imaging parameters

DWI
T1-

weighted 
imaging

T2-
weighted 
imaging

b-value  
(s/mm2)

0, 50, 100, 200, 
300, 500, 700, 

900, 1100, 1300, 
1500, 1700, 2000, 
2300, 2600, 3000

TR (ms) 5000 501–678 5500

TE (ms) 98/105 12 85

BW (Hz/pixel) 1184/1202 252 240

Number of 
averages

1 1 1

Slice thickness 
(mm)

5 3 3

FOV (mm2) 220 × 220
180 × 

180/200 × 
200

180 × 
180/200 × 

200

Matrix size
112 × 160/128 

× 128
224 × 320 224 × 320

BW, bandwidth; DWI, diffusion-weighted imaging.
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Table 3 FAZA-PET T/M and the DWI parameter estimates

T/M
Df (×10−3 
mm2/s)

Ds (×10−3 
mm2/s)

Ff Fs

ADCLB 
(×10−3 

mm2/s)

ADCHB 
(×10−3 

mm2/s)
K

D (×10−3 
mm2/s)

Primary 
tumor

1.82 ± 0.57 1.97 ± 0.38 0.44 ± 0.12 0.46 ± 0.14 0.54 ± 0.14 0.92 ± 0.17 0.42 ± 0.09 0.91 ± 0.24 1.01 ± 0.21

Metastatic 
lymph node

1.63 ± 0.44 2.11 ± 0.36 0.45 ± 0.09 0.40 ± 0.09 0.60 ± 0.09 0.87 ± 0.15 0.44 ± 0.06 0.95 ± 0.30 0.96 ± 0.19

There is no significant difference between parameter estimates of primary tumor and those of metastatic lymph node. FAZA, 18F-fluoroazomycin 
arabinoside; PET, positron emission tomography; T/M, tumor-to-muscle ratio; DWI, diffusion-weighted imaging; Df, diffusion coefficient of the 
fast compartment; Ds, diffusion coefficient of the slow compartment; Ff, fraction of the fast compartment; Fs, fraction of the slow compartment; 
ADCLB, apparent diffusion coefficient at low b-value range; ADCHB, apparent diffusion coefficient at high b-value range; K, diffusional kurtosis; 
D, corrected diffusion coefficient.

Fig. 1 A 67-year-old male patient with right oropharyngeal squamous cell carcinoma (patient no. 5). Conventional MR images demonstrate 
a tumor mass (arrows) with inhomogeneous intermediate signal intensity on the T1-weighted image (a) and high signal intensity on the 
T2-weighted image (b). Inhomogeneous 18F-fluoroazomycin arabinoside (FAZA) uptake is also seen on the FAZA-positron emission tomog-
raphy/computed tomography image (c). The tumor-to-muscle ratio (T/M) was 3.21. A tumor mass is clearly delineated on the diffusion- 
weighted (DW) image acquired with b-value 3000 s/mm2 (d). Color maps of the DW imaging parameter estimates are superimposed on 
the b = 0 s/mm2 image (e–l). The median value was 2.07 × 10−3 mm2/s for Df (e), 0.52 × 10−3 mm2/s for Ds (f), 0.25 for Ff (g), 0.75 for Fs (h), 
0.77 × 10−3 mm2/s for ADCLB (i), 0.45 × 10−3 mm2/s for ADCHB (j), 0.60 for K (k), and 0.72 × 10−3 mm2/s for D (l). DW, diffusion-weighted; 
Df, diffusion coefficient of the fast compartment; Ds, diffusion coefficient of the slow compartment; Ff, fraction of the fast  compartment;  
Fs, fraction of the slow compartment; ADCLB, apparent diffusion coefficient at low b-value range; ADCHB, apparent  diffusion coefficient at 
high b-value range; K, diffusional kurtosis; D, corrected diffusion coefficient.

a

e

i

f

j

g

k

h

l

b c d

destruction of the cell membrane in hypoxic cells will  
elevate Ds. There was a significant positive correlation 
between Ds and FAZA T/M in this study. That is, Ds increased 
as the tissue oxygenation became lower. However, there was 
no correlation between Fs and T/M. Fs is reported to increase 
with an increase of cell diameter, but it also decreases with  
an increase of cell membrane permeability and destruction  

of cell membrane.6 The result that there was no significant 
change in Fs could be due to a combination of the effects 
above.

Since ADCHB is a value reflecting slowly diffusing mole-
cules, it was anticipated that changes in cell structure could be 
detected with ADCHB. However, neither ADCLB nor ADCHB 
were correlated with T/M. From this result, it is concluded that 
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changes in the hypoxic tissue cannot be detected with the ADC, 
even for the high b-value range.

It has been reported that K increases in tumor as the 
tissue structure becomes more complex due to the increased 
cell density and cell size.9,12 In this study, K was negatively 
correlated with T/M, so that it decreased with the tissue 
oxygenation level. It is thought that the decrease of K can 
be attributed to the increase in cell membrane permeability 
and destruction of cell membrane; that is, the decreased 
complexity of the tissue. An increase in cell diameter 
might have increased K, but the influence is thought to be 
small. On the other hand, there was no correlation between 
D and T/M. D mainly reflects b-value dependent signal 
change in the low b-value range. Therefore, the trend for D 
is similar to that for ADCLB, and it is reasonable that nei-
ther parameter had a significant correlation with T/M. 
Unfortunately, because there is no clear biological model 
for DKI, the mechanism by which the changes in the tis-
sues affect the DKI parameters is uncertain, so further 
studies will be needed.

There were some limitations in this study. First, the 
number of subjects was small. One reason for this is that 
there were several cases where the lesion could not be identi-
fied with DWI due to susceptibility or motion artifacts. Also, 
tumors of different histopathological type were included in 
the study. Furthermore, all subjects were diagnosed with a 
malignant tumor after biopsy, and treated with chemoradio-
therapy. Therefore, surgical specimens were not obtained, 
and comparison between histopathological and imaging find-
ings could not be performed. A second limitation was that 
only the median value of the ROI was used to estimate the 

DWI parameters. It is difficult to adequately represent the 
features of an inhomogeneous tumor with only the median 
value of the ROI. To use DWI for planning of radiotherapy, 
such as intensity modulated radiation therapy, pixel-by-pixel 
evaluation is necessary. In addition, there may be a differ-
ence in which pixels were used to obtain the DWI parameter 
estimates and the FAZA T/M. That is, the DWI ROI may not 
have contained all of the same pixels as the FAZA-PET ROI, 
and vice versa. It is possible that such a discrepancy might 
have affected the results.

Conclusion
A correlation between DWI parameters and FAZA-PET 
activity was investigated in head and neck carcinoma. The 
estimate of Ds obtained from a two-compartment model 
had a significant positive correlation with FAZA-PET 
activity T/M, and K from DKI had a significant negative 
correlation, which suggests that those DWI parameters 
might be useful as indicators for changes in the structure of 
hypoxic cells.
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Table 4 Spearman’s rank correlation coefficient between FAZA-PET T/M and the DWI parameter estimates

Df Ds Ff Fs ADCLB ADCHB K D

Spearman’s rank correlation 
coefficient (r) 0.24 0.58 −0.18 0.18 0.35 0.34 −0.62 0.23

P 0.35 0.016* 0.49 0.49 0.17 0.19 0.008* 0.37
*P < 0.05 is significant. FAZA, 18F-fluoroazomycin arabinoside; PET, positron emission tomography; T/M, tumor-to-muscle ratio; DWI, diffusion- 
weighted imaging; Df, diffusion coefficient of the fast compartment; Ds, diffusion coefficient of the slow compartment; Ff, fraction of the fast 
compartment; Fs, fraction of the slow compartment; ADCLB, apparent diffusion coefficient at low b-value range; ADCHB, apparent diffusion  
coefficient at high b-value range; K, diffusional kurtosis; D, corrected diffusion coefficient.

Fig. 2 Scattergrams displaying the relationship between FAZA 
activity T/M and Ds (a) and K (b). A significant positive cor-
relation was found between Ds and T/M (r = 0.58, P = 0.016), 
and a significant negative correlation between K and T/M  
(r = −0.62, P = 0.008). FAZA, 18F-fluoroazomycin arabinoside; 
T/M, tumor-to-muscle ratio; Ds, diffusion coefficient of the 
slow compartment; K, diffusional kurtosis.

a b
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