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Purpose: To investigate the relationship between the histologic char-
acteristics of head and neck squamous cell carcinoma and 
apparent diffusion coefficient (ADC) at diffusion-weighted 
magnetic resonance (MR) imaging.

Materials and 
Methods:

The institutional ethics committee approved this study and 
waived informed consent. In head and neck squamous cell 
carcinoma, local failure after chemotherapy and/or radi-
ation therapy correlates with pretreatment ADC. How-
ever, the histopathologic basis of this correlation remains 
unclear. In this study, 16 patients with head and neck 
squamous cell carcinoma were enrolled (median age, 60 
years; range, 49–78 years). Before undergoing total lar-
yngectomy, patients underwent 1.5-T diffusion-weighted 
MR imaging. After resection, whole-mount hematoxylin-
eosin–stained sections were registered to the MR images. 
Cellular density; nuclear, cytoplasmic, and stromal area; 
and nuclear-cytoplasmic ratio within the tumor were cal-
culated by using image-based segmentation on four con-
secutive slices. Mean ADC of the corresponding tumor re-
gion was calculated. Spearman correlations between ADC 
and histologic characteristics were calculated.

Results: ADC was significantly and inversely correlated with cell 
density (n = 16, r = 20.57, P = .02), nuclear area (n = 12, 
r = 20.64, P = .03), and nuclear-cytoplasmic ratio (n = 12, 
r = 20.77, P  .01). ADC was significantly and positively 
correlated with percentage area of stroma (n = 12, r = 
0.69, P = .01). Additionally, the percentage area of stroma 
was strongly interdependent with the percentage area of 
nuclei (n = 12, r = 20.97, P  .01).

Conclusion: ADC was significantly correlated with cellularity, stromal 
component, and nuclear-cytoplasmic ratio. The positive 
correlation of ADC and stromal component suggests that 
the poor prognostic value of high pretreatment ADC 
might partly be attributed to the tumor-stroma compo-
nent, a known predictor of local failure.
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MR Imaging Protocol
Before undergoing surgery, all patients 
underwent MR imaging performed with 
a 1.5-T MR imaging system (Intera; Phil-
ips Medical Systems) with a small, two-
element flexible surface receiver coil. 
MR sequences included T1-weighted im-
aging before and after administration of 
gadolinium-based contrast agent (repeti-
tion time msec/echo time msec, 593/15) 
and T2-weighted (4200/130) imaging. 
DWI images were obtained by using a 
multisection single-shot spin-echo echo-
planar imaging sequence, with short 
inversion time inversion-recovery fat 
suppression (5872/70, inversion time 
of 180 msec, four signals acquired, field 
of view of 25 3 20 cm2, section thick-
ness of 4 mm, acquisition matrix of 
121 3 101 mm2, intersection gap of 0 
mm, and b values of 0, 150, and 800 
sec/mm2). ADC values were calculated 
with b values of 150 and 800 sec/mm2. 
The median time interval between MR 
imaging and surgery was 9 days (range, 
1–34 days).

Whole-Mount Histologic Section 
Preparation
Histologic section preparation and 
imaging registration were described 
previously (21). Briefly, the following 
steps were performed. After surgery, 

tissue and central nervous system lym-
phomas, an inverse correlation between 
ADC and CD has been found (15–18). 
However, limited studies have been con-
ducted to investigate the relationship 
between ADC and other microanatomic 
features, and the histopathologic basis of 
the association between high ADC and 
local failure remains unclear (19,20).

The aim of this study was to investi-
gate the relationship between histologic 
characteristics of head and neck squa-
mous cell carcinoma and ADC.

Materials and Methods

Patients
The institutional ethics committee ap-
proved this study and waived informed 
consent. Eighteen consecutive patients 
were enrolled between June 2009 and 
April 2011 as part of an ongoing study, 
and all data were reviewed retrospec-
tively. Inclusion criteria were biopsy-
proven laryngeal or hypopharyngeal 
squamous cell carcinoma without prior 
treatment, stage T3 or T4 disease, and 
planned curative total laryngectomy 
with or without partial pharyngectomy. 
Before surgery, patients underwent 
a 1.5-T MR imaging examination that 
included DWI. Two patients were ex-
cluded from analysis, owing to failure of 
the histologic section preparation (n = 
1) or incomplete DWI protocol (n = 1). 
Sixteen patients remained for analysis. 
Eight patients (50%) were included in 
our previous publication on the devel-
opment of the registration method for 
the imaging validation study by Caldas-
Magalhaes et al (21).

In head and neck squamous cell car-
cinomas, magnetic resonance (MR) 
imaging is increasingly used because 

it provides excellent soft-tissue contrast 
in this complex and heterogeneous re-
gion. Besides conventional anatomic 
images, there is a rising trend toward 
additional functional MR imaging, such 
as diffusion-weighted imaging (DWI), 
for further characterization of tissues 
(1). DWI is an established imaging 
technique in the early detection of 
acute stroke, and it is gaining increas-
ing importance in several oncologic ap-
plications (2). DWI is used to quantify 
the diffusional motion of water with the 
apparent diffusion coefficient (ADC). 
As such, the ADC provides information 
about the microenvironment of tissues 
(3,4). DWI has proven to be highly ac-
curate in the differentiation of benign 
from malignant lesions, and it can be 
used for tissue characterization of pri-
mary tumors and metastasis (5–7). 
DWI seems particularly promising in 
the prediction of tumor radiosensitivity 
and the early assessment of treatment 
response, since high pretreatment ADC 
has been shown to be correlated with 
local failure of chemotherapy and/or 
radiation therapy and might therefore 
become an important application for 
treatment personalization (8–13).

A number of variables are presumed 
to influence the mobility of water pro-
tons. Commonly, the restriction of 
water molecules in tumors is attributed 
to increased cellular density (CD) and 
decreased interstitial space (14–16). 
However, perfusion, tortuosity of the ex-
tracellular space, and integrity of cellular 
membranes affect diffusivity. In prostate 

Implications for Patient Care

 n Pretreatment ADC and corre-
sponding microanatomic parame-
ters are related, which may 
improve the interpretation of dif-
fusion-weighted MR images.

 n The reported poor prognostic 
value of high pretreatment ADC 
in head and neck squamous cell 
carcinoma might be explained by 
the corresponding high stromal 
content of the tumor.

Advances in Knowledge

 n Apparent diffusion coefficient 
(ADC) was positively related to 
the percentage area of stroma  
(r = 0.69, P = .01).

 n ADC was negatively related to 
the absolute number of cells per 
square millimeter (r = 20.57, P 
= .02), the percentage area of 
nuclei (r = 20.64, P = .03), and 
the nuclear-cytoplasmic ratio (r = 
20.77, P  .01).
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years of experience in head and neck 
radiology). Figure 1 shows an H-E sec-
tion, including the pathologists’ delin-
eation, registered to the MR images 
and the manual delineation of the DWI 
on the corresponding level.

Microanatomic Parameters from H-E 
Sections
Microanatomic analysis was per-
formed on the cross-sectional tumor 
area, delineated by the pathologist 
on the four selected consecutive H-E 
sections per patient. The absolute 
number of cell nuclei (the CD) within 
the tumor was identified by using the 
IHC Nuclear Algorithm v8 in Image-
Scope v10.0 (Aperio Technologies) in 
the region delineated by the patholo-
gist. The nuclear algorithm is based on 
color, size, shape, and surroundings 

(ScanScope XT bright-field scanner; 
Aperio Technologies, Vista, Calif). The 
corresponding level of DWI sections 
was identified by using the three-di-
mensional registration. DWI sections 
have geometric distortions compared 
with native MR images, but only in 
the phase-encoded direction (anterior-
posterior direction). Therefore, we 
could not transfer the delineation of 
the pathologist directly from the H-E 
sections to the DWI sections. The tu-
mor was thus manually delineated on 
images with a b value of 0 sec/mm2 by 
using the additional information from 
all other MR images by two physicians 
in consensus, independent of the de-
lineation of the pathologist (J.P.D., a 
resident otorhinolaryngologist with 
2 years of experience in DWI; and 
F.A.P., a radiologist with more than 15 

the fresh surgical specimen was fixed 
in 10% formaldehyde for at least 48 
hours. After fixation, computed to-
mography of the specimen was per-
formed. Subsequently, to prevent 
deformations during the slicing pro-
cedure, the specimen was solidified 
in 5% agarose before it was sliced in 
3-mm-thick slices and photographed. 
Special attention was paid to the ori-
entation of the specimen in the aga-
rose block, so that the slice direction 
was comparable to the presurgical 
images. Finally, after removal of the 
agarose and decalcification, 4-mm 
whole-mount microscopic slices were 
cut from the macroscopic slices and 
stained with hematoxylin-eosin (H-E) 
with standard histologic procedure. 
Cross-sectional area of the tumor was 
outlined on the H-E sections by an ex-
perienced pathologist (N.K., with 6 
years of experience).

Registration of MR Images and Pathologic 
Specimens
The MR images were registered semi-
automatically to the H-E sections as 
described previously (21). Briefly, each 
H-E section was first registered to the 
corresponding photographed macro-
scopic slice. Second, a three-dimen-
sional specimen was reconstructed 
from the stacked photographs of the 
macroscopic slices, and, finally, the 
reconstructed three-dimensional spec-
imen was registered to the T1-weight-
ed MR images after gadolinium-based 
contrast material administration by 
using the outlining of the thyroid and 
cricoid cartilage as a reference. The 
DWI MR sections were registered by 
using the same transformation as that 
used for the T1-weighted MR images. 
This method provides a highly accurate 
three-dimensional registration, with a 
mean error of 3 mm in the axial plane 
owing to registration errors and speci-
men deformation (21).

Selection of Regions of Interest
Four consecutive microscopic slides 
per patient, containing the largest tu-
mor diameter, were chosen for further 
analysis and digitized at histologic res-
olution (objective magnification, 320) 

Figure 1

Figure 1: Images show DWI sections registered with pathologic and histologic specimens from a 78-year-
old man with a T3 glottic laryngeal carcinoma. The tumor is depicted in (a) the whole-mount digitized H-E 
section, (b) the corresponding macroscopic slice of the specimen, (c) the axial registered T1-weighted MR 
image acquired after injection of gadolinium-based contrast material, and (d) the ADC map. The delineation 
made by the pathologist on the H-E section (red outlines on a) was transferred to the MR image with an error 
of less than 3 mm to ensure the corresponding level of the DWI. A manual delineation was made on the DWI  
(b = 0 mm/sec2) section on the corresponding level, and ADC values were calculated (yellow outline on d).
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interdependence, although they result 
from different algorithm settings.

Figures 4–6 show examples of three 
tumors with different tissue microanat-
omy, the corresponding CD, ratios of 
cellular components, and ADC values.

All tumors showed less than 5% 
necrosis (range, 1%–5%), and mod-
erately differentiated tumors showed 
no difference in ADC compared with 
poorly differentiated tumors ([1.13 vs 
1.05] 3 1023 mm2/sec; P = .20).

Discussion

Exploration of the relationship between 
tissue microanatomy and ADC is of 
great importance to improve interpre-
tation of DWI findings and clarify the 
predictive value of ADC in treatment 
response.

In this study, we found a significant 
and inverse correlation between ADC 
and CD of moderate strength. Nuclear 
area and the NC ratio showed moderate 
to strong inverse correlation with ADC, 
and stromal area showed a moderate 
to strong positive correlation. Addition-
ally, nuclear and stromal area showed 
strong interdependence.

The inverse correlation between 
ADC and CD reinforces the model that 
higher cellularity, with cells packed 
more densely, causes restriction of 
water diffusion. This inverse correlation 
has been reported previously in pros-
tate cancer and lymphomas (15–18). 
However, previous reports were limited 
to the percentage area of nuclei solely. 
Although the percentage area of nuclei 
is partly determined by the absolute 
number of cells, it is also influenced by 
the size of the nuclei, whereas CD is 
independent of nuclear size. The corre-
lation between ADC and CD has been 
investigated previously by Barajas et al 
in central nervous system lymphomas 
by means of manual cell count from a 
core biopsy sample (15). In that study, 
however, no registration was performed 
between pathologic specimens and im-
aging. Therefore, accurate location of 
the biopsy within the tumor was not 
taken into account. In squamous cell 
carcinomas of the head and neck, which 
are known for their heterogeneity, this 

nuclei (negative setting 1) (19). Finally, 
the nuclear-cytoplasmic (NC) ratio was 
calculated.

Statistical Analysis
For each tumor, median ADC, CD, 
and proportion of cellular components 
were calculated. Spearman correlation 
coefficients were calculated. The Stu-
dent t test was used to test the differ-
ence between ADC values in different 
histologic tumor grades. Two-tailed P 
values of up to .05 were considered 
to indicate a significant difference. 
For the correlation of simultaneously 
tested hypotheses (percentage area 
of nuclei, stroma, and cytoplasm and 
the NC ratio), the Holm-Bonferroni 
adjustment for multiple comparisons 
was used (GraphPad Prism 6; Graph-
Pad, La Jolla, Calif).

Results

Sixteen patients were eligible for 
analysis of the CD. For the analyses of 
the cellular components with a color-
based segmentation method, 12 pa-
tients were eligible, as four patients 
were excluded because poor staining 
intensity hindered reliable separation 
of cytoplasm and nuclei. Patients’ clin-
ical characteristics are summarized in 
Table 1.

Figure 2 shows a typical example of 
the automatic segmentation on the H-E 
sections.

The mean ADC of tumors showed 
wide variation, with a range of (0.92–
1.30) 3 1023 mm2/sec. ADC heteroge-
neity also varied widely among tumors, 
with a standard deviation range of 
(0.15–0.34) 3 1023 mm2/sec. Table 2 
displays the mean values of the micro-
anatomic parameters and the Spear-
man correlations with ADC and with 
each other. ADC was significantly and 
inversely correlated to the CD, the nu-
clear area, and the NC ratio. ADC was 
significantly and positively correlated 
with the stromal area (Fig 3). No sig-
nificant correlation was found between 
ADC and cytoplasmic area.

Additionally, nuclear and stromal 
areas were very strongly and inversely 
correlated. This correlation shows their 

and was designed with a minimal de-
tectable nuclear size of 20 mm2 (22). 
This algorithm was validated by man-
ually counting the CD in a random 
area of 800 mm2 within the tumor on 
the most cranial chosen H-E section. 
Bland-Altman analysis showed a mean 
bias 6 standard deviation of 9.6% 6 
11.4.

The ratios of cellular components 
were identified by using color-based 
segmentation with the Positive Pixel 
Count Algorithm v9 in ImageScope 
(Aperio Technologies). The percentage 
area of nuclei, cytoplasm, and stroma 
was calculated by using two hue and 
window settings (setting 1: 0.10 for 
hue, 0.44 for window; setting 2: 0.72 
for hue, 0.36 for window).

The area of each component was 
calculated as the ratio of the segmented 
area to the area of the tumor delin-
eated by the pathologist. The area of 
nuclei was segmented as negative pixels 
in setting 1. Stroma was segmented as 
negative pixels in setting 2. Cytoplasm 
and nuclei were segmented as positive 
in setting 2; therefore, the percentage 
area of cytoplasm was the subtraction 
of the area of cytoplasm plus nuclei 
(positive setting 2) minus the area of 

Table 1

Patient Characteristics

Characteristic Value

Age (y)* 60 (49–78)
Tumor site
 Supraglottic 6 (38)
 Glottis 2 (13)
 Transglottic 3 (18)
 Piriform sinus 5 (31)
Pathologic tumor stage
 T3 3 (18)
 T4a 12 (75)
 T4b 1 (6)
Differentiation
 Moderate 9 (56)
 Poor 7 (44)
Interval between MR imaging  

 and surgery (d)*
9 (1–34)

Note.—Unless specified otherwise, data are numbers of 

patients, with percentages in parentheses.

* Data are median values, with ranges in parentheses.
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numerous other tissue components. We 
found a moderate to strong significantly 
positive correlation of ADC and stromal 
area. Stromal area generally has more 
extracellular volume compared with a 

(21). This method had a mean error of 
only 3 mm.

In contrast to prior literature, our 
study extended beyond tissue cellu-
larity by including the investigation of 

method would be inappropriate. Instead, 
in our study, we used four consecutive 
whole-mount histologic sections, regis-
tered to MR images with a highly accu-
rate and validated registration technique 

Figure 2

Figure 2: (a) Digitized whole-mount H-E section 
from a 70-year-old man with a T4 supraglottic 
laryngeal carcinoma (arrow). (b) Microanatomic 
parameters (original magnification, 320) were seg-
mented automatically within the tumor. (c) The ab-
solute number of cells (blue, IHC Nuclear Algorithm; 
Aperio Technologies), (d) percentage area of nuclei 
(blue, Positive Pixel Count Algorithm setting 1), and 
(e) percentage area of stroma (blue, Positive Pixel 
Count Algorithm setting 2) were segmented by 
using different algorithm settings. From these, the 
percentage area of cytoplasm (red area on e minus 
blue area on d) and NC ratio were calculated.

Table 2

Microanatomic Parameters and Correlation with ADC

Parameter CD (n = 16)
Percentage Nuclei  
Area (n = 12)

Percentage Cytoplasm  
Area (n = 12)

Percentage Stroma  
Area (n = 12)

NC Ratio  
(n = 12)

Mean* 6406 (4806–8050) 43.1 (24.1–70.2) 19.6 (11.2–27.1) 39.6 (14.0–75.8) 2.4 (1.1–4.7)
Correlation with ADC (r value)† 20.57 (.02‡) 20.64 (.03§) 0.43 (.16) 0.69 (.01§) 20.77 (, .01§)
Correlation with percentage nuclei (r value)† … 1.000 20.01 (.97) 20.97 (,.01‡) 0.64 (.03‡)

Note.—CD = absolute number of cells per square millimeter, r = Spearman r.

* Unless specified otherwise, data are mean values, with ranges in parentheses.
† Numbers in parentheses are P values.
‡ Significant difference.
§ Significant difference by using Holm-Bonferroni adjustment for multiple testing.
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tumors. The small sample size and the 
small variety in differentiation grade 
hamper the acquisition of significant 
results. However, a similar trend was 
reported recently (31). In addition, all 
tumors showed less than 5% necrosis. 
Therefore, necrosis was not excluded 
or treated as a separate parameter.

Our study had several limitations. 
One limitation of this work was that 
the DWI was affected by anterior-
posterior geometrical distortions. To 
overcome this, the tumor was manu-
ally delineated on the DWI sections on 
the corresponding craniocaudal level. 
Clearly, a nonrigid registration method 
would have been preferable, enabling 
a voxel-based analysis that included 
analysis of tissue surrounding the tu-
mor. The color-based segmentation 
and the usage of identical settings for 
all patients served to remove a large 
element of subjectivity and potential 
bias. The drawback of this method is 
that staining variability is not taken 
into account. For the absolute number 
of cells, we used an automatic segmen-
tation technique with a 9.6% bias and a 
standard deviation of 11.4%, which we 
considered acceptable. This introduces 
some uncertainty in our data. Another 
limitation was that the number of 

local nonresponders (8,9). It is often 
hypothesized that this is due to necrotic 
parts within the tumor. Our study is the 
first to prove that low CD reflects a large 
stromal area that contributes to rela-
tively high ADC values. Stromal compo-
nent has shown to be an independent 
prognostic factor for a relapse-free pe-
riod in several tumors, such as breast 
cancer, colon cancer, and esophageal 
squamous cell carcinoma (23–27). Fur-
thermore, it has been described that 
stromal cells play an important role in 
the support of tumor growth by pro-
moting invasion and protection from 
apoptosis and potentially creating bar-
riers to deliver systemic chemotherapy 
(28–30). This might suggest that the 
poor prognostic value of a high pre-
treatment ADC might be partly attrib-
uted to the tumor-stromal component. 
In our study, we found no significant 
association between histologic tumor 
grade and mean ADC, although a trend 
was observed toward lower ADC values 
in poorly differentiated tumors com-
pared with moderately differentiated 

Figure 3

Figure 3: Plots show the correlation of mean ADC with (a) CD, (b) nuclear area, (c) stromal area, and (d)
NC (N/C) ratio. Correlations were calculated with a nonparametric test. r = Spearman r statistic.

Figure 4

Figure 4: Digitized whole-mount H-E section 
(original magnification, 310) of a T4a laryngeal 
carcinoma. The tumor shows a low CD of 4806 
cells per square millimeter, 32% nuclear area, 49% 
stromal area, NC ratio of 1.66, and high ADC of 
1.26 3 1023 mm2/sec.

tumor with dense cellularity. A very 
strong interdependence between per-
centage area of nuclei and stroma was 
seen, which indicates that cellularity 
and stromal area were indistinguish-
able and interchangeable. The strong 
correlation between percentage area of 
nuclei and stroma might call into ques-
tion the methodologic independence; 
however, the two variables were calcu-
lated by using the Positive Pixel Count 
algorithm with different settings. Also, 
we found NC ratio to have a strong neg-
ative correlation with ADC, compared 
with the percentage area of nuclei. This 
NC ratio might be interpreted as the 
amount of cytoplasm per cell. The in-
verse correlation suggests that tumors 
with high NC ratio are likely to have 
densely packed cells with only a limited 
amount of cytoplasm, reflected by a low 
ADC.

Several studies have been conduct-
ed to investigate the prognostic value of 
ADC for determination of pretherapeu-
tic tumor radiosensitivity, and a high 
ADC was reported to be predictive for 
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Figure 6: Digitized whole-mount H-E section 
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