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For better localization of head and neck structures by PET with
2-'8F-2-deoxy-D-glucose (FDG), direct incorporation of anatomical
information from MRI by the coregistration of FDG PET and MRI
without external markers is proposed. Methods: Seventeen pa-
tients with neoplasms and 16 normal subjects who had both FDG
PET and MRI were studied. First, the three-dimensional normal
distribution of FDG was evaluated, and then the structures of the
head and neck regions with normal distribution patterns of FDG
were used as internal markers for the coregistration of PET and MRI.
The effectiveness of the coregistration was evaluated using focal
neoplasms that were identified by both PET and MRI as fiducial
internal markers. Results: The normal structures selected as inter-
nal landmarks for coregistration were the tonsils, salivary glands,
mucosal layers of the oral cavity and pharynx, spinal cord, inferior
portion of the frontal lobe, cerebellum and nasal turbinates. These
structures were more easily observed in sagittal or coronal sections
than in transaxial sections. All primary neoplasms were delineated
by PET, whereas 4 were missed by MRI. Thirteen primary tumors
and 7 cervical lymph node metastases coregistered well, with a
center-of-mass distance of <2 mm, whereas 10 lymph node me-
tastases were slightly misregistered, with a center-of-mass distance
of 7.8 + 6.5 mm (mean = s.d.), probably due to differences in neck
positions. Conclusion: Normal distribution of FDG uptake in the
head and neck regions delineated by muiltidirectional sections is
important for effective coregistration of FDG PET with MRI.
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Positron emission tomography with 2-['®F]fluoro-2-deoxy-D-
glucose (FDG) is an established technique for measuring in
vivo tissue glucose metabolism. FDG PET is highly sensitive in
the detection of extracranial head and neck neoplasms (/7).
Recently, FDG PET was used for screening patients suspected
of head and neck neoplasms (/) to detect tumor recurrence (2)
and lymph node metastases (3) and to evaluate the response to
radiation (4,5) or chemotherapy (6). Because there is consid-
erable overlap of FDG uptake between normal structures and
malignant lesions (/), knowledge of FDG accumulation in the
normal structures is essential to avoid false-positive results in
the interpretation of FDG PET in patients with malignant
tumors (8). Direct incorporation of anatomical information
from MRI to PET is also feasible for localization of the
neoplasms. In this context, Jabour et al. (9) studied FDG uptake
in the extracranial normal head and neck structures using
transaxial PET images, with reference to nonregistered mag-
netic resonance images. They showed that nasal mucosa,
gingiva, lymphoid tissue and salivary glands had relatively high
FDG uptake. With the recent development of high-resolution
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PET, it has become possible to delineate normal structures more
accurately.

The purpose of this study was to coregister PET images with
corresponding magnetic resonance images, using structures
with normal distribution of FDG uptake as anatomical land-
marks and localizing the abnormal accumulation of FDG on the
corresponding MRI. The normal distribution of FDG was
evaluated in subjects with no known pathology in the head and
neck regions. PET-MRI coregistration was performed on pa-
tients with head and neck tumors. Regions of high FDG uptake
in the primary tumors and metastatic lesions were used as the
landmarks for evaluating the effectiveness of coregistration.

MATERIALS AND METHODS

Thirty-three subjects (19 men, 14 women; age range 48—87 yr)
were included in this retrospective study. Sixteen had been in-
cluded in another research protocol for FDG PET studies and had
no known malignancies in the head and neck area. The other 17 had
FDG PET for the evaluation of their head and neck tumors, all of
which were primary malignant tumors (squamous cell carcinoma).
The tumors involved the tongue (six tumors), the nasopharynx
(three tumors), the gingiva (two tumors), the oral mucosa (two
tumors), the submandibular gland (one tumor), the oral lip (one
tumor), the maxillary sinus (one tumor) and the mandible (one
tumor). None of the subjects were known to have diabetes. Written
informed consent was obtained from all subjects.

PET Imaging

All subjects underwent FDG PET study after a 4-hr fast. FDG
PET was performed with a high-resolution, whole-body PET
scanner with an 18-ring detector arrangement (Advance; General
Electric Medical Systems, Milwaukee, WI). The physical charac-
teristics of the scanner have been described in detail by DeGrado et
al. (10). In brief, the system permitted the simultaneous acquisition
of 35 transaxial images with interslice spacing of 4.25 mm. Axial
and transaxial resolution was 4.2 mm, allowing multidirectional
reconstruction of the images without loss of resolution. The field of
view (FOV) and pixel size of the reconstructed images were 256
and 2 mm, respectively. The patient’s head was carefully posi-
tioned such that the midsagittal plane of the head was parallel to the
camera’s sagittal plane. A laser-beam pointer was used to define
the midsagittal plane to minimize the skewing of the neck relative
to the head. A 10-min transmission scan was acquired with a
%8Ge/*®Ga source for attenuation correction. After an intravenous
bolus injection of ~370 MBq of FDG was administered, static
scanning was performed for 20 min (from 40 to 60 min postinjec-
tion). Plasma glucose levels were measured in all subjects.

MRI

MR images were obtained in all subjects. A 1.5-T magnetic
resonance system (Horizon; General Electric Medical Systems)
was used to obtain axial T1-weighted spin-echo images [repetition
time (TR, in msec)/echo time (TE, in msec)/number of excitations
(NEX) = 333/10/3] and T2-weighted fast spin-echo images (TR/
TE/NEX = 3500/88/2) (FOV, 22 cm X 16 cm; matrix size, 256 X
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224), as well as sagittal and coronal T1-weighted spin-echo images
(FOV, 22 cm X 22 cm; matrix size, 256 X 224). Slice thickness
was 4 mm, and slice interval was 1 mm. The 17 patients with head
and neck tumors underwent contrast enhancement studies with
intravenous administration of 0.1 mmol/kg body weight of gado-
pentetate dimeglumine (Magnevist; Nihon Schering, Osaka, Ja-
pan). The patient’s head was carefully positioned, as they were in
PET imaging. Height of the occipital pole from the examination
table for MRI and PET was similar (PET, 5 cm; MRI, 5.5 cm).

Image Interpretation for Normal Distribution of FDG
Transaxial, sagittal and coronal PET images of all 33 subjects
were inspected visually on a computer display monitor. Data from
the 16 normal subjects were used to define the distribution of FDG
accumulation in normal structures with reference to the anatomical
MRI. Data from the patients were used to calculate the standard-
ized uptake values (SUVs) of normal structures. A Hewlett Packard
(Palo Alto, CA) Apollo 9000 Model 735 workstation served as an
image display and analysis station. All operations were performed
through a graphical user interface (Advance PET Imaging System).
Axial, sagittal and coronal MR images were reviewed on film by
visual inspection. FDG distribution in the normal structures was
determined with reference to the anatomical information obtained
by nonregistered MRI. Irregularly shaped regions of interest
(ROIs) were drawn to encompass the whole area of each normal
structure for quantification of FDG uptake. If the normal structure
was too close to malignant tissue, ROIs analysis was not performed
on that structure. The mean SUVs were determined as follows:

v Radioactivity in ROI (Bg/cm?)
" Injected dose (Bg)/body weight (g) *

We observed the distribution of FDG in normal structures,
comparing each level of the PET images with the corresponding
nonregistered MR images. These images were evaluated by two
radiologists. In seven subjects, the concentration of radioactivity in
saliva was measured directly by a well counter and the weight of
the sample, not from PET images. The SUV of saliva was
calculated by the formula given above.

Coregistration of FDG PET and MRI

Image registration was performed in the 17 patients, who each
had a primary malignant tumor. These patients had a total of 17
FDG-positive lymph nodes. The pathological confirmation was
established in all primary tumors but was not available for the
lymph nodes. Because the sensitivity and specificity for detecting
lymph node involvement of the head and neck are 90% and 96%,
respectively, for FDG PET (/), lymph nodes with a positive FDG
accumulation were considered to be metastases.

MRI and FDG PET datasets were transferred to a SUN work-
station (SPARCstation MP20; SUN Microsystems, Mountain
View, CA). The final voxel sizes of the MRI and FDG PET images
were 0.86 X 0.86 X 5 mm and 4.2 X 4.2 X 4.25 mm, respectively.
Image registration was performed on a SUN workstation using a
software package (Dr. View; Asahi Kasei Joho System Co., Ltd.,
Tokyo, Japan). This image registration method has been described
in detail by Kapouleas et al. (/) for coregistration of brain
structures. This approach splits the three-dimensional problem into
two two-dimensional problems. First, the three-dimensional posi-
tion and orientation of the midsagittal plane were determined for
both the PET and MRI volumes. Midsagittal lines in the transaxial
images of both MRI and PET were aligned manually. Midsagittal
planes were fitted with the least squares method to the set of the
midsagittal lines. Both PET and MRI volumes were then resliced
parallel to the midsagittal planes. Second, the sagittal PET sections
were aligned manually with the corresponding resliced MR sagittal
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sections. The internal markers used for the first step included the
tonsils, salivary glands, cerebellar hemisphere and spinal cord on
the transaxial slices. The second step used the mucosal surface of
the oral and pharyngeal wall, lips, bases of the cerebellar hemi-
spheres, inferior frontal lobe and spinal cord on the midsagittal
section. The observer can freely adjust the color scale and intensity
of the PET images to optimize the visualization of normal
structures. Superimposed PET images on MR images were dis-
played in pseudocolor display, whereas MR images remained in
gray-scale display.

The efficacy of the coregistrations was assessed using patients
with tumors that showed focal FDG uptake by PET and mass
formation by MRI. These tumors were used as internal fiducial
markers because the normal structures were used to estimate the
transform parameters for coregistration. The degree of misregistra-
tion of the neoplasms was evaluated with the following criteria:
when the distance between the center of gravity of FDG accumu-
lation and the corresponding mass on the MR image was <2 mm,
the mass was considered to be coregistered. Anything greater than
this threshold was considered a misregistration.

Criteria for grading coregistration were as follows: both the
primary tumor and lymph node were coregistered (Grade 1); the
primary tumor was coregistered without lymph node metastases
depicted by FDG (Grade 2); the primary tumor was coregistered
and lymph node metastases were misregistered (Grade 3); the
primary tumor was misregistered and lymph node metastases were
coregistered (Grade 4); the primary tumor was misregistered
without lymph node metastases depicted by FDG (Grade 5); and
both the primary tumor and lymph node metastases were misreg-
istered (Grade 6). This grading system is a reasonable one for
evaluating the effectiveness of coregistration because the grade
was determined by the degree of coregistration of multiple markers
(in this case, primary tumors and distant lymph nodes). This is
particularly useful in the head and neck regions, to which a
rigid-body assumption cannot be applied.

RESULTS

FDG Distribution in High-Resolution PET images

Typical FDG PET images and the corresponding nonregis-
tered magnetic resonance images are shown in Figures 1—4.
The results of FDG uptake on the normal head and neck
structures are summarized in Table 1. The tongue surface was
well visualized, whereas the tongue muscle showed lower FDG
uptake on the midsagittal section (Fig. 1, upper). The mucosa of
the pharyngeal wall (nasopharynx, oropharynx and hypophar-
ynx), nasal turbinates, lips, spinal cord and cerebellum were
also well visualized on the midsagittal FDG PET image (Fig. 1,
upper). On the transaxial image through the oropharynx, the
gingiva of the oral cavity and parotid glands showed increased
activity (Fig. 2, left). The palatine tonsils showed bilaterally
paired increased activity on the axial image through the oro-
pharynx (Fig. 2, left). On the transaxial image through the
lingual radix, the submandibular and sublingual glands were
well visualized (Fig. 3, left). The palatine and lingual tonsils
(Waldyer’s ring) showed a U-shaped increase of activity on the
coronal image (Fig. 4, upper). In the hypopharyngeal region, the
mucosa of the pyriform sinus was well visualized on the coronal
image (Fig. 4, upper). These structures showed higher activity
than striate muscle or bone. The thyroid gland, striate muscle
and bone showed less FDG uptake. The radioactivity of saliva
was negligible (SUV = 0.13 =+ 0.11, mean * s.d., converted
from radioactivity concentration to SUV). The plasma glucose
level of these subjects ranged from 74 to 120 mg/dl. No
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TABLE 1
Results of FDG Activity in Normal Structures

Structure SUV*{mg/mi) Sample sizet
Palatine tonsils 422 +1.31 31
Lingual tonsils 3.67 =099 31
Lips 3.38 £ 1.57 29
Sublingual glands 3.00 + 1.47 33
Soft palate 243 + 0.67 32
Tongue surface 228 £0.72 32
Gingiva 221 +0.73 33
Spinal cord 2.09 + 0.56 33
Hypopharynx 2.07 = 0.54 33
Nasal turbinates 1.99 +0.79 31
Nasopharynx 1.94 + 057 30
Submandibular glands 1.89 = 0.66 33
Oropharynx 1.89 + 0.51 33
Parotid glands 1.43 = 0.49 33
Saliva 0.13 = 0.11 7

*Values are mean * s.d.

TSample size was less than the total number of patients because primary
tumors were in the respective anatomical structures or out of scan range.
The radioactivity of saliva was converted to a SUV.

SUV = standardized uptake value.

correlation was observed between the plasma glucose level and
SUV in each region.

Coregistration of FDG PET and MRI

Primary tumor size varied from 15 X 15 mm to 40 X 40 mm
in diameter, as defined by MRI. All 17 primary malignant
tumors were clearly delineated with PET, whereas 4 were
missed by MRI. The time required for alignment of FDG PET
and MRI was <1 hr for each subject. In 13 patients, all primary
tumors were coregistered (Table 2). Four patients with seven
coregistered lymph nodes were classified as Grade 1. Five

patients without lymph node metastases were classified as
Grade 2. Four patients with 10 misregistered lymph node
metastases (7.8 = 6.5 mm, mean = s.d., in distance of center of
gravity) were classified as Grade 3. Typical coregistration
images are shown in Figures 5-7.

DISCUSSION

Diagnostic Value of Coregistration

Many studies (/-7) have addressed the issue of the uptake of
FDG in malignant head and neck tumors. A study on the uptake
of FDG in relation to the proliferation rate of squamous cell
carcinomas of the head and neck (/2) showed that the glucose
uptake correlated with the proliferative activity of the tumor or
metastases. However, it has been shown (/) that FDG uptake is
extremely variable in primary tumors (SUV = 2.0-13.8) and
lymph node metastases (SUV = 1.4-11.4). These results
suggest that there is a large overlap between lesions and normal
structures. Furthermore, it has been reported (/3) that FDG
accumulates not only in malignant tumors but also in inflam-
matory lesions. An advantage of coregistration in this issue is
that it can depict FDG uptake in the particular structures
identified by MRI. Hence, coregistration is useful for differen-
tiation between lesions and normal structures.

Normal Distribution of FDG

In this study, we observed the distribution of FDG in the head
and neck region with good resolution on axial, coronal and
sagittal sections. In agreement with the report of Jabour et al.
(9), the FDG uptake was relatively high in the nasal turbinates,
cerebellum, gingiva, tonsils and salivary glands. Furthermore,
the tongue surface, mucosa of the pharyngeal wall, spinal cord
and lips were particularly well-visualized on coronal and
sagittal sections (Figs. 1-4).

When the size of the structure of interest is smaller than about
twice the FWHM, the FDG activity in the structure is under-

TABLE 2
Patient Characteristics and Coregistration of FDG PET and MR Images

Lymph node metastases*

Patient Image
no. Age  Sex Clinical diagnosis Tumor size* MRl findings?  FDG uptake PET (R/L) MRI(RL) registrations
1 73 M Tongue cancer 30x10 Positive Positive —/+ ~/+ Grade 1
2 59 M Gingival cancer 30 x 20 Positive Positive —/+ —/+ Grade 1
3 68 M Oral mucosal cancer 20 X 20 Positive Positive —/++ —/++ Grade 1
4 75 F Maxillary cancer 18 X 14 Positive Positive +/++ +/++ Grade 1
5 52 M  Tongue cancer 40 X 40 Positive Positive -/~ —/- Grade 2
6 73 M Nasopharyngeal cancer 40 X 20 Positive Positive —/- —/- Grade 2
7 62 M Nasopharyngeal cancer 20x 20 Positive Positive ~/— -/- Grade 2
8 72 M Gingival cancer 28 x 21 Positive Positive —/- -/~ Grade 2
9 52 M Mandible cancer 40 X 30 Positive Positive —/= —/- Grade 2
10 73 F Tongue cancer 15X 15 Positive Positive +/— +/~ Grade 3
1 75 M Tongue cancer 40X 20 Positive Positive ++/++ ++/++ Grade 3
12 63 M Oral mucosal cancer 20 X 20 Positive Positive —/++++ ~/++++ Grade 3
13 58 F  Submandibular gland cancer 30 x 30 Positive Positive +/- +/—- Grade 3
14 68 M  Tongue cancer —_ Negative Positive -/~ —/- —_
15 87 F  Tongue cancer — Negative Positive -/- ~/- —
16 62 M Nasopharyngeal cancer — Negative Positive -~/ -/~ —
17 48 M Oral lip cancer - Negative Positive —/- ~/- —

*Estimated by MRI (in mm).
TPositive = detected; negative = not detected.

*Lymph node metastases on PET and MRI of both sides of neck (—= no suspicious nodes; + = one suspicious node; ++ = two suspicious nodes;

+++ = three suspicious nodes; ++-++ = four or more suspicious nodes).
§— = tumors were not delineated by MRI.
R = right; L = left.
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SUV (mg/ml)

6.0

estimated. In this study, the FWHM of a reconstructed FDG
PET image was ~4.2 mm. The ROIs of almost all the normal
structures were less than twice the FWHM in diameter. Hence,
a partial volume effect should be considered in the quantifica-
tion of the radiotracer. On the other hand, the distribution and
localization of the radioactivity, which are essential compo-
nents of this study, are minimally affected.

Accumulation of FDG in the oral and pharyngeal cavities has
not been well described, probably because it is less clearly
visualized in transaxial images than in coronal and sagittal
images. Because the radioactivity of saliva was negligible (9),
FDG should be distributed in the metabolically active mucosa.

The palatine and lingual tonsils (Waldyer’s ring) showed a
high accumulation of FDG, which is consistent with the article

SUV (mg/ml)
6.0
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FIGURE 5. Midsagittal section of FDG
PET (left) and its overlay on coregistered
MR image (right; Patient 4). In merged
image, MRl is in gray-scale and FDG PET
is in pseudocolor scale. Normal struc-
tures that were well visualized by both
FDG PET and MRI, such as mucosal
surface of oral and pharyngeal wall, lips,
cerebellar hemisphere, inferior frontal lobe
and spinal cord, were used for coregistra-
tion.

by Jabour et al. (9) and probably reflects the high metabolic
activity necessary for mitosis of lymphocytes (/4).

The salivary glands (sublingual, submandibular and parotid)
showed FDG accumulation, which is also consistent with the
report by Jabour et al. (9). Because the parenchymal elements
of the salivary glands are derived from the oral epithelium (/5),
the salivary glands, as well as the oral and pharyngeal mucosa,
may be metabolically active.

In an early PET study (/6), accumulation of FDG in the
spinal cord was not fully evaluated because of the low spatial
resolution of the PET camera, but recently, high-resolution PET
has consistently delineated the cervical spinal cord (/7). The
spinal cord is a part of the central nervous system, which is
supposed to be metabolically active (/8).

FIGURE 6. Transaxial FDG PET image of
patient with maxillary cancer (left; Patient
4) and its overlay on coregistered MR
image (right). Tumor size was 14 X 18
mm in diameter, as defined by MRI. High
FDG uptake in primary tumor (white ar-
rowhead) is well visualized.
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Coregistration of FDG PET and MRI

MRI can provide detailed anatomical information, which aids
clinical staging and therapeutic planning. The advantages of
MRI are high contrast between diseased and normal tissue and
the ability to show coronal and sagittal images directly (/9).

Recently, several approaches have been suggested for ana-
tomical alignment between different modalities. For example,
the use of three-dimensional surface fitting (20-23), external
fiducial markers (22,23) or internal fiducial markers (24,25)
was proposed. Although surface fitting was shown to be
successful in brain studies (20), surface detection would be a
problem in the nonbrain head and neck region. Patients’
measurements with external markers visible in SPECT and MRI
or CT would provide some indication of quality of fit at the
surface but may not indicate the accuracy of registration for
deep structures (27). The reproducibility of the marker location
would also be a problem if the two examinations were per-
formed on separate days. The use of internal landmarks and,
particularly, three-dimensional dataset fitting has the advan-
tages of both improved matching accuracy and convenience
(24)

Wong et al. (25) validated the usefulness of coregistration of
FDG PET and CT or MRI in the head and neck region. They
showed that point-like landmarks that had negligible FDG
uptake, such as the cervical spinous process, tip of the odontoid
peg, centrums of facet joints and centrums of globes and fillings
were suitable for internal markers. Compared with these point-
like markers of mainly bones, with negative contrast with
adjacent structures, the internal landmarks proposed in this
study represent positive contrast, as well as characteristic
features of large soft tissue structures, such as the tongue or
spinal cord, and are easily recognized by multidirectional
sections. Whereas a negative marker would be beneficial for
coregistration of PET with CT, which depicts bone well, a
positive marker may be useful with MR, which delineates soft
tissue structures.

The proposed method precisely coregistered FDG accumula-
tion in the primary tumors with the corresponding mass de-
picted by MRI. On the other hand, more than half of the cervical

2126

FIGURE 7. Transaxial FDG PET image of
metastatic cervical lymphadenopathy
(left) of patient with oral mucosal cancer
(Patient 3) and its overlay on coregistered
MR image (right). Two enlarged lymph
nodes, 12 and 5 mm in diameter, respec-
tively, medial to left sternocleidomastoid
muscle (white arrowhead) show high
FDG uptake.

lymph node metastases were misregistered, although the degree
of misregistration was relatively small (<15 mm). This may be
partly due to differences of subtle neck flexion and rotation
during the MRI and FDG PET studies. Our method is based on
the assumption of a rigid body, which is satisfied by the head
but not by the neck. Hence, coregistration is less accurate in the
neck region. The process we used in this study is strictly the
same as that described by Kapouleas et al. (/1) except for the
landmarks, which were selected on the study of normal sub-
jects. In applying our method, positioning of the head and neck
is important. Positioning procedure of the head and neck for
MRI and PET was similar: rotation around the caudal-rostral
axis and around the dorsal-ventral axis relative to the scanner’s
axis and between head and neck were carefully eliminated by
visual inspection and laser beam pointer. Although rotation
around the right-left axis due to slight extension and flexion of
the neck was not controlled completely, height of the occipital
pole from the examination table for MRI and PET was kept
similar (PET, 5 cm; MRI, 5.5 cm). Because of this careful
positioning, coregistration with the assumption of a rigid body
was fairly useful for localization of the increased uptake of
FDG by metastatic lymph nodes, if MRI depicts them. A
possible image registration technique to compensate the subtle
misregistration due to extension—flexion of the neck would be
nonlinear warping of the neck portion along the cervical spinal
cord. The immobilization mask is one of the choices, if it is
available. In our institution, however, a cast used for patients
with planned radiotherapy cannot be held in the MR head coil;
hence, we did not use it.

To evaluate the coregistration between different imaging
modalities, fiducial markers that can be identified on both
image modalities are necessary. Tumors instead of normal
structures were used as fiducial internal markers because
tumors usually show high FDG uptake by PET and mass
formation by MRI and because we have used FDG distribution
of normal structures to estimate the transform parameters;
hence, normal structures cannot be used for their validation.
Tumors may not be the ideal landmark for the evaluation of the
accuracy of coregistration because they are not a point source
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and subject to different signal intensity distribution due to the
tumor heterogeneity of the magnetic resonance or PET signal.
Despite this limitation, the center-of-mass distance was <2
mm, underscoring the accuracy of this method. This is probably
due to the fact that the signal distribution of these particular
tumors was relatively homogeneous because the tumors were
relatively small (from 15 X 15 mm to 40 X 40 mm in diameter
as defined by MRI) and the fact that the center of gravity is
robust against the heterogeneity effect. Characteristics of these
particular tumors do not affect the validity of the coregistration
procedure because our method uses the normal structures not
the tumors.

The grading system is for semiquantification of visual in-
spection using primary and metastatic lesions as internal fidu-
cial markers. It is a reasonable approach to consolidate the
accuracy of the measurement of each internal fiducial marker
by the center-of-gravity distance because the grade was deter-
mined by the degree of coregistration of multiple markers. This
is particularly useful in the head and neck regions, to which
rigid-body assumption cannot be applied.

CONCLUSION

High-resolution PET with multisectional displays depicted
normal FDG distribution in the head and neck region, which, in
turn, allowed efficient coregistration of PET and MRIL
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