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Diffusion-weighted and PET/MR 
Imaging after Radiation Therapy 
for Malignant Head and Neck 
Tumors1

Interpreting imaging studies of the irradiated neck constitutes a 
challenge because of radiation therapy–induced tissue alterations, 
the variable appearances of recurrent tumors, and functional and 
metabolic phenomena that mimic disease. Therefore, morphologic 
magnetic resonance (MR) imaging, diffusion-weighted (DW) im-
aging, positron emission tomography with computed tomography 
(PET/CT), and software fusion of PET and MR imaging data 
sets are increasingly used to facilitate diagnosis in clinical practice. 
Because MR imaging and PET often yield complementary infor-
mation, PET/MR imaging holds promise to facilitate differentia-
tion of tumor recurrence from radiation therapy–induced changes 
and complications. This review focuses on clinical applications of 
DW and PET/MR imaging in the irradiated neck and discusses 
the added value of multiparametric imaging to solve diagnostic di-
lemmas. Radiologists should understand key features of radiation 
therapy–induced tissue alterations and potential complications seen 
at DW and PET/MR imaging, including edema, fibrosis, scar tis-
sue, soft-tissue necrosis, bone and cartilage necrosis, cranial nerve 
palsy, and radiation therapy–induced arteriosclerosis, brain necro-
sis, and thyroid disorders. DW and PET/MR imaging also play a 
complementary role in detection of residual and recurrent disease. 
Interpretation pitfalls due to technical, functional, and metabolic 
phenomena should be recognized and avoided. Familiarity with 
DW and PET/MR imaging features of expected findings, potential 
complications, and treatment failure after radiation therapy increas-
es diagnostic confidence when interpreting images of the irradiated 
neck. Online supplemental material is available for this article.
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After completing this journal-based SA-CME 
activity, participants will be able to:

 ■ Recognize key imaging features of 
radiation therapy–induced changes and 
complications in the head and neck.

 ■ Describe diffusion-weighted and PET/
MR imaging findings of residual and 
recurrent tumors in the head and neck.

 ■ Discuss potential pitfalls of image 
interpretation and how to avoid them.

See www.rsna.org/education/search/RG.

SA-CME LEARNING OBJECTIVES
Introduction

Over 95% of malignant head and neck tumors in adults are squa-
mous cell carcinomas (SCCs), while the remaining 5% comprise 
various other histologic types, such as thyroid cancers, adenoid cystic 
carcinoma, melanoma, lymphoma, chondrosarcoma, and other rare 
tumors. This review excludes thyroid and skin cancers and focuses 
on head and neck SCCs arising in the upper aerodigestive tract. 
Treatment decisions for patients with head and neck SCC are made 
in the setting of multidisciplinary tumor boards and are influenced 
by clinical parameters, histologic findings, primary versus recurrent 
disease, submucosal tumor extent, and presence of nodal or distant 
metastases and second primary tumors (1,2). Treatment options 
include surgery, radiation therapy, chemotherapy, or a combination 
thereof (2).
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for certain rare tumors (chordoma and chondro-
sarcoma of the skull base) and selected sinonasal 
or nasopharyngeal carcinomas. Because the pro-
tons have a large mass, scatter remains limited 
and allows sparing of surrounding tissues while 
the radiation dose is delivered to the tumor. 

At IMRT, radiation doses delivered to tumors 
and lymph nodes documented at imaging and 
to high-risk areas (eg, suspected microscopic 
disease, postoperative tumor bed with positive 
margins or extranodal spread) are typically 62–70 
Gy (5–9). Subclinical disease sites with negative 
imaging findings and intermediate risk for mi-
croscopic involvement receive a radiation dose of 
59–63 Gy, while areas with lower risk for micro-
scopic involvement receive 50–58 Gy. Critical tis-
sues such as the brainstem, spinal cord, and optic 
pathway typically receive doses below 45–50 Gy 
(5–10). Determination of clinical target volumes 
and differentiation of intermediate- from low-risk 
areas depends on the location of the primary tu-
mor and possible microscopic extension, with use 
of surgical and pathologic data from the literature 
and internationally recognized guidelines (5–9). 
Full manual contouring of desired head and neck 
IMRT targets by the radiation oncologist is a la-
borious process that requires up to several hours 
per patient (10,11); therefore, atlas-based seg-
mentation methods are increasingly used to plan 
head and neck IMRT (11). As shown by several 
investigators (4,12,13), tissues exposed to radia-
tion therapy undergo structural, functional, and 
metabolic changes. These changes can hamper 
early detection of recurrent disease.

Indications for imaging after radiation therapy 
include clinically suspected tumor recurrence and 
regular follow-up of high-risk patients (4,13–15). 
Interpreting imaging studies of the irradiated 
neck constitutes a diagnostic challenge because of 
radiation therapy–induced tissue alterations and 
complications, the variable appearances of recurrent 
tumors, and functional and metabolic phenomena 
that mimic disease. Therefore, contrast-enhanced 
computed tomography (CECT), morphologic 
magnetic resonance (MR) imaging, diffusion-
weighted (DW) imaging, combined positron 
emission tomography and computed tomography 
(PET/CT), and software fusion of PET and MR 
imaging data are used in routine clinical practice. 
Because MR imaging and PET often yield comple-
mentary information (16), recently introduced 
hybrid PET/MR imaging systems (17–21) hold 
promise to facilitate differentiation of tumor recur-
rence from posttreatment complications.

This article reviews clinical applications of DW 
and PET/MR imaging in the irradiated neck and 
discusses the complementary role of these modali-
ties in solving diagnostic dilemmas. We provide 

Radiation therapy for head and neck tumors 
includes external beam radiation therapy and 
brachytherapy. While external beam radiation 
therapy delivers photons, electrons, or protons 
produced by external radiation sources, brachy-
therapy is performed with radiation sources im-
planted in the patient. Intensity-modulated radia-
tion therapy (IMRT) is currently the preferred 
radiation therapy option for the head and neck. It 
uses computer-controlled linear accelerators that 
deliver high radiation doses (photon radiation 
therapy) to the tumor while minimizing the dose 
to surrounding normal tissues and critical organs 
such as the parotid glands, optic nerve, and spine 
(2–10). Local control is thereby improved, and 
related morbidity is reduced. Proton beam radia-
tion therapy uses high-energy protons; it is used 

TEACHING POINTS
 ■ Typical imaging findings include thickening of subcutane-

ous fat, retropharyngeal fat, and platysma; characteristic 
reticulated soft-tissue enhancement; and major airway nar-
rowing, especially in the supraglottic larynx. These findings 
are limited to the radiation therapy port and are well ap-
preciated on contrast-enhanced fat-saturated T1-weighted 
MR images. On DW images, normal or increased diffusion 
due to edema is observed. On PET/MR images, FDG uptake 
can be variable.

 ■ Because of their abundant collagen fibers and stromal fi-
brin, scars typically show low signal intensity on T1- and 
T2-weighted MR images, fairly regular thickness, elongated 
shape, and a flat edge with a retracted margin; there is often 
deformation of adjacent tissues and mucosal retraction due 
to the underlying desmoplastic reaction. Contrast enhance-
ment can be strong in immature scars and faint or absent in 
long-standing mature scars. At DW imaging, scar tissue has 
low signal intensity on b = 0 sec/mm2 and b = 1000 sec/mm2 

images and a low ADC.

 ■ In early stages of soft-tissue necrosis, local mucosal destruc-
tion can be detected endoscopically. MR imaging findings 
are subtle, and the normally enhancing mucosal line ap-
pears discontinuous. In more advanced stages, soft-tissue 
ulcerations appear at CT and MR imaging as large, well-
delineated, “punched-out” defects that lack the characteris-
tic enhancing mucosal layer. Tiny air-filled pockets near the 
ulcerated area and fistula formation are common.

 ■ The imaging characteristics of recurrent tumors at DW and 
PET/MR imaging are similar to those of primary tumors. 
Recurrent head and neck SCCs are seen as soft-tissue masses 
with high FDG uptake, moderately high T2 signal intensity, 
and moderate to high contrast enhancement. At DW imag-
ing, they show restricted diffusion with low ADCs (most of-
ten <1.3 × 10−3 mm2/sec), which allows differentiation from 
benign radiation therapy–induced changes (ADC >1.6–1.8 × 
10−3 mm2/sec).

 ■ Inflammatory or infectious conditions can lead to false-posi-
tive PET findings in the irradiated neck, and correlation with 
DW imaging findings can help solve the diagnostic dilemma. 
In clinical practice, no PET/MR imaging examination should 
be performed without knowledge of clinical findings, espe-
cially if an infectious event is suspected.
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ting (two b values) is used. The monoexponential 
fitting represents a rough approximation of true 
diffusion. Multiexponential models with several 
b values are more suitable for quantification; 
however, acquisition of DW images with multiple 
b values increases scan duration. In most head 
and neck imaging protocols, the higher b values 
used at DW imaging are 800–1000 sec/mm2. Al-
though calculation of ADCs depends on a variety 
of factors (eg, MR imaging equipment; magnetic 
field heterogeneity; air, bone, and soft-tissue 
interfaces; and section thickness), ADC measure-
ments have been shown to be reproducible, with 
excellent intra- and interobserver reproducibil-
ity (26). ADCs in tumors depend on histologic 
characteristics. ADCs in thyroid cancer are 1.3–3 
× 10−3 mm2/sec; in head and neck SCC, they are 
0.6–1.5 × 10−3 mm2/sec, with a mean of 0.9–1.2 
× 10−3 mm2/sec (Table 1). ADCs are even lower 
in head and neck lymphoma, with reported val-
ues of 0.5–0.9 × 10−3 mm2/sec (14–16,18,22,27). 

Furthermore, as recently reported, ADCs in 
head and neck SCC also depend on the degree 
of tumor differentiation. Poorly differentiated 
head and neck SCCs tend to have lower ADCs 
than do well-differentiated tumors (26,27). This 
finding has been attributed to the higher nuclear-
cytoplasmic ratio seen in poorly differentiated 
lesions compared to the small foci of liquefactive 
necrosis typically seen in well-differentiated tu-
mors (14,16,18,22,26,27). Therefore, evaluation 
of patients who have undergone radiation therapy 
for malignant head and neck tumors should take 
the histologic characteristics of treated tumors 
into consideration. Although there is no gener-
ally applicable ADC threshold for detection of 

a comprehensive approach to understanding key 
imaging features of radiation therapy–induced 
changes and complications seen at DW and PET/
MR imaging, review the added value of DW and 
PET/MR imaging for detection of recurrent dis-
ease, and discuss interpretation pitfalls and how to 
avoid them.

DW and PET/MR Imaging
DW imaging is a functional MR imaging tech-
nique that enables depiction and quantification 
of the Brownian motion of water molecules in 
vivo (21–23). Because macromolecules, mem-
branes, cell organelles, and fibers hinder free 
displacement (diffusion) of water molecules in 
biologic tissues, DW imaging enables detection 
of early pathologic changes. Restricted diffu-
sion is a consequence of cytotoxic edema or 
increased cellularity. It is seen in a variety of 
pathologic conditions, including stroke, malig-
nant hypercellular tumors, some benign tumors 
(Wharthin tumors), thrombi, inflammation, 
infection, and abscesses (14–16,21–27). In ad-
dition, normal lymphatic structures (Waldeyer 
ring and normal lymph nodes) also display re-
stricted diffusion due to their inherently high 
cellularity. Increased diffusion of water mol-
ecules occurs in tissues with decreased cellular-
ity, such as necrotic tissues and necrotic tumors, 
and in vasogenic edema (14,22,24–27). 

The apparent diffusion coefficient (ADC) is 
a metric used for quantification at DW imaging. 
In clinical practice, ADCs (expressed in square 
millimeters per second) are calculated with use of 
software programs and are displayed as a para-
metric map. Most often, a monoexponential fit-

Table 1: Reported ADCs of Primary and Recurrent Head and Neck SCCs

Study Year
No. of 

Tumors
Mean ADC ± SD 
(× 10−3 mm2/sec)

Minimum  
ADC ± SD  

(× 10−3 mm2/sec)

Primary SCC
 Choi et al (28) 2011 47 1.22 ± 0.28 ND
 Fruehwald-Pallamar et  

 al (29)
2011 31 1.05 ± 0.21 ND

 Nakajo et al (30) 2012 26 0.92 ± 0.19 ND
 King et al (24) 2013 37 1.22 ± 0.21 ND
 Varoquaux et al (26) 2013 24 1.02 ± 0.30 0.61 ± 0.29
Recurrent SCC
 Vandecaveye et al (15) 2007 15 1.11 ± 0.29 ND
 Abdel Razek et al (31) 2007 30 1.17 ± 0.33 ND
 Varoquaux et al (26) 2013 10 1.13 ± 0.41 0.73 ± 0.29
 Tshering Vogel et al (32) 2013 46 1.2 ± 0.46 ND

Note.—All indicated values correspond to monoexponentially fitted total ADC values. 
ND = no data, SD = standard deviation.
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tumor recurrence, a mean ADC of less than 
1.3 × 10−3 mm2/sec is generally acknowledged 
to indicate restriction, and in the irradiated 
neck, such low ADCs indicate recurrent disease 
(14,16,22,24,26,27). Nevertheless, as some over-
lap in ADC values may exist between benign and 
malignant conditions, interpretation of ADCs 
should be done carefully and in conjunction with 
morphologic findings.

Fluorine 18 fluorodeoxyglucose (FDG) is a 
glucose analog taken up by metabolically active 
tumor cells, and uptake is mainly related to the 
proliferation rate and viability of neoplastic cells. 
As the radiotracer becomes entrapped in cells 
after phosphorylation, FDG PET allows quan-
tification of glucose metabolism. FDG PET/CT 
has been shown to have a high sensitivity and 
high negative predictive value for detection of 
head and neck SCC (16,33,34). Although FDG 
PET/CT rarely adds additional information to 
MR imaging and CECT regarding the tumor 
stage in primary head and neck SCC, it is of 
undisputed value for assessment of lymph node 
metastases, distant metastases, and synchronous 
primary tumors; identification of unknown pri-
mary tumors; posttreatment surveillance; and 
detection of recurrent disease (21,35). Nev-
ertheless, increased FDG uptake can also be 
seen in a variety of benign conditions with high 
glucose metabolism (eg, inflammatory nodes, 
granulation and scar tissue, and Warthin tu-
mors); this increased FDG uptake may lead to 
false-positive imaging findings (34,36). 

Quantification of tracer uptake at PET is 
commonly performed by using the standardized 
uptake value (SUV). The SUV is a semiquan-
titative metric calculated by dividing the tissue 
radioactivity concentration at a certain time by 
the injected radioactivity extrapolated to the 
same time and the body weight. The SUV can 
be calculated pixel-by-pixel, yielding a paramet-
ric image, or it can be calculated over a region of 
interest. Although SUV measurements depend 
on multiple factors (ie, patient status, scanner 
calibration, data acquisition, reconstruction 
parameters, and choice of regions of interest), 
quantification according to mean and maximum 
SUVs is widely used in clinical practice because 
SUV measurements are easily obtained on the 
computer screen during image interpretation 
and there is excellent intra- and interobserver 
reproducibility (26). Most head and neck SCCs 
have high mean and maximum SUVs (>3; typi-
cally 5–9 for mean SUV and 6–16 for maximum 
SUV) (18,26, 28–30,33–35,37–41) (Table 2). 
However, small metastatic lymph nodes, ne-
crotic tumors, and tumors with an inherently 
low proliferation rate may not be FDG avid 

and thus may have low SUVs, whereas inflam-
matory processes may show high FDG uptake 
and high SUVs (see the section on “Pitfalls”) 
(24,34,36,42–45). Therefore, it is generally ac-
cepted that characterization of a lesion using an 
SUV threshold alone is not adequate, particu-
larly in the irradiated neck, and correlation with 
CECT, MR imaging, or DW imaging findings is 
essential.

Because of high lesion-to-background contrast, 
images obtained by applying gray-scale inver-
sion to DW imaging datasets acquired with b of 
1000 sec/mm2  visually resemble FDG PET im-
ages (16,26). However, because DW imaging and 
PET have completely different biophysical and 
biochemical foundations and ADCs and SUVs are 
independent biomarkers (16,26), the information 
provided by the two techniques is complementary. 
This complementarity has led to increasing use of 
multimodality image fusion and development of 
hybrid PET/MR imaging systems.

Hybrid PET/MR Imaging  
and Multimodality Image Fusion

Recently introduced hybrid PET/MR imaging 
systems enable acquisition of anatomic, func-
tional, and metabolic information during the 
same session (17–21). Currently, three types of 
hybrid systems exist: simultaneous PET/MR im-
aging (PET and MR imaging subsystems inte-
grated in the same gantry), sequential PET/MR 
imaging (two separate imaging units in the same 
room that use a common rotating table), and 
sequential PET/CT and MR imaging (separate 
PET/CT and MR imaging units in two adjacent 
examination rooms, with a mobile patient table 
that can be docked to either of the two imag-
ing units). Attenuation correction for PET data 
used to calculate SUVs is done using MR imag-
ing–based attenuation correction maps in the 
first two systems, whereas trimodality PET/CT 
and MR imaging uses classic CT-based attenua-
tion correction methods. 

Calculating SUVs from MR imaging datasets 
constitutes a challenge because signal intensity on 
MR images is not directly associated with attenu-
ation values of biologic tissues. Transformation 
of MR imaging datasets into attenuation maps 
for PET is currently a field of intense research. 
Although several groups have shown a strong cor-
relation between SUVs at PET/MR imaging and 
PET/CT (18,21,46,47), it has been suggested 
that SUVs of focal lesions and organs are under-
estimated at PET/MR imaging compared with at 
PET/CT (18,21,46,47). Although quantification 
in PET/MR imaging systems has implications for 
everyday clinical work, discussion of quantifica-
tion issues related to MR imaging–based attenua-
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tion correction versus CT-based attenuation cor-
rection and factors influencing SUVs is beyond 
the scope of this article (18,21,46–48).

In multimodality image fusion, a color or 
gray-scale functional image (eg, PET or DW) is 
superimposed on a corresponding anatomic MR 
image. DW data obtained with b of 1000 sec/mm2 
or PET data acquired independently of MR im-
aging data can be fused with it by using commer-
cially available software algorithms, whereas in 
hybrid PET/MR imaging systems, image fusion is 
achieved by use of hardware fusion.

Key Findings at MR,  
DW, and PET/MR Imaging

The radiologist performing imaging of the head 
and neck in patients who have undergone radia-
tion therapy must differentiate between expected 
changes after radiation therapy, potential compli-
cations of radiation therapy, and residual or re-
current tumor (4,13,15,49). High-dose radiation 
therapy required for treatment of malignant head 
and neck tumors affects normal tissues included 
in the radiation therapy portal (12). Early effects 
typically occur after the first 1–2 weeks after the 
start of radiation therapy (49). They are seen in 
tissues with rapid cell renewal (epithelial and he-
matopoietic stem cells), where frequent mitosis is 
required to maintain organ function (12). Most 

acute effects (mucositis and erythema) are self-
limiting and reversible.

Late effects tend to occur months or years 
after completion of radiation therapy and affect 
tissues with low mitotic activity, such as neural, 
fatty, and vascular tissue; bone; and cartilage. 
Late effects are caused by damage to connective 
tissue cells and the endothelial lining of small 
blood vessels (12). Damage to microvasculature 
leads to secondary cell death due to nutrient 
deprivation. Late effects of radiation therapy in-
clude edema, nonreversible fibrosis, progressive 
parenchymal destruction, and subsequent organ 
atrophy. Radiation therapy–induced fibrosis is 
associated with expression of inflammatory cy-
tokines (transforming growth factor [TGF]–b), 
which stimulate fibroblast proliferation, differ-
entiation into fibrocytes, and collagen produc-
tion. Fibrosis due to radiation therapy is a dy-
namic process with an apparently uncontrolled 
remodeling phase and increased severity over 
time (49,50). The extent of radiation therapy–
induced fibrosis and organ atrophy may differ 
from one patient to another, even if identical 
radiation therapy treatments are used (50), and 
it has been suggested that genetic factors, addi-
tional chemotherapy, corticosteroid administra-
tion, and fractionation schedule may contribute 
to variability in individual radiosensitivity (51). 

Table 2: Reported Mean and Maximum SUVs of Primary and Recurrent Head 
and Neck SCCs at PET/CT

Study Year
No. of 

Tumors
Mean  

SUV ± SD
Maximum  
SUV ± SD

Primary SCC
 Machtay et al (37) 2009 60 8.5 ND
 Haerle et al (38) 2010 294 ND 10.7 ± 4.6
 Imsande et al (39) 2011 18 ND 12.5 ± 8.7
 Choi et al (28) 2011 47 5.2 ± 2.0 12.0 ± 5.5
 Fruehwald-Pallamar et  

 al (29)
2011 31 ND 16.5 ± 12.1

 Nakajo et al (30) 2012 26 ND 15.5 ± 6.7
 Higgins et al (40) 2012 88 7.0 15.4
 Varoquaux et al (26) 2013 24 10.7 ± 3.7 14.1 ± 4.9
 Varoquaux et al (18)* 2014 32 5.5 (4.2, 8.7),†

 7.7 (5.4, 11.5)
6.6 (5.5, 10.9),† 8.7 

(7.3. 15.1)
Recurrent SCC
 Wong et al (41) 2002 69 5.8 ± 3.7‡ ND
 Varoquaux et al (26) 2013 10 7.9 ± 3.5 9.9 ± 4.3
 Varoquaux et al (18)* 2014 32 5.5 (4.2, 8.7),†

 7.7 (5.4, 11.5)
6.6 (5.5, 10.9),†

  8.7 (7.3, 5.1)

Note.—Numbers in parentheses represent data obtained at interquartile intervals.  
ND = no data, SD = standard deviation. 
*Data include primary and recurrent tumors; SDs not provided.
†Measured at PET/MR imaging.
‡ Measured at PET. 
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Combined treatment modalities (ie, radiation 
therapy with surgery or chemotherapy) can 
further lead to increased severity of fibrosis 
(51,52). All of these factors may explain why ra-
diation therapy–induced tissue damage depicted 
at cross-sectional imaging can differ in severity 
among patients.

Expected Changes  
after Radiation Therapy

Mucositis, Dermatitis, Soft-Tissue Edema, and 
Fibrosis.—Edema is a common finding in the 
irradiated neck, with a reported prevalence of 
75%–90% at 3 months after radiation therapy 
(53). Edema is mainly caused by impaired lym-
phatic flow (secondary lymphedema) due to 
neck fibrosis and formation of scar tissue. Ra-
diation therapy–induced superficial lymphedema 
affects the anterior neck and submental, facial, 
and, less often, intraoral areas. Deep-space 
lymphedema typically affects the visceral, retro-
pharyngeal, and carotid spaces (54). Both types 
of lymphedema most often coexist. Contrast-
enhanced MR images obtained during the first 9 
months after radiation therapy frequently show 
skin thickening and enhancement (dermatitis) 
and intense mucosal enhancement correspond-
ing to mucositis (4,13). Typical imaging find-
ings include thickening of subcutaneous fat, 
retropharyngeal fat, and platysma; characteristic 
reticulated soft-tissue enhancement; and major 
airway narrowing, especially in the supraglottic 
larynx (13,23,54). These findings are limited 
to the radiation therapy port and are particu-
larly well appreciated on contrast-enhanced 
fat-saturated T1-weighted MR images (Fig 1). 
At DW imaging, normal or increased diffusion 
due to edema is observed. At PET/MR imaging, 
FDG uptake can be variable (23,31). In patients 
with severe mucositis, intense FDG uptake can 
render differentiation from residual tumor dif-
ficult (55). A nasogastric tube or tracheostomy 
cannula can also lead to increased FDG uptake 
due to local irritation of the pharyngeal, esopha-
geal, and tracheal mucosa. However, absence of 
an obvious mass at morphologic MR imaging 
and normal or increased diffusion at DW imag-
ing facilitates diagnosis of benign inflammatory 
FDG uptake.

Scar Tissue.—Six weeks to 1 year after radiation 
therapy, some patients develop extensive fibro-
sis, with a hypertrophic scar formed beneath the 
mucosa that was initially involved by tumor. This 
hypertrophic scar can be detected at MR and 
PET/MR imaging and typically is located in the 
muscular structures of the floor of the mouth, 

pharynx, larynx, neck, or masticator space. It is 
seen whenever the tumor showed deep invasion 
at pretreatment MR imaging (56). Hypertrophic 
scar tissue is the result of abnormal wound heal-
ing, with loss of the control mechanisms that 
regulate tissue repair and regeneration. Histologi-
cally, scar tissue can be subdivided into mature 
and immature scars. Immature scars caused by 
radiation therapy are characterized by variable 
amounts of fibroblasts, fibrocytes, fibrin, and col-
lagen, whereas mature scars are mainly composed 
of stromal fibrin and collagen bundles. Scars 
induced by radiation therapy contain atypical 
fibroblasts (so-called radiation fibroblasts) with 
triangular or bizarre shapes and “smudged” hy-
perchromatic nuclei, but these features do not 
imply biologic aggressivity (57). 

The reported MR imaging appearances of 
scars due to radiation therapy, surgery, laser 
resection, or a combination of these techniques 
are similar (54,56,58–62). Because of their 
abundant collagen fibers and stromal fibrin, 
scars typically show low signal intensity on 
T1- and T2-weighted MR images, fairly regular 
thickness, elongated shape, and a flat edge with 
a retracted margin (54,56,58–62); there often 
is deformation of adjacent tissues and mucosal 
retraction due to the underlying desmoplastic 
reaction (Fig 2). Contrast enhancement can be 
strong in immature scars and faint or absent in 
long-standing mature scars. At DW imaging, 
scar tissue has low signal intensity on images 
obtained with b of 0 sec/mm2 and b of 1000 sec/
mm2 images and low ADCs (Fig 2) (58,60). 
Over time, the signal intensity of the scar further 
decreases and becomes even lower with all 
sequences, especially T2-weighted MR imaging 
sequences. This low T2 signal intensity is char-
acteristic of benign scar tissue and should be 
differentiated from intermediate T2 signal inten-
sity (“evil gray”) encountered in head and neck 
SCC (31,52–64). As opposed to benign scar 
tissue, residual or recurrent head and neck SCC 
lesions manifest as expansive, poorly delineated, 
infiltrative areas with T2 signal intensity similar 
to that of untreated tumor and show moder-
ate to strong enhancement after intravenous 
administration of gadolinium chelate contrast 
agent (58–62). Recently, it has been suggested 
that residual masses composed entirely of 
scar tissue are associated with low likelihood 
of tumor recurrence, independent of scar size 
(56). FDG uptake in radiation therapy–induced 
scars is variable. Although FDG uptake in early 
immature scars can be prominent because of 
increased glucose metabolism (Fig 3), once the 
scar is mature, no significant FDG uptake is 
observed (Fig 2).
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Sialadenitis and Xerostomia.—Radiation 
therapy–induced sialadenitis is a major cause of 
morbidity after radiation therapy (12,65). Sial-
adenitis leads to xerostomia, which predisposes 
to fulminant caries and delayed osteoradionecro-
sis. Although the exact mechanism of radiation 
therapy–induced sialadenitis is not completely 
understood, cell-mediated immune mechanisms 
are thought to play a main role in pathogenesis 
(65). In early-stage disease, MR imaging reveals 
major gland edema (particularly well depicted 
on fat-saturated T2-weighted and short inversion 

time inversion-recovery [STIR] MR images) and 
increased vascularization (best seen on contrast-
enhanced fat-saturated T1-weighted MR images) 
(54). Diffusion is slightly restricted (decreased 
ADCs) throughout the gland, and FDG uptake is 
increased (moderately high–high SUVs). Diffuse 
FDG uptake in the salivary glands is nonspe-
cific and can also occur in patients who have not 
undergone radiation therapy and those without 
salivary gland disease (36,44,66). In fact, it is 
seen in many patients undergoing pretreatment 
FDG PET/CT of the head and neck. Unilateral 

Figure 1. Radiation therapy–induced fibrosis and edema 4 months after radiation therapy for supraglot-
tic SCC. Axial T2-weighted MR image (a), DW image (b = 1000 sec/mm2) (b), ADC map (c), fused DW (b = 
1000 sec/mm2)–gadolinium-enhanced fat-saturated T1-weighted MR image (d), and fused PET–gadolinium-
enhanced fat-saturated T1-weighted MR image (e) show edema and fibrosis in the anterior neck (* in a, d, and 
e) and aryepiglottic folds (white arrows), with airway narrowing. No restricted diffusion is seen in the larynx in 
b and c, and there is minor FDG uptake in the larynx in e. Restricted diffusion and high focal FDG uptake are 
seen in a histologically proven residual level II–III lymph node metastasis (black arrow).
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inclusion of major salivary glands in the radia-
tion therapy port may lead to asymmetric FDG 
uptake and unilateral restricted diffusion. Cor-
relation with morphologic MR images, PET/
MR image fusion, and knowledge of the radiation 
therapy port helps avoid misdiagnosis. After 9–12 
months, progressive gland atrophy leads to fatty 
replacement and decreasing FDG metabolism 
with progressively decreasing SUVs. IMRT and 
dose painting can be used to spare parotid and 
submandibular gland function without compro-
mising treatment efficacy.

Replacement of Hematopoietic Marrow by 
Fatty Marrow and Activation after Chemother-
apy.—Damage to bone marrow cells after radia-
tion therapy results in acute edema followed by 
fatty replacement and endosteal fibrosis (12,13). 
At radiation doses higher than 10 Gy (67), all ir-
radiated marrow spaces (ie, cervical spine, man-
dible, bony skull base, ossified laryngeal carti-
lages) show persistent signs of injury from radia-
tion therapy at PET/MR imaging. MR imaging 
demonstrates inflammatory changes (increased 

signal intensity on STIR images and increased 
enhancement on gadolinium-enhanced images) 
as early as 7 days after radiation therapy (68). 
At 4 weeks after radiation therapy, fatty replace-
ment and early fibrosis are common (high signal 
intensity on T1-weighted MR images and persis-
tent enhancement) (68). However, enhancement 
of fatty marrow decreases over time.

FDG uptake in irradiated marrow is usually 
lower than in the liver. However, recovering bone 
marrow activity after chemotherapy and treat-
ment with certain agents (eg, granulocyte colony-
stimulating factor [GCSF]) can lead to extensive, 
diffuse, homogeneous FDG uptake (Fig 4) (69). 
Its characteristic appearance and rapid decrease 
within 1 month after treatment allow differentia-
tion from metastatic disease.

Physiologic Functional and Metabolic Findings.—
High physiologic FDG uptake and restricted dif-
fusion typically occur in normal lymphoid tissue 
within the Waldeyer ring in patients with or with-
out a history of radiation therapy (16,27). Because 
high FDG uptake and restricted diffusion at PET/

Figure 2. Mature scar tissue 10 months after radiation therapy and chemotherapy for an SCC in the left 
base of the tongue. Axial T2-weighted MR image (a), gadolinium-enhanced T1-weighted MR image (b),  
ADC map (c), and fused FDG PET–gadolinium-enhanced T1-weighted MR image (d) show asymmetry of the 
base of the tongue, with soft-tissue and mucosal retraction due to desmoplastic reaction on the left side and 
low-signal-intensity mature scar tissue (white arrows). Focal midline FDG uptake seen in d (black arrow) is due 
to muscle activity. The geniohyoid muscles are normal. Follow-up images obtained 18 months later confirmed 
no recurrence of SCC.
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MR imaging can be mistaken for recurrent tu-
mor in the nasopharynx and oropharynx, detailed 
evaluation with use of morphologic MR imaging 
sequences and, in cases of asymmetric uptake, en-
doscopy is mandatory for correct diagnosis (Fig 5).

High physiologic nonspecific FDG uptake can 
also be seen in the tongue, laryngeal muscles, and 
cervical muscles in both the irradiated and non-
irradiated neck (44). Muscle uptake of FDG is 
generally linear and can be traced from the origin 
of the muscle to its insertion. Nevertheless, focal 
FDG uptake by muscle can constitute a pitfall on 

Figure 3.  PET/MR imaging appearance of imma-
ture scar tissue 4 months after radiation therapy 
and surgery for an SCC in the floor of the mouth. 
Axial T2-weighted (a), gadolinium-enhanced T1-
weighted (b), and fused FDG PET–gadolinium-en-
hanced T1-weighted (c) MR images show an area 
of scar tissue (arrow) with low signal intensity in a,  
enhancement in b, and focal FDG uptake in c. DW 
images (not shown) demonstrated no restricted dif-
fusion. Follow-up MR images showed no change in 
scar tissue appearance, whereas FDG uptake disap-
peared at follow-up imaging.

Figure 4. Bone marrow activation 2 months af-
ter radiation therapy and chemotherapy for a lym-
phoma at the base of the tongue. Sagittal FDG PET 
image from PET/MR imaging shows increased FDG 
uptake in the dorsolumbar spine and sternum due 
to bone marrow activation (arrows indicate radiation 
port). No FDG uptake is seen in the cervical spine. 
Follow-up images obtained 1 month later showed 
decreasing FDG uptake, and PET/CT images ob-
tained 18 months after the image shown demon-
strated no findings of recurrent disease.
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Figure 5. High FDG uptake and restricted diffusion in lymphatic tissue and an enlarged retropharyngeal lymph 
node mimicking recurrent disease 3 years after radiation therapy and chemotherapy for a right-sided oropharyn-
geal SCC. (a) Axial T2-weighted MR image shows slightly hypertrophic but otherwise normal lymphatic tissue 
in the nasopharynx (arrows) and an 8-mm retropharyngeal node (arrowhead). (b–d) Axial DW image (b = 
1000 sec/mm2) (b), ADC map (c), and fused DW (b = 1000 sec/mm2)–gadolinium-enhanced T1-weighted MR 
image (d) show restricted diffusion in the nasopharynx (arrows) and retropharyngeal node (arrowhead). Recur-
rent disease cannot be ruled out, especially because of the retropharyngeal node enlargement. (e) Axial fused 
PET–gadolinium-enhanced T1-weighted MR image shows increased FDG uptake in the nasopharynx (arrows) 
with apparent retropharyngeal extension (arrowhead). The apparent extension is caused by lower resolution 
at PET compared with at MR imaging. The DW and PET/MR imaging findings were considered suspicious for 
recurrent disease, and biopsies of adenoid tissue and the retropharyngeal node were performed. Biopsy results 
and follow-up images obtained 20 months later were negative for recurrence.
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axial images. Therefore, coronal and/or sagittal 
imaging planes and good fusion of PET and MR 
images are essential for correct diagnosis. DW 
images typically show no restricted diffusion.

Prominent physiologic FDG uptake in brown 
fat is a characteristic finding in the lower neck 
and supraclavicular and paraspinal regions, espe-
cially in children and younger patients (36,66,69). 
Brown fat is also seen more often in women than 
in men. Because brown fat is innervated by the 
sympathetic nervous system, administering oral 
propranolol or maintaining a warm ambient 
temperature during the uptake phase can reduce 
brown fat uptake of FDG. High FDG uptake due 
to increased brown fat metabolism can be seen 
before and after radiation therapy; it is not a con-
sequence of radiation therapy. It can be confused 
with metastatic lymph nodes, and precise image 
fusion and correlation with morphologic MR 
images are mandatory for correct diagnosis (Fig 
6). Poor image fusion caused by patient motion 
between PET and morphologic MR imaging (see 
the section on “Miscoregistration Artifacts”) may 
occasionally render interpretation of findings more 
difficult, particularly in patients with brown fat in 
atypical locations such as the mediastinum.

Complications  
after Radiation Therapy

Soft-Tissue Necrosis and Granulation Tissue.—
Delayed radiation therapy–induced soft-tissue 
necrosis most often occurs within 2 years after ra-
diation therapy (70) and can be seen secondary to 
any form of radiation therapy. Although radiation 
therapy–induced soft-tissue necrosis tends to heal 
spontaneously, extensive necrosis may occasionally 

require surgical treatment (13). Radiation ther-
apy–induced soft-tissue necrosis is typically seen at 
the initial tumor site. It is caused by vascular and 
lymphatic vessel damage that leads to formation of 
hypoxic hypovascular tissue, and this “fragile” tis-
sue is prone to necrosis and subsequent infection 
(71–73). Soft-tissue necrosis in the head and neck 
is typically associated with laryngeal or pharyn-
geal ulcer and occasionally with fistula formation 
(13,71) (Fig 7). At histologic analysis, the beds of 
radiation therapy–induced ulcers are surrounded 
by necrotic debris, granulation tissue, fibrosis, and 
fibrinoid necrosis of small arteries (55).

In early stages, local mucosal destruction can 
be detected endoscopically. MR imaging findings 
are subtle, and the normally enhancing mucosal 
line appears discontinuous (72). In more advanced 
stages, soft-tissue ulcerations are seen at CT and 
MR imaging as large, well-delineated, “punched-
out” defects (Fig 7, Fig E1 [online]) and may lack 
the characteristic enhancing mucosal layer (32, 71–
73). Tiny air-filled pockets near the ulcerated area 
and fistula formation are common (13,71,72). Ex-
tensive soft-tissue necrosis can extend into the skull 
base, parapharyngeal space, and carotid space and 
may lead to life-threatening carotid rupture (73). 
Similar to the imaging appearances of most radia-
tion therapy–induced tissue alterations, MR imag-
ing features of soft-tissue necrosis include higher T2 
signal intensity and higher ADC values than those 
of recurrent head and neck SCC (15,31,32,60). 
After administration of gadolinium contrast agent, 
necrotic areas show no enhancement (72). Focal 
FDG uptake around the necrotic area is common 
because of coexisting inflammation with granula-
tion tissue, and measured SUVs can be high. There-
fore, high focal FDG uptake due to granulation 

Figure 6. High physiologic brown fat metabolism with characteristic FDG uptake 9 months after radiation therapy 
and chemotherapy for an SCC at the base of the tongue. Axial T2-weighted MR image (a) and fused PET–gadolinium-
enhanced fat-saturated T1-weighted MR image (b) show supraclavicular fatty tissue (* in a) with high FDG uptake 
(arrow in b). DW imaging findings (not shown) were normal.
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tissue is nonspecific and can lead to false-positive 
PET findings (55) (Fig E1 [online]).

In the presence of widespread granulation 
tissue, diffuse enhancement surrounding the 
necrotic area can be seen on T1-weighted MR 
images (Fig 7). Because tumor recurrence, par-
ticularly necrotic tumors, could be confused 
with benign soft-tissue necrosis, careful analysis 
of DW and PET/MR images is mandatory, and 
recurrent disease should be suspected whenever 
a nodular enhancing mass with restricted diffu-
sion is seen in the periphery of a necrotic lesion. 
Because FDG uptake can be normal in necrotic 
tumors (see the section on “Pitfalls”), absent 
uptake does not exclude recurrent disease. There-

fore, correlation with clinical findings, short-term 
follow-up examinations, and biopsy (when neces-
sary) can help solve these diagnostic dilemmas. 
Nevertheless, it has been suggested that in pa-
tients with radiation therapy–induced soft-tissue 
necrosis with mucosal ulceration, if no contrast 
enhancement is seen at imaging and there is no 
clinical evidence of recurrence, soft-tissue necro-
sis is most likely benign (71) (Fig 7).

Osteoradionecrosis and Chondroradionecro-
sis.—Bone and cartilage necrosis most often 
affects the laryngeal cartilages, hyoid bone, man-
dible, and cervical spine (74–82). Osteoradione-
crosis and chondroradionecrosis are associated 

Figure 7.  Soft-tissue necrosis with a pharyngocutaneous fistula in a woman who underwent radiation therapy 
and chemotherapy 5 years previously for an SCC in the left tonsil. Axial T2-weighted MR image (a), gadolinium-
enhanced T1-weighted MR image (b), DW image (b = 1000 sec/mm2) (c), and fused PET–T2-weighted MR im-
age (d) show ulceration of the left tonsillar fossa, with a pharyngocutaneous fistula (white arrows in a and b) due 
to extensive soft-tissue necrosis. Note the extension of soft-tissue necrosis around the denuded necrotic mandible 
on the left side  (black arrow in a and b). No restricted diffusion or abnormal FDG uptake surrounds the area of 
soft-tissue necrosis. The level II lymph nodes seen on the right side (arrowheads in c and d) show restricted diffu-
sion and variable FDG uptake. Mucous secretions with air-fluid level are seen in the oropharynx. Ultrasonographic 
(US) images of the neck (not shown) showed inflammatory lymph nodes. The patient was treated conservatively, 
and follow-up images obtained 12 months later confirmed benign soft-tissue necrosis and benign lymph nodes.
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with intense FDG uptake (33,55), which makes 
differentiation from recurrent tumor difficult un-
less high-resolution morphologic MR and DW 
images are carefully analyzed.

Although osteoradionecrosis usually occurs 
5–15 years after radiation therapy, some authors 
have found that time to diagnosis after comple-
tion of radiation therapy can range from 4 to 228 
months and averages 18 months (74). Standard 
fractionation and radiation therapy doses of 
62–70 Gy (12,75) are associated with increased 
risk for developing osteoradionecrosis (5%–15%). 
Patients who undergo IMRT tend to develop less 
severe osteoradionecrosis compared with patients 
treated with conventional radiation therapy (76). 
Osteoradionecrosis is a consequence of chronic 
tissue hypoxia combined with infectious or in-
flammatory events (eg, dental extraction, peri-
odontal disease, or alveolitis) (75,77). Depending 
on the location of the radiation therapy port, 
osteoradionecrosis may affect the mandible, max-
illa, skull base, or cervical spine. In the mandible, 
the molar and retromolar areas are preferentially 
affected. Osteoradionecrosis may occur in isola-
tion or in association with recurrent disease.

Osteoradionecrosis is a predisposing factor for 
infection (13,78–81). Most cases of osteoradione-
crosis are not detected clinically before complica-
tions such as marked trismus, infection, instabil-
ity, or pathologic fractures occur (13,78–81). 
Osteoradionecrosis has a variable appearance 
at MR imaging, including bone marrow abnor-
malities (ie, edema with low signal intensity on 
T1-weighted images and high signal intensity on 
T2-weighted and STIR MR images or an intraos-
seous abscess with intense rim enhancement and 
gas-filled sequestra), cortical bone abnormalities 
(ie, erosion, disruption, fragmentation), patho-
logic fractures, and soft-tissue changes (ie, gingi-
val ulcerations, deep-space edema, and myositis) 
(13,78–81). Diagnosis of osteoradionecrosis can 
be challenging at MR imaging in the absence of 
a straightforward abscess or mucosal ulcerations, 
as the conspicuity of air inclusions and bone se-
questra is lower at MR imaging than at CT (Fig 
8). DW imaging may show restricted diffusion 
due to abscess formation (25); therefore, dif-
ferentiation of simple osteoradionecrosis from 
osteoradionecrosis with recurrent tumor may be 
impossible on the basis of DW imaging findings 
alone. At PET, osteoradionecrosis can show high 
FDG uptake due to inflammation, thus yield-
ing false-positive findings of tumor recurrence 
(Fig 8). In our experience, air inclusions, bone 
fragmentation, and rim-enhancing lesions with 
restricted diffusion suggestive of abscess forma-
tion are the most reliable imaging signs of osteo-
radionecrosis. However, because early stages of 

osteoradionecrosis tend not to involve infection, 
findings may be equivocal, and differentiation of 
osteoradionecrosis from early tumor recurrence 
may be impossible on the basis of a single MR or 
PET/MR imaging examination. At our institu-
tion, whenever we suspect osteoradionecrosis, we 
perform short-term follow-up imaging because 
biopsy of irradiated tissues may precipitate fur-
ther infection and delayed wound healing.

Chondroradionecrosis may develop during 
radiation therapy or months or up to 30 years 
later (13,82,83). Imaging features of chondrora-
dionecrosis include intense focal FDG uptake, 
deep gas-containing ulcerations, gas inclusions in 
sclerotic and fragmented cartilages, and restricted 
diffusion due to abscess formation. Chondro-
radionecrosis may coexist with recurrent tumor 
in up to 35% of patients (83). Differentiation of 
simple chondroradionecrosis from chondroradio-
necrosis with recurrent tumor may be impossible 
at DW and PET/MR imaging unless follow-up 
imaging is performed. In our experience, if typi-
cal morphologic signs of chondroradionecrosis 
are seen at MR imaging or CT and there is no 
soft-tissue mass or restricted diffusion, associated 
tumor recurrence is unlikely. Follow-up imaging 
will confirm absence of recurrent disease.

Arteriopathy and Cerebrovascular Complica-
tions after Radiation Therapy.—After radiation 
therapy, progressive thickening of the carotid wall 
due to intimal proliferation with or without lipid 
deposits and accelerated arteriosclerosis are com-
monly seen (84). Transmural necrosis of the ves-
sel wall can lead to pseudoaneurysm formation, 
which harbors risk for carotid rupture. Carotid 
rupture can occur as a consequence of radiation 
therapy alone, or it may be precipitated by soft-
tissue necrosis, associated infection, and exposure 
to saliva (72,73). Stenosis of the carotid arteries 
is the most common manifestation of radiation 
therapy–induced arteriopathy in the head and 
neck. Stenoses are often bilateral and involve a 
long segment of the vessel wall. They are related 
to the radiation therapy port. Although many pa-
tients are asymptomatic initially, appropriate im-
aging surveillance is recommended because de-
layed cerebrovascular consequences are common.

Thin or ruptured, lipid-rich, and hemorrhagic 
plaques have high inflammatory activity, which 
manifests as high FDG uptake at imaging (85). 
Increased FDG uptake seen in carotid plaques 
(Fig 9) has been shown to be a predictive fac-
tor in plaque rupture (86) and ischemic events. 
High-resolution MR imaging with dedicated an-
giographic sequences and curved reconstructions 
accurately depicts vessel wall alterations, plaque 
morphology, aneurysms, luminal narrowing, and 
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cerebrovascular complications. The combined 
information obtained at PET and MR imaging 
holds promise to facilitate and complement diag-
nosis of vulnerable plaques, particularly in patients 
who have undergone radiation therapy to the head 
and neck.

Thyroid Disorders.—Radiation therapy is a risk 
factor for development of hypothyroidism. Hypo-
thyroidism can be seen within the first 6 months 
after irradiation (87), and its prevalence rises 
from approximately 20% in the 1st year after 
radiation therapy to 50% in the 4th year (87). 
Imaging typically shows progressive thyroid atro-
phy with decreasing gland width (88) and, in our 
experience, no restricted diffusion. The relevance 
of FDG uptake in the thyroid after radiation 
therapy is still unclear (89); while some authors 
consider it a common pitfall at PET (66,90), oth-
ers have suggested that it corresponds to chronic 
thyroiditis or diffuse thyroid autonomy. Moderate 

Figure 8. PET/MR imaging findings of mandibular osteoradionecrosis 4 years after radiation therapy for a 
tonsillar SCC. Axial gadolinium-enhanced T1-weighted MR image (a), DW image (b = 1000 sec/mm2) (b), 
fused PET–gadolinium-enhanced T1-weighted MR image (c), and CT image from hybrid PET/CT (d) show 
enhancement of the ascending ramus of the mandible (arrow in a), cortical destruction and abscess forma-
tion (arrowhead in a–c), characteristic peripheral rim enhancement, restricted diffusion, and high focal FDG 
uptake. Restricted diffusion is seen in the abscess, whereas increased FDG uptake is seen in the granulation 
tissue posterior to the abscess, as expected. Air inclusion (arrowhead in d) is better depicted at CT than at 
MR imaging. Follow-up images obtained 20 months later confirmed findings of benign osteoradionecrosis.

Figure  9.  Radiation therapy–induced accelerated 
arteriosclerosis in a patient with recurrent SCC of the 
hypopharynx 4 years after radiation therapy and che-
motherapy. Fused PET–contrast-enhanced fat-saturated 
T1-weighted MR image shows FDG uptake in the right 
common carotid artery wall (arrowhead) due to inflam-
matory plaques. A small histologically proven recurrent 
piriform sinus tumor (arrow) has high FDG uptake and 
demonstrated restricted diffusion at DW imaging (not 
shown). No metastatic lymph nodes are seen.
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to intense diffuse FDG uptake in the thyroid after 
radiation therapy (Fig 10) is generally regarded 
as benign, but in some cases malignant thyroid 
lesions may manifest as diffuse FDG uptake (see 
section on “Incidentalomas”) (91).

Radiation Therapy–induced Brain Necrosis.—
Radiation therapy ports for tumors in the eth-
moid or sphenoid sinus and nasopharynx can 
include a substantial volume of brain tissue. The 
deep white matter is typically involved, with rela-
tive sparing of the cortex and underlying subcor-
tical arcuate fibers (92). Radiation therapy–in-
duced brain necrosis is irreversible, progressive, 
and sometimes fatal. It typically occurs within 3 
years of radiation therapy (92,93). It can occa-
sionally resolve spontaneously and can result in 
severe brain atrophy (13).

Imaging findings include increased signal inten-
sity at T2-weighted and fluid-attenuated inversion-
recovery (FLAIR) MR imaging (white matter 
demyelination) and peripheral serpiginous or nod-
ular enhancement after administration of intrave-
nous gadolinium contrast agent (frank necrosis). 
At DW imaging, radiation therapy–induced brain 
necrosis manifests as restricted diffusion, given the 
role of ischemia in the development of this entity. 
Perfusion studies have limited value in differen-
tial diagnosis of recurrent tumor versus radiation 
therapy necrosis because there is major overlap 
between relative cerebral blood volume and rela-
tive peak height observed in both conditions (93).

FDG PET has limited value in assessment of 
white matter necrosis because of the inherently 
high brain glucose metabolism. It has been sug-
gested that delayed imaging performed 3–8 hours 
after administration of FDG and amino acid 
PET radiotracers is promising in differentiating 
recurrent tumors from radiation therapy–induced 
necrosis. In clinical practice, radiation therapy–
induced brain necrosis should be diagnosed by 
taking into consideration the initial location of 
the tumor, radiation ports, type and technique 
of radiation therapy, and time between radiation 
therapy and imaging (4,93).

Cranial Nerve Palsy.—With the exception of 
the optic nerve, which is not a true nerve but 
part of the central nervous system, all cranial 
nerves are relatively resistant to irradiation; 
therefore, paralysis is uncommon. The hypo-
glossal nerve (cranial nerve XII) and recurrent 
laryngeal nerve (RLN) are the most commonly 
affected cranial nerves. Early muscle denerva-
tion manifests as increased signal intensity on 
T2-weighted and STIR MR images and muscle 
enhancement after gadolinium contrast agent 
administration. Late findings in cranial nerve 

XII palsy include fatty infiltration of the ipsilat-
eral hemitongue with strict linear demarcation. 
Muscular atrophy in cranial nerve XII palsy 
results in tongue deviation toward the healthy 
contralateral side and posterior bulging of the 
flaccid paralyzed hemitongue into the orophar-
ynx (94). Late findings in RLN palsy include 
fatty infiltration of the ipsilateral thyroarytenoid 
muscle due to atrophy; subsequent enlargement 
of the ipsilateral ventricle; and piriform sinus 
and paramedian position of the ipsilateral ary-
epiglottic fold, false cord, and true vocal cord. 
PET images in patients with cranial nerve XII 
or RLN palsy typically show increased FDG up-
take in the contralateral healthy muscles due to 
compensatory hyperactivity, thereby mimicking 
contralateral tumor recurrence (95). However, 
coregistered MR images typically show normal 
contralateral muscle morphology and help avoid 
this pitfall (Fig 11). When signs of cranial nerve 
XII or RLN palsy are seen at MR or PET/MR 
imaging, the entire nerve course must be scru-
tinized to detect tumor recurrence (94). In the 
absence of recurrent disease, radiation therapy–
induced nerve paralysis should be considered.

Radiation therapy–induced optic neuropathy 
is a rare but devastating late effect of radiation 
therapy for skull base tumors and head and neck 
SCC of the ethmoid sinuses and nasopharynx 
(96–98). It most often occurs 10–20 months 
after treatment and rapidly leads to unilateral 
or bilateral blindness (96–98). Various theories 
have been proposed to explain the pathophysiol-
ogy, such as demyelination, arteriopathy with 
vascular occlusion, cellular DNA damage, and 
free radical injury. Predisposing factors include 
cumulative radiation doses exceeding 50 Gy or 
single doses exceeding 10 Gy, previous irradia-
tion, and preexisting optic nerve compression by 

Figure 10. High FDG uptake in the thyroid gland 1 
year after radiation therapy in a patient with SCC of the 
hypopharynx. Fused PET– gadolinium-enhanced fat-sat-
urated T1-weighted MR image shows diffuse, intense, 
symmetric FDG uptake in the thyroid gland (arrows). 
Findings at morphologic MR imaging, DW imaging, 
and thyroid US were normal, as were thyroid test results.
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the tumor (97). Treatment options are limited, 
and treatment is often unsuccessful (96–98). 
MR imaging shows increased signal intensity 
on T2-weighted and STIR images and variable 
gadolinium enhancement involving any segment 
of the optic nerve, optic chiasm, or optic tracts 
(96–98). The optic nerves may be tortuous with 
rough-enhancing edges. In long-standing radia-
tion therapy–induced optic neuropathy, MR im-
aging reveals atrophy of the optic nerve (96–98).

Radiation Therapy–induced Tumors.—The 
prevalence of radiation therapy–induced tu-
mors in the head and neck is disputed and 
ranges from 0.04% to 7% (99). They are most 
often seen in patients who underwent radiation 
therapy for nasopharyngeal cancer or childhood 
lymphoma (99). Radiation therapy–induced 
tumors include SCC, sarcoma, neuroendocrine 
carcinoma, mucoepidermoid carcinoma, and 
meningioma (13,99). Typically, these tumors 
arise in the radiation therapy portal, with a 
mean delay of 9–13 years between radiation 
therapy and tumor development (13,99,100). 
Imaging findings depend on tumor histology 
and are most often straightforward because of 
large tumor size (mean reported size, 5 cm) and 
often extensive bone destruction seen at diag-
nosis (100). Most radiation therapy–induced 
tumors show an aggressive destructive pattern 
and tend to extend into adjacent spaces (100).

Treatment Failure  
and Recurrent Disease
Treatment failure includes tumor nonsteriliza-
tion, tumor recurrence, and distant metastases or 

second primary tumors. Recurrence of head and 
neck SCC most often manifests clinically during 
the first 2–3 years after radiation therapy. Be-
cause hypertrophic scars, edema, and soft-tissue 
necrosis also occur during this time interval, 
differentiation of these entities from recurrent 
disease is crucial. Currently, there is no consen-
sus regarding use of fat-saturated T2-weighted 
MR imaging in head and neck oncology. While 
some authors routinely perform fat-saturated 
T2-weighted MR imaging (56), others (58,63), 
ourselves included, prefer T2-weighted MR 
imaging without fat saturation because high-
signal-intensity inflammation and edema can 
more easily be differentiated from intermediate-
signal-intensity tumor and low-signal-intensity 
scars. Lesion characteristics at DW imaging 
may further improve diagnostic confidence; 
recent studies have shown encouraging results 
with use of DW imaging for detection of recur-
rent head and neck SCC and differentiation 
from benign radiation therapy–induced changes 
(14,15,22,24,31,32,101). 

The imaging characteristics of recurrent tu-
mors at DW and PET/MR imaging are similar 
to those of primary tumors (Fig 12). Recur-
rent head and neck SCCs are seen as soft-tissue 
masses with high FDG uptake, moderately high 
T2 signal intensity, and moderate to high con-
trast enhancement. At DW imaging, they show 
restricted diffusion with low ADCs (most often 
<1.3 × 10−3 mm2/sec) (14,15,22,24,31,32,101), 
which allows differentiation from benign radiation 
therapy–induced changes (ADC >1.6–1.8 × 10−3 
mm2/sec) (15,26,31,32,60,101,102). Although 
ADCs often allow differentiation between tumor 

Figure 11. PET/MR imaging features of early-stage palsy of left cranial nerve XII in a man who underwent 
surgery and radiation therapy for oral cavity SCC 3 years earlier. (a) Axial T1-weighted MR image shows the devi-
ated tongue septum (arrow) and subtle signs of acute left-tongue denervation (*). (b) Fused PET–T1-weighted 
MR image shows compensatory hyperactivity of the right hemitongue, with increased FDG uptake (*). DW im-
aging findings were normal (not shown). Findings at follow-up imaging confirmed absence of tumor recurrence 
and presence of radiation therapy–induced left cranial nerve XII palsy.
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and inflammation, reported ADC thresholds dif-
fer from one series to another because of variable 
technical parameters used by various investigators 
(15,26,32, 60). As there may be some overlap 
between ADCs measured in recurrent tumors and 
those in radiation therapy–induced inflammatory 
tissue, DW imaging findings must be correlated 
with morphologic MR imaging findings. Never-
theless, T1- and T2-weighted images have limited 
value for precise assessment of deep tumor spread 
in the irradiated neck, and it has been suggested 
that morphologic MR imaging may result in un-
derestimation and underclassification of recurrent 
head and neck SCC (103). As shown in Figure 
12, gross tumor volume may also be substantially 
underestimated on DW and PET images.

Findings of recurrent metastatic lymph nodes 
at DW and MR imaging are similar to those of 
metastatic lymph nodes in primary tumors (Fig 
1). Characteristic MR imaging findings of nodal 
metastases from head and neck SCC include 

rounded shape, increased size (minimum axial 
diameter >1 cm), absent fatty hilum, inhomoge-
neous contrast enhancement, nodal necrosis, and 
occasionally a reticulated aspect of the surrounding 
fatty tissue that suggests extranodal tumor spread. 
Although metastatic lymph nodes typically display 
low ADCs, ADCs can be high because of nodal 
necrosis, and careful correlation with morphologic 
images, in particular gadolinium-enhanced fat-
saturated T1-weighted MR images, is necessary. 
Small metastatic lymph nodes (<4 mm) and lymph 
nodes with micrometastases are below the resolu-
tion of currently available morphologic MR and 
DW images, and some authors have suggested that 
US-guided fine-needle aspiration biopsy may be 
superior to PET/CT, CECT, and MR imaging for 
detection of small metastatic nodes (104,105).

At PET/MR imaging, recurrent tumors and 
recurrent nodes often display high focal FDG up-
take (Figs 1, 12). FDG PET has been shown to 
have a high negative predictive value (90%–97%) 

Figure 12. Recurrent SCC of the larynx 2 years after radiation therapy, chemotherapy, and neck dissection in a man 
with glottic cancer. (a–c) Axial T2-weighted MR image (a), fused PET–gadolinium-enhanced fat-saturated T1-weighted 
MR image (b), and ADC map (c) show extensive bilateral tumor recurrence with intermediate signal intensity and 
tumor invasion of the thyroid cartilage (arrows in a and b) and prelaryngeal strap muscles. High tumor metabolism 
(mean SUV, 12) and good tumor conspicuity are shown in b. In c, restricted diffusion with low ADCs (*) is seen in 
the thyroid cartilage, but the posterior tumor margins are difficult to assess. (d) Photomicrograph from whole-organ 
histologic section with hematoxylin-eosin stain shows the tumor margins (arrowheads). Histologic analysis showed the 
right piriform sinus to be equally invaded. There is good concordance between the imaging and histologic findings 
regarding anterior tumor extension but underestimation of posterolateral tumor spread at imaging, especially at PET 
and DW imaging. 



RG  •  Volume 35  Number 5  Varoquaux et al  1519

in the posttreatment situation (16,55,106), which 
allows reliable exclusion of local-regional residual 
or recurrent disease. Although they are rare, false-
negative PET findings can be seen in four situa-
tions: (a) small tumor size, (b) recurrence in areas 
with inherently high FDG uptake (typically the 
skull base), (c) necrotic tumor, and (d) tumor with 
intrinsically low glucose metabolism. The positive 
predictive value of PET/CT is moderate (63%–
77%), which leads to a considerable number of 
false-positive findings. Reasons for false-positive 
FDG PET findings include inflammatory and in-
fectious conditions (see the section on “Pitfalls”).

Whole-body PET/MR imaging can depict 
distant metastases and second primary tumors 
(16,18,21). Second primary tumors in patients 
with head and neck SCC recurrence are most 
often detected in the head and neck area, lungs, 
or esophagus. Lung metastases may be missed at 
total body PET/MR imaging (107) unless thin-
section high-resolution images are obtained (21). 
As recently suggested, although conspicuity of 

lung lesions may be inferior at PET/MR imaging 
compared with at PET/CT, lung nodules with 
high FDG uptake are detected equally well with 
both modalities (18,21).

Pitfalls

Susceptibility Artifacts from Dental  
Hardware or Osteosynthesis Material
Susceptibility artifacts due to dental hardware 
or osteosynthesis material (typically after man-
dibular resection) are commonly seen in the head 
and neck. They are more pronounced at high 
field strengths and on DW images (14,27,101). 
Susceptibility artifacts lead to spatial distortion of 
surrounding anatomy (especially on DW images), 
which results in underestimation of tumor size 
and extension and incorrect tumor localization 
(Fig 13) (21). In addition, susceptibility artifacts 
lead to lack of signal intensity on MR imaging–
based attenuation correction maps obtained with 
hybrid PET/MR imaging systems, which results 

Figure 13.  Dental hardware artifact leading to tumor underestimation at follow-up imaging 4 years after radia-
tion therapy in a patient with oral cavity SCC. Axial T2-weighted MR image (a), corresponding axial DW image 
(b = 1000 sec/mm2) (b), PET image (c), and fused PET–gadolinium-enhanced fat-saturated T1-weighted MR 
image (d) show an intermediate-signal-intensity recurrent tumor (arrows in a and d) that invades the mandible. 
Arrowheads in b–d indicate dental hardware artifact. Because of the poor quality of the DW image, the large 
tumor is not seen in b; it also appears smaller in c than in a. Histologic analysis revealed that tumor size was 
underestimated on all images and that the lesion equally invaded the left vestibule and left floor of the mouth.
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in underestimation of calculated SUVs (18,21). 
Artifacts generated by dental implants also affect 
PET/CT image quality and SUVs measured at 
PET/CT (108), leading to decreased SUVs in 
regions with dark streak artifact and increased 
SUVs in regions with bright streak artifact (108).

Miscoregistration Artifacts
Miscoregistration artifacts (poor data fusion) are 
caused by geometric distortion and patient mo-
tion. Miscoregistration due to geometric distortion 
is also called diffeomorphic miscoregistration (109). It 
is best appreciated when DW images obtained at  
b = 1000 sec/mm2 are fused with standard ana-
tomic MR images (Fig 14). Fusion of geometrically 
distorted DW images with nondistorted morpho-
logic MR images can lead to incorrect interpreta-
tion of tumor localization. Although recognition of 
this pitfall may be straightforward in larger tumors, 
it may be trickier in smaller metastatic lymph 
nodes, especially in the supraclavicular area (21).

Anatomic miscoregistration may be caused 
by patient motion, variable head rotation or tilt-
ing, or respiratory mismatch between acquisi-
tion of MR images and PET datasets (Fig 14) 
(19,21,26). Anatomic miscoregistration can lead 
to inaccurate tumor localization or misinterpre-
tation of tumor extension (19), particularly if 
high-resolution morphologic MR images are not 
correctly analyzed. Anatomic miscoregistration 
is a problem encountered not only with hybrid 
PET/MR imaging systems. It can also be seen 
with currently available PET/CT systems because 
PET and CT datasets are acquired sequentially. 
It is also worth mentioning that software fusion 
of MR imaging and PET data from separate MR 
imaging and PET/CT imaging units can yield 
equally poor-quality image fusion, especially in 
the infrahyoid neck (110).

To reduce misalignment between MR imaging 
and PET datasets, immobilizing masks or cus-
tomized support devices can be used during data 

Figure 14. Diffeomorphic miscoregistration between morphologic MR and DW images and anatomic mis-
coregistration between PET and MR images obtained 2 years after radiation therapy and chemotherapy in 
a patient with laryngeal SCC. Axial gadolinium-enhanced T1-weighted MR image (a), fused DW (b = 1000 
sec/mm2)–gadolinium-enhanced fat-saturated T1-weighted MR image (b), and fused PET–gadolinium-en-
hanced fat-saturated T1-weighted MR image (c)  show a histologically proven second metachronous tumor 
in the left aspect of the tongue (arrowheads indicate actual tumor size and placement). Because of major 
geometric distortion in b, the tumor appears to be smaller and located anteriorly (arrow in b). Because of 
patient motion in c, the tumor appears to be located in the cheek (arrow in c).
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acquisition, and respiratory mismatch can be cor-
rected with use of respiratory-gated techniques 
(19,21,111). Current software fusion systems 
mostly use rigid registration, which consists of 
mathematically transforming the low-resolution 
functional image (PET or DW) to match the 
high-resolution anatomic image (MR) (21,111–

115). Although rigid registration may yield good 
results in nonmoving organs such as the brain, it 
is less robust in the head and neck. Nonrigid reg-
istration algorithms utilize mathematical models 
that take properties of deformable tissues into 
consideration (111–115). Deformable image reg-
istration methods, such as hyperelastic warping, 
can be used to obtain motion-corrected PET im-
ages based on dynamic MR imaging acquisitions 
(113). Nevertheless, these new techniques are not 
yet widely available in clinical practice.

Insufficient Scanner  
Resolution and Low FDG Avidity
Small tumors may be missed at FDG PET unless 
intense radiotracer uptake is present because they 
are below the resolution of current PET scanners. 
Therefore, false-negative results can occur, es-
pecially in metastatic lymph nodes (Fig 15). The 
often-cited minimum diameter of 8 mm required 
for detection of metastatic lymph nodes at PET 
is empirical and probably overestimated, par-
ticularly with newer time-of-flight PET systems 
and improved high-resolution PET reconstruc-
tions dedicated to the head and neck (17,116). 
Therefore, when possible, PET reconstructions 
in the head and neck should be done using thin 
2-mm sections. As previously mentioned, some 
malignant tumors (well-differentiated sarcomas 
and necrotic tumors) may not be avid and may 
cause false-negative results (Fig 16). Lesion prox-

Figure 16. False-negative PET findings due to low glu-
cose metabolism in a patient with recurrent myxoid sar-
coma in the maxillary sinus who underwent surgery and 
radiation therapy 1 year earlier. Fused PET–T2-weighted 
MR image shows absent FDG uptake in a lesion in the 
lateral orbital wall (arrows), with high signal intensity 
due to the myxoid matrix. The lesion showed moderate 
gadolinium enhancement and no restricted diffusion 
(not shown). Surgery confirmed sarcoma recurrence.

Figure 15. False-negative PET/MR and true-
positive DW MR imaging findings in a patient 
with surgically proven lymph node metastasis 
3 years after radiation therapy and surgery for 
SCC of the retromolar trigone. (a) Fused FDG 
PET–T2-weighted MR image shows absent FDG 
uptake but restricted diffusion in the metastatic 
node (arrows) and minor nonspecific FDG up-
take in the scalenus muscles (*). (b, c) DW im-
age (b = 1000 sec/mm2) (b) and power Doppler 
US image (c) obtained in the neck show a level 
IV left lymph node metastasis (4 × 7 mm) (arrows 
in b), with superior node conspicuity seen in c. 
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imity to highly metabolic brain tissue may also 
yield false-negative findings at PET. The comple-
mentary information obtained at high-resolution 
morphologic MR imaging and DW/MR imaging 
can decrease the number of false-negative find-
ings (Fig 16).

False-Positive Findings Due to  
Inflammatory and Infectious Diseases
Inflammatory or infectious conditions can lead 
to false-positive PET findings in the irradiated 
neck, and correlation with DW imaging findings 
can help solve the diagnostic dilemma (Fig 17). 
In clinical practice, no PET/MR imaging exami-
nation should be performed without knowledge 
of clinical findings, especially if an infectious 
event is suspected. Although analysis of DW 
imaging findings may be helpful to differenti-
ate tumor necrosis from abscess (Fig 17), US-
guided fine-needle aspiration biopsy may still 
be necessary, especially in patients with necrotic 
tumors and superimposed secondary infection.

A special problem in patients with recurrent 
disease and associated peritumoral inflammation 

is difficulty in precisely delineating tumor mar-
gins because tumor and coexisting inflammation 
may show similar FDG uptake. Analysis of T2 
signal intensity and DW images is helpful be-
cause peritumoral inflammation often has high 
T2 signal intensity, high contrast enhancement 
on T1-weighted MR images, and high ADCs, 
whereas head and neck SCC displays character-
istic intermediate T2 signal intensity, moderate 
contrast enhancement on T1-weighted MR im-
ages, and lower ADCs (31,32,60,101,102).

Iatrogenic focal uptake of FDG caused by 
recent surgery, tracheostomy cannula, nasogas-
tric tube, biopsy, endosseous implants, or dental 
extractions is frequent, and PET/MR imaging 
interpretation is usually straightforward, espe-
cially when clinical findings and patient history 
are known.

Incidentalomas
Incidentalomas are incidental findings seen outside 
the targeted organ. According to the literature, 
thyroid incidentalomas are seen in 2.5% of PET 
studies (91). Most often, thyroid incidentalomas 

Figure  17.  Neck abscess mimicking necrotic 
lymph node metastasis at morphologic MR and 
PET/MR imaging. The finding was correctly diag-
nosed at DW imaging. Axial gadolinium-enhanced 
T1-weighted MR image (a), ADC map (b), and 
fused PET–gadolinium-enhanced fat-saturated T1-
weighted MR image (c) show a level II lesion with 
peripheral serpiginous enhancement (arrows in a) 
that mimics necrotic lymph node metastasis. Low 
ADCs seen in the nonenhancing areas (* in b) are 
typical of an abscess and help differentiate it from 
necrotic lymph node metastasis. Note the high 
FDG uptake in the abscess wall (arrows in c). Sur-
gery confirmed neck abscess.
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demonstrate focal uptake; however, in up to 21% 
of cases, diffuse uptake is seen (91). Most thy-
roid incidentalomas represent benign thyroid 
nodules; nevertheless, malignant lesions (mainly 
papillary and follicular thyroid cancers) can oc-
cur in 15%–50% of cases (91,117–119). SUVs 
do not allow differentiation of benign from 
malignant thyroid lesions (91), and further 
evaluation with US-guided fine-needle biopsy is 
mandatory.

PET/MR imaging of patients with head and 
neck SCC may depict further incidental ab-
normalities in the head and neck area, such as 
Warthin tumors (Fig 18) or lymph nodes with 
high radiotracer uptake due to coexistent gran-
ulomatous diseases. Incidentalomas may also 
be detected in the rest of the body (120–123). 
Bladder cancer, breast cancer, benign or malig-
nant adrenal lesions, and mediastinal tubercu-
losis have been reported (120–123). Inciden-
talomas require further diagnostic workup. In 
general, most incidental masses seen at PET/
MR imaging are benign. However, because ma-
lignant lesions can also occur, in our institution 
we routinely perform US- or CT-guided biopsy 
when imaging findings are not pathognomonic 
for benign disease.

Conclusion
Complementary use of DW and PET/MR im-
aging may increase diagnostic confidence for 
differentiating recurrent disease from radiation 
therapy–induced changes and complications; un-
necessary biopsies can potentially be avoided. An 
overview of imaging findings that allow differenti-
ation of recurrent tumors from radiation therapy–
induced complications is provided in Table 3. In 
this article, we have discussed the added value of 
DW and PET/MR imaging in evaluation of the 
irradiated neck, as well as pitfalls related to tech-
nical parameters and image interpretation and 
how to avoid them.
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Table 3: Differentiation of Recurrent Head and Neck SCC from Radiation Therapy–induced Changes 
and Complications at DW and PET/MR Imaging
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T2-weight- 
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FDG Up-

take
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late scar

Triangular or  
linear, de- 
formation  
of adjacent  
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Very  
low

High in 
early 
scar, low 
in late 
scar

Soft-tissue 
necrosis

Within 2  
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Very high Interme- 
diate to 
low

Absent Nonenhanc- 
ing tissue,  
mucosal  
ulceration,  
fistula for- 
mation

High Variable, 
depend-
ing on 
presence 
of granu-
lation 
tissue

Granulation 
tissue

Within 2  
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Moderate  
to high

Interme- 
diate to 
low

Strong, 
focal, or 
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defined, 
with or 
without 
soft- 
tissue 
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Diffuse  
lesion  
around  
area of  
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or diffuse  
lesion  
without  
necrosis

High High, dif-
fuse, or 
focal

Osteoradione- 
crosis and 
chondrone- 
crosis

4 months– 
15 years

Mix of low 
and high 
signal in- 
tensity in 
marrow 
spaces
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diate to 
low

Variable, 
depend- 
ing on 
pres- 
ence of 
abscess

Bony frag- 
mentation,  
gas-con- 
taining se-
questrum  

 with or  
without  
rim-en- 
hancing  
abscess, no  
soft-tissue  
mass

Low if 
ab-
scess, 
other-
wise  
high

Variable, 
depend-
ing on 
presence 
of ab-
scess and 
degree of 
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inflam-
mation

Recurrent 
tumor
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2–3 years

“Evil gray” Interme- 
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low

Moderate Mass lesion Low High
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