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PET/CT combines functional and morphologic data and in-
creases diagnostic accuracy in a variety of malignancies. This
study prospectively compares the agreement between contrast-
enhanced full-dose PET/CT and unenhanced low-dose PET/CT
in lesion detection and initial staging of Hodgkin’s disease and
non-Hodgkin’s lymphoma. Methods: Forty-seven biopsy-
proven lymphoma patients underwent a 18F-FDG PET/CT study
that included unenhanced low-dose CT and enhanced full-dose
CT for initial staging. Patients who had undergone previous diag-
nostic CT for initial staging were excluded. For every patient, each
modality of PET/CT images was evaluated by either of 2 pairs of
readers, with each pair comprising 1 experienced radiologist and
1 experienced nuclear physician. While evaluating one of the
2 types of PET/CT, the readers were unaware of the results of
the other type. Lesion detection, number of sites affected in
each anatomic region, and disease stage were assessed. Agree-
ment between techniques was determined by the k-statistic, and
discordances were studied by the McNemar test. Clinical, analytic,
histopathologic, diagnostic CT, and PET data; data from other
imaging techniques; and follow-up data constituted the reference
standard.Results: For region-based analysis, no significant differ-
ences were found between unenhanced low-dose PET/CT and
contrast-enhanced full-dose PET/CT, although full-dose PET/CT
showed fewer indeterminate findings and a higher number of
extranodal sites affected than did low-dose PET/CT. Agreement
between the 2 types of PET/CT was almost perfect for disease
stage (k 5 0.92; P , 0.001). Conclusion: Our study showed a
good correlation between unenhanced low-dose PET/CT and
contrast-enhanced full-dose PET/CT for lymph node and extrano-
dal disease in lymphomas, suggesting that unenhanced low-dose
PET/CT might suffice in most patients as the only imaging tech-
nique for the initial staging of lymphomas, reserving diagnostic
CT for selected cases.
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Hodgkin’s disease (HD) and non-Hodgkin’s lymphoma
(NHL) are lymphoproliferative disorders representing fewer
than 8% of all malignancies but whose incidence has re-
cently been rising by 3%–5% per year (1). These malignan-
cies are potentially curable with current treatment modalities,
even in advanced or recurrent disease. The prognosis and
survival of patients with lymphoma depend on 3 key points,
2 of which are determined at the moment of diagnosis:
histologic grade and clinical stage. The third is response to
treatment. Precise staging is crucial to the proper selection
of therapy for these patients, to prevent over- or under-
treatment.

CT has been the main imaging technique used for the
staging and follow-up of lymphoma (2). The fact that CT
assessment of disease is based on anatomic criteria of size
and shape and on abnormal contrast enhancement implies
limitations in the depiction of pathologic changes in
normal-sized lymph nodes and in the assessment of extra-
nodal disease. PETwith 18F-FDG provides functional infor-
mation, but its main drawback of showing few anatomic
landmarks impedes precise localization of sites of patho-
logic 18F-FDG uptake. In addition, there are some issues
regarding specificity, because 18F-FDG is taken up not only
by many malignant tumors but also by sites of active in-
flammation and physiologically by some organs (3,4).

These shortcomings may be overcome by PET/CT, a
method that produces precisely coregistered molecular and
morphologic images by allowing them to be obtained on the
same scanner without moving the patient (5–7). Controversy
exists about whether to perform PET/CT using unenhanced
low-dose CT (for attenuation correction and anatomic local-
ization of PET uptake only) or using contrast-enhanced full-
dose CT (for diagnostic CT information also) (8). To our
knowledge, no prospective study has compared unenhanced
low-dose fused PET/CT with contrast-enhanced full-dose
fused PET/CT in lymphoma staging.

The purpose of this prospective study was to determine
the agreement between unenhanced low-dose PET/CT and
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contrast-enhanced full-dose PET/CT in lesion detection and
initial staging of HD and NHL to establish the most appro-
priate protocol of study for this new technique.

MATERIALS AND METHODS

Patients
Between May 2004 and August 2005, 47 consecutive patients

(29 women and 18 men; mean age, 50 y; range, 15–83 y) with
biopsy-proven and untreated lymphoma were included in this
prospective study for initial staging. Sixteen had HD and 31 NHL.
The patients’ characteristics are summarized in Table 1. Because
our purpose was to establish a PET/CT protocol for the initial
staging of lymphoma, and to avoid unnecessary additional radi-
ation, patients who had previously undergone diagnostic CT for
initial staging were excluded. Other exclusion criteria were renal,
hepatic, or other oncologic disease; HIV infection; a history of
allergic reaction to iodinated contrast media; or pregnancy. All
patients underwent a PET/CT study that included unenhanced
low-dose CT for PET attenuation correction, the PET study, and
contrast-enhanced full-dose CT. The institutional review board of
the University Hospital La Paz approved the study, and written
informed consent was obtained from all patients.

PET/CT Protocol
All data were acquired with a combined PET/CT in-line system

(Discovery LS; GE Healthcare) that integrates a 4-detector-row
spiral CT scanner (LightSpeed Plus; GE Healthcare) with a PET
scanner (Advance NXi; GE Healthcare).

Patients fasted for at least 6 h before undergoing scanning, and
blood sugar levels were checked to ensure that there was no hyper-
glycemia (levels . 150 mg/dL). To prevent muscular radiotracer
uptake, we instructed the patients to avoid strenuous activity and
to sit without speaking in a dimly lit room before the examination
and after injection of the radioisotope. Though not routinely
administered, oral benzodiazepines were given to nervous pa-
tients. A standard dose of 370 MBq of 18F-FDG was intravenously
injected 45–60 min before imaging. In addition, 1,500 mL of an

oral CT contrast agent (diatrizoate meglumine/diatrizoate sodium,
3%) were administered, starting immediately after injection of the
18F-FDG. Scanning was performed from the base of the skull
through the mid thigh while the patients were supine with arms
above the head, when tolerated. Patients unable to keep their arms
up for the entire study were scanned with arms by the sides. To
obtain a precise anatomic correlation between PET and CT images,
whole-body scanning was performed with the arms in the same
position for both PET and CT. Patients were instructed to breathe
shallowly during acquisition of both the CT and the PET images.

Initially, unenhanced low-dose CT was performed with the
following parameters: 140 kV, 80 mA, a gantry rotation time of
0.5 s, a collimator width of 2 · 5 mm, and a section thickness of
5 mm (to match the PET section thickness). PET emission scan-
ning was performed immediately after the low-dose CT, with the
identical transverse field of view and in the caudocranial direction.
The acquisition time for PETwas 5 min per table position. Finally,
diagnostic contrast-enhanced full-dose CTwas performed with the
same parameters as for unenhanced low-dose CT, except that the
current varied automatically (maximum, 300 mA) with the pa-
tient’s weight, and 140 mL of an iodinated contrast agent (Xenetix
300, iobitridol [300 mg of iodine per milliliter]; Guerbet) were
first administered intravenously at 3 mL/s using an automated
injector (model XD 5500; Ulrich Medical Systems).

The CT data were resized from a 512 · 512 matrix to a 128 ·
128 matrix to match the PET data so that the scans could be fused
and CT-based transmission maps could be generated. PET datasets
were reconstructed iteratively with an ordered-subsets expectation
maximization algorithm and segmented attenuation correction and
the CT data.

Coregistered scans were displayed using eNTEGRA or Xeleris
software (GE Healthcare).

Image Evaluation
The images were evaluated by 2 pairs of readers, with each pair

comprising a nuclear medicine physician and a radiologist who
interpreted the PET/CT images in consensus. All readers had 3 y
of experience in PET/CT technique. For every patient, each mo-
dality of PET/CT was given randomly to either of the 2 pairs of
readers, who evaluated the findings without knowledge of the
findings for the other type of PET/CT. In this way, each of the
2 pairs of specialists interpreted the low-dose or the full-dose
PET/CT study of each patient.

The possibility of nodal and extranodal disease was considered
when lesions were clearly present on PET/CT images according
to the combined morphologic CT and 18F-FDG uptake criteria.
Abnormal 18F-FDG uptakewas defined as radiotracer accumulation
thought to be outside the normal anatomic structures and of greater
intensity than background activity inside the normal structures,
excluding uptake considered physiologic because it was symmetric
or typically located. Only if no pathologic 18F-FDG uptake was seen
were CT criteria of lymphomatous disease—based on nodal size,
abnormal extranodal enhancement (on full-dose PET/CT), or struc-
tural changes—used alone to consider lymphomatous disease. These
CT criteria were especially important in types of lymphomawith low
or no 18F-FDG uptake.

Lesion detection with each modality was estimated for nodal
and extranodal sites separately. For the analysis, lymph node
chains were grouped into 3 broad anatomic regions: cervical,
thoracic, and abdominal/groin. For each group, the number of sites
affected was assessed (Table 2). The following extranodal sites

TABLE 1
Patients’ Characteristics

Characteristic NHL HD

n 31 16
M:F 9:22 10:6

Mean age (y) 59 34

Age range (y) 15–83 20–61

Pathologic
subtype Follicular, 2 Nodular sclerosis, 11

Burkitt’s, 1 Mixed cellularity, 2

DLBCL, 17 Lymphocyte
predominant, 3

MCL, 1

MZL, 6

SLL, 1
PTCL, 2

ATCL, 1

DLBCL 5 diffuse large B-cell lymphoma; MCL 5 mantle cell

lymphoma; MZL 5 marginal zone lymphoma; SLL 5 small lym-

phocytic lymphoma; PTCL 5 peripheral T-cell lymphoma; ATCL 5

anaplastic T-cell lymphoma.
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were evaluated: lung, liver, spleen, gastrointestinal and genito-
urinary tracts, bone, bone marrow, and other. The findings for each
of these sites were graded as positive (2), indeterminate (1), or
negative (0) for lymphomatous infiltration. Findings were consid-
ered indeterminate when the observers were not sure that lym-
phoma was present. The number of sites affected in each of the 4
anatomic sites (the 3 nodal chains and the extranodal site) on un-
enhanced low-dose PET/CT was compared with that on enhanced
full-dose PET/CT.

For each patient, the true clinical stage according to the
modified Ann Arbor system was determined using the reference
standard. Then, the CT and PET data of the reference standard
were replaced by the low-dose PET/CT and full-dose PET/CT
data, and both new staging algorithms were obtained and com-
pared with each other.

Reference Standard
Although all lymphomas were histologically proven, it is neither

feasible nor ethical to systematically subject all patients with lymph-
adenopathies and other lesions to biopsy for staging. We defined the
standard of reference as the sum of many factors: clinical history,
physical examination, laboratory work-up (cell blood count, serum
creatinine, urea, liver function tests, lactate dehydrogenase, b2
microglobulin, and viral serologies), imaging findings (contrast-
enhanced full-dose CT, PET, and MRI when necessary), iliac crest
bone marrow biopsy, endoscopy, lumbar puncture, other diagnostic
tests, biopsies, surgery when clinically indicated, response to treat-
ment, and follow-up data. Follow-up PET/CT data after 3 cycles of
treatment were available for all patients, excepting one who died
before that time. 18F-FDG uptake similar on follow-up to that seen
previouslywas defined as a nonresponse to chemotherapy, a reduction
of 18F-FDG uptake on follow-up was defined as a partial response to
chemotherapy, and the disappearance of 18F-FDG uptakewas defined
as a complete or full response to chemotherapy. If no pathologic
uptake had been seen on the initial staging study, follow-up criteria
werebasedonCTfindings (reductionofnodal sizeor disappearanceof
extranodal lesions).

Statistical Analysis
Statistical analysis was done with SPSS software (release 9.0;

SPSS Inc.) for Windows (Microsoft). Quantitative data were de-
scribed as mean, minimum, and maximum; qualitative data were
described as counts and percentages. Indeterminate findings were
classified as negative for the analysis of agreement and discordances.
Agreement among techniques was studied by the k-statistic. The
McNemar test was used to analyze symmetry. Differences among

techniques for the number of anatomic sites detected were studied
by the Wilcoxon signed-rank test. Two-sided tests were used, and a
P value of less than 0.05 was considered statistically significant.

RESULTS

Region-Based Analysis of Nodal and Extranodal Disease

The results for region-based nodal disease and extranodal
disease are shown in Table 3. Complete agreement was
found between low-dose PET/CT and full-dose PET/CT for
the cervical nodal region (k 5 1; P , 0.001), although in
1 patient both techniques were indeterminate for cervical
nodal disease. This patient had a 18F-FDG PET–negative
marginal zone lymphoma that, on PET/CT images, showed
clear abdominal adenomegalies and splenic disease, as well
as cervical lymph node uptake in the upper limit of normal,
which was considered indeterminate but was proven pos-
itive on the basis of the reference standard.

TABLE 2
Number of Anatomic Sites

Nodal chain

Cervical Thoracic Abdominal/groin Extranodal

Right submandibular Superior mediastinal Celiac trunk Bone marrow
Left submandibular Anterior mediastinal Mesenteric Spleen

Right jugular Posterior mediastinal Retroperitoneal Liver

Left jugular Right paratracheal Right iliac Gastric

Right posterior cervical Left paratracheal Left iliac Intestinal
Left posterior cervical Right axillary Right inguinal Genitourinary

Right supraclavicular Left axillary Left inguinal Lung

Left supraclavicular Right hilar Bone

Left hilar Other

TABLE 3
Number and Percentage of Patients with Regional

Disease on Unenhanced Low-Dose PET/CT and on
Contrast-Enhanced Full-Dose PET/CT

Counts (%) Low-dose PET/CT Full-dose PET/CT

Cervical

Negative 15 (31.9) 15 (31.9)

Indeterminate 1 (2.1) 1 (2.1)
Positive 31 (66.0) 31 (66.0)

Thoracic

Negative 11 (23.4) 11 (23.4)
Indeterminate 1 (2.1) 0 (0.0)

Positive 35 (74.5) 36 (76.6)

Abdominal
Negative 19 (40.4) 19 (40.4)

Indeterminate 1 (2.1) 0 (0.0)

Positive 27 (57.4) 28 (59.6)

Extranodal

Negative 10 (21.3) 10 (21.3)

Indeterminate 0 (0.0) 0 (0.0)

Positive 37 (78.7) 37 (78.7)

Data in parentheses are percentages.
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In 2 patients, low-dose PET/CT showed indeterminate
findings for the thoracic and the abdominal lymph nodes
because of low-uptake infraclavicular and splenic hilum
adenopathies, respectively, that were difficult to detect on
low-dose PET/CT but were clearly identified on full-dose
PET/CT and on the basis of the reference standard. Thus,
contrast-enhanced full-dose PET/CT showed no indetermi-
nate findings in these nodal regions.
For detecting extranodal involvement, no discrepancies

were found between the 2 PET/CT modalities. Both found
that 78.7% of the patients had extranodal disease, and this
finding agreed with the reference standard.

Number of Anatomic Sites

No statistically significant differences between unen-
hanced low-dose PET/CT and enhanced full-dose PET/CT
were found in the number of nodal and extranodal sites
detected, although for extranodal involvement, more sites
were detected on full-dose PET/CT than on low-dose PET/
CT in 4 of the 47 patients (P5 0.063). These 4 patients had
gastric, renal, colonic, or pancreatic lymphomatous disease
that was seen as an enhanced mass or area within the viscera
on enhanced full-dose PET/CT but not on unenhanced
low-dose PET/CT. These cases were confirmed by the ref-
erence standard (the renal involvement by biopsy, and
the others by clinical data, other imaging findings, and
follow-up studies).

Initial Clinical Staging

Agreement in staging was almost perfect between low-
dose PET/CT and full-dose PET/CT (k 5 0.92; P , 0.001)
(Table 4). Differences in clinical stage between the 2 new
algorithms were found in only 1 case, which was correctly
upstaged by full-dose PET/CT from stage II to stage III
because of subsequently confirmed abdominal nodal in-

volvement (Figs. 1 and 2). No cases were downstaged with
PET/CT, compared with the reference standard.

Incidental Findings

A small endometrial carcinoma, which was histologi-
cally proven, and 1 case of jugular thrombosis were de-
tected on contrast-enhanced full-dose PET/CT but not on
unenhanced low-dose PET/CT.

DISCUSSION

Since the first prototype PET/CT scanner was built in 1998
(5–7), several studies have demonstrated the superiority of
PET/CT over PET and CT alone in the staging and restaging
of cancer (7,9–17). Some of these studies included a small
number of lymphomas within a heterogeneous series of
different malignancies (7,9–11). Several reports analyzed
the role of PET/CT in the staging and restaging of lymphoma
(18–20). None of these studies of lymphomas were prospec-
tive, and none compared unenhanced low-dose PET/CTwith
enhanced full-dose PET/CT. However, the optimal protocol
of PET/CT is not yet determined, and controversy remains
regarding the acquisition of the CT component of this

FIGURE 1. 27-year-old woman with HD
(nodular sclerosis) who underwent PET/CT
for initial staging. (A) Axial low-dose un-
enhanced CT showed no pathologic find-
ings in upper abdomen. Small finding in
splenic hilum (arrow) was considered to be
vessel or accessory spleen. (B) Axial full-
dose contrast-enhanced CT at same level
demonstrated small lymphadenopathy at
splenic hilum that, because of its small
diameter (arrows), was not considered
pathologic. No other abnormalities were
seen in abdomen or pelvis. (C) Axial PET at
same level showed, next to splenic hilum,
a small, focal area of increased 18F-FDG
uptake whose anatomic origin and loca-
tion were difficult to determine (arrows). (D)
Axial full-dose enhanced PET/CT clearly
demonstrated that pathologic uptake cor-
responded to small adenopathy in splenic
hilum (arrows). Mediastinal and cervical
disease were also assessed (not shown).
Because no other abdominal or pelvic
disease was found, full-dose PET/CT led
to upstaging from stage II to stage III.

TABLE 4
Comparisons of Disease Clinical Stage Between

Unenhanced Low-Dose PET/CT and Contrast-Enhanced
Full-Dose PET/CT

Full-dose PET/CT

Low-dose PET/CT I II III IV

I 3 — — —

II — 7 1 —

III — — 6 —

IV — — — 30
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diagnostic modality. One school of thought believes that CT
image data should be used only for attenuation correction of
PET, reduction of acquisition time, and localization of
hypermetabolic lesions, whereas others advocate the need
to perform contrast-enhanced and high-resolution CT
(8,21,22). Among the latest discussions, there still have been
2 different opinions (23): The work group of Pittsburgh
University Medical Center, and others, begins the PET/CT
study with the acquisition of contrast-enhanced and diag-
nostic CT and posteriorly acquires PET images covering the
same axial extent, using the CT data for both attenuation
correction and fused PET/CT images (6,24–28). In contrast,
other authors obtain 2 CT scans, low- or intermediate-dose
unenhanced CT for attenuation correction and, if required,
diagnostic intravenous contrast–enhanced CT at the end of
the study (8,29). These authors affirm that intravenous
iodinated contrast material produces high-density regions
on CT that, when applied as transmission images, lead to
artifactual hot spots on the attenuation-corrected image or
quantitative overestimation of 18F-FDG activity (30,31).
Nevertheless, recent reports (25,26) have shown that the
presence of intravenous contrast material at normal concen-
trations actually has little effect on the CT-based attenuation
correction factors. Likewise, the use of oral contrast material
at large intestinal volumes and a wide range of concentrations
could lead to overcorrection of the PET data. However, some
studies have also demonstrated that there is only a small,
clinically irrelevant effect on the standardized uptake value
(32,33). In fact, some have advocated the use of oral and
intravenous contrast materials to improve the diagnostic
capacity of the combined PET/CT study (27).
Hany et al., in a prospective study of 53 different tumors

(including 2 lymphomas), compared the accuracy of PET
alonewith that of PET/CT in tumor staging and restaging (7).
Fused PET/CT was performed using unenhanced CT at 10,
40, 80, and 120mA.They demonstrated a higher accuracy for
PET/CT than for PET alone regarding lesion type and
localization but no significant differences when the different
currents were used. With the use of a higher CT current, only
minor diagnostic improvements were seen, so they decided
from then on to use only 80-mA CT for transmission

correction. However, in that study, pathologic correlation
was not available in all cases and the gold standard for staging
was not clearly specified, nor did the study specify whether
previous diagnostic CT had been performed (increasing the
global radiation dose). According to the literature reports, the
use of CT contrast agents in PET/CT is still controversial.
However, the standard of care for CT generally dictates the
use of either intravenous or oral contrast material, or both
as in the case of lymphoma studies, as well as the use of a
diagnostic current. In our series, no significant artifacts or
diagnostic problems resulting from the use of oral or intra-
venous contrast material were identified when PET/CT
images were analyzed.

We did not find statistically significant differences be-
tween unenhanced low-dose PET/CT and enhanced full-
dose PET/CT in the depiction of region-based nodal and
extranodal disease or in the number of positive anatomic
sites detected. However, full-dose PET/CT showed fewer
indeterminate nodal lesions (1 patient) than did low-dose
PET/CT (3 patients), which may, in our opinion, increase
the radiologist’s confidence in lesion detection.

Although, in our study, contrast-enhanced full-dose PET/
CT detected a larger number of extranodal sites involved
by lymphoma than did unenhanced low-dose PET/CT, this
difference did not reach statistical significance. Overall,
in only 8 patients (17%) did the diagnostic enhanced-CT
component of the full-dose PET/CT study provide addi-
tional information (2 nodal lesions, 4 extranodal lesions,
and 2 incidental findings) that was attributed to the use of
iodinated endovenous contrast material. Furthermore, these
additional findings led to a change in stage in only 1 patient
(upstaged by full-dose PET/CT). Consequently, in our pro-
spective study, agreement for initial staging was statisti-
cally significant and almost perfect between the 2 PET/CT
techniques, and the enhanced-CT component seemed to add
little to the ultimate management of these patients.

Our study had some limitations. The main shortcoming
was that our series included relatively few patients because
of the strict inclusion criteria needed to achieve our main
purpose: that is, to establish the optimal protocol for PET/CT
studies. Second, because we did not have histopathologic

FIGURE 2. Same patient as in Figure 1, after 3 cycles of chemotherapy. (A) Axial contrast-enhanced CT at level of splenic hilum
showed no abnormalities. (B) Axial PET at same level demonstrated no pathologic 18F-FDG uptake. (C) Findings on axial PET/CT
image were also normal. Supra- and infradiaphragmatic nodal disease responded well to treatment, and response was complete at
end of chemotherapy (not shown).
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confirmation for all lesions detected, some findings had to
be evaluated on the basis of follow-up imaging and clinical
data. Third, the contrast-enhanced full-dose PET/CT was
performed during shallow breathing, to obtain a precise
anatomic correlation between CT and PET images. How-
ever, this method was not typical for diagnostic thoracic
CT, and some small lung lesions could have been missed
in the initial staging studies. In our hospital, we require
additional thoracic diagnostic CT when doubtful lung
lesions are found on the PET/CT study, although such
additional imaging was not necessary for any patient in our
small series.

CONCLUSION

This study showed a good correlation between low-dose
unenhanced PET/CT and full-dose contrast-enhanced PET/
CT for lymph node and extranodal disease in lymphomas,
raising questions about the need for performing enhanced
PET/CT on these patients. Our data suggest that, in most
patients, PET/CT performed with low-dose CT and without
intravenous iodinated contrast material might suffice as the
only imaging technique for the initial staging of HD and
NHL, reducing unnecessary additional radiation exposure
in this population. Diagnostic CT could be reserved for se-
lected cases. Another approach could be to perform en-
hanced PET/CT at initial staging and, unless the study shows
18F-FDG PET–negative lymphoma, continue performing
unenhanced PET/CT on follow-up. However, these are pre-
liminary results, and further studies on a larger number
of patients are needed to determine the role of PET/CT in
the initial staging of lymphomas and to establish the most
appropriate protocol.
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