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In patients with lung cancer (LC), malignant melanoma (MM),
gastroenteropancreatic neuroendocrine tumors (GEP NETSs),
and prostate cancer (PCA), lymph node (LN) staging is often
performed by '8F-FDG PET/CT (LC and MM), 8Ga-DOTATOC
PET/CT (GEP NET), and ®8Ga-labeled prostate-specific membrane
antigen PET/CT (PCA) but is sometimes not accurate because of
indeterminate PET findings. To better evaluate malignant LN in-
filtration, additional surrogate parameters, especially in cases with
indeterminate PET findings, would be helpful. The purpose of this
study was to evaluate whether SUV .« in the PET examination
might correlate with semiautomated density measurements of
LNs in the CT component of the PET/CT examination. Methods:
After approval by the institutional review board, 1,022 LNs in the
PET/CT examinations of 148 patients were retrospectively ana-
lyzed (LC: 327 LNs of 40 patients; MM: 224 LNs of 33 patients;
GEP NET: 217 LNs of 35 patients; and PCA: 254 LNs of 40 pa-
tients). PET/CT was performed before surgery, biopsy, chemo-
therapy, or internal or external radiation therapy, according to
the clinical schedule; patients with prior chemotherapy or radiation
therapy were excluded. SUV,,,x analyses were based on uptake
60 min after tracer injection, and volumetric CT histogram analyses
were based on the unenhanced CT images of the PET/CT scan.
Results: PET findings were considered positive or negative on
the basis of SUVax in the LN compared with that in the blood
pool; histologic confirmation was not available. Of the 1,022
LNs, 331 were PET-positive (3 times the SUV 5« of the blood
pool), 86 were PET-indeterminate (1-3 times the SUV,,.x of the
blood pool), and 605 were PET-negative (less than the SUV ax
of the blood pool). PET-positive LNs had significantly higher CT
densities than PET-negative LNs, irrespective of the type of
cancer. Conclusion: CT density measurements of LNs in pa-
tients with LC, MM, GEP NET, and PCA correlated with'8F-
FDG uptake, 68Ga-DOTATOC uptake, and 68Ga-PSMA uptake,
respectively, and might therefore serve as an additional surro-
gate parameter for differentiating between malignant and be-
nign LNs. The use of a 7.5-Hounsfield unit CT density threshold
to differentiate between malignant and benign LN infiltration and
20 Hounsfield units to exclude benign LN processes might be
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possible in clinical routine and would be especially helpful for
PET-indeterminate LNs.
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One of the most widespread and reliable noninvasive stag-
ing tools for cancer is PET/CT—namely, '®*F-FDG PET/CT for
lung cancer (LC (/,2)) and malignant melanoma (MM (/,3)),
68Ga-labeled prostate-specific membrane antigen (PSMA) PET/
CT for prostate cancer (PCA (4)), and ®8Ga-DOTATOC PET/
CT for gastroenteropancreatic neuroendocrine tumors (GEP
NETs (5)). An exact evaluation of lymph node (LN) status
before therapy is crucial to therapy planning. False-positive
PET findings are not uncommon with'®F-FDG PET/CT, because
the scan can mistakenly pick up on inflammation due to infec-
tious etiologies, such as in the lung or the head and neck (3,6).
Therefore, invasive LN staging is mandated by various guide-
lines to verify PET-positive LNs, especially when curative
therapy is intended (7). To further develop imaging biomarkers
and to capture intratumoral heterogeneity noninvasively, we
applied techniques used in the rapidly evolving field of radio-
mics (8).

To assess for possible correlations between the functional PET
and morphologic CT components of PET/CT, metric and
functional parameters including volumetric CT histogram analysis,
CT density, and SUV,,,,x were evaluated in the LNs of patients with
LC, MM, GEP NET, and PCA. For LC patients, increased CT
density in metastatic LNs has been found by two studies, with co-
horts of 45 (6) and 72 (9) patients. For MM patients, GEP NET, and
PCA, no data correlating histologic LN status, SUV ., and CT
density are, to our knowledge, currently available.

We hypothesized that in LN metastases from these types of
cancer, positive correlations between tracer accumulation, as a
functional measure of malignant LN infiltration, and CT densities,
as a possible surrogate metric parameter for LN infiltration, might
be evident. Therefore, CT density was defined as the primary
endpoint, and short-axis diameter (SAD) and SUV,,.x were
regarded as secondary endpoints.
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MATERIALS AND METHODS

Study Design

The study took place at a single center, was approved by the insti-
tutional review board, and was conducted according to the guidelines
of the board and good clinical practice, adhering to the ethical principles
originating in the Declaration of Helsinki. For this retrospective
analysis, the institutional review board waived the requirement for
informed consent.

Patients

In total, 1,022 LNs in 148 patients (86 male and 62 female;
median age, 62 y) were examined (LC: 327 LNs of 40 patients; MM:
224 LNs of 33 patients; GEP NET: 217 LNs of 35 patients; and
PCA: 254 LNs of 40 patients). All PET/CT examinations were
performed for staging and therapeutic planning according to the
clinical schedule before surgical resection, chemotherapy, or radi-
ation therapy. Any patients who had undergone neoadjuvant
radiation or chemotherapy before the PET/CT examination were
excluded.

Radionuclide Administration

I8F-FDG PET/CT imaging began 60 * 5 min after intravenous
injection of 4 MBq of '8F-FDG per kilogram of body weight (follow-
ing a fast of =8 h, and with a blood glucose level of <150 mg/dL).
98Ga-DOTATOC PET/CT imaging began 60 * 5 min after intrave-
nous injection of 80-200 MBq of ®®Ga-DOTATOC. °®Ga-PSMA PET/
CT imaging began 60 * 5 min after injection of 150-250 MBq of
%8Ga-PSMA.

PET/CT Acquisition and Image Reconstruction

A Biograph 6 PET/CT scanner (Siemens Medical Solutions) was
used, with a slice thickness of 5.0 mm, a reconstruction increment of
2.5 mm, and a standard B30 soft-tissue reconstruction kernel. Static
emission scans (8 bed positions at 4 min each) were acquired from the
vertex to the proximal legs with correction for dead time, scatter, and
decay. For attenuation correction, unenhanced low-dose CT was used
10).

Emission images were iteratively reconstructed using ordered-
subset expectation maximization (4 iterations, 8 subsets, and gaussian
filtering), resulting in an in-plane spatial resolution of 5 mm in full width
at half maximum (/0,11).

SUV,,ax Analysis

I8F_.FDG uptake, °8Ga-DOTATOC uptake, and °3Ga-PSMA up-
take were evaluated using SUV ,.x. In our department, the clinical
standard for evaluating LNs on '8F-FDG PET/CT is to classify them
as PET-positive (PET+) when the SUV,,,,x is more than 3 times that
of the blood pool, PET-indeterminate (PET+/—) when 1-3 times
that of the blood pool, and PET-negative (PET—) when less than
or equal to that of the blood pool, irrespective of tumor type and
tracer.

CT Radiomic Analysis

Morphologic LN assessment and volumetric CT histogram anal-
ysis were performed by a radiologist with 5 y of experience in onco-
logic imaging, without access to the clinical information. Volumetric
LN analysis was performed semiautomatically using software
developed at the Fraunhofer Institute for Medical Image Comput-
ing (12).

The CT density and SAD analyses were performed on the
unenhanced native CT scans of the PET/CT examinations using
dedicated software for semiautomated LN segmentation (6). The
analyses were initiated by providing a seed point in the investigated
LN. The segmentation software automatically generated thresholds
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within an estimated region of interest; this semiautomated segmen-
tation process alone had a high level of reproducibility—at least 90%
(6). In a next step, the software automatically extracted spatial parame-
ters and analyzed the histograms (6). The results of the semiautomated
LN evaluation were validated by the conducting physician, who visually
went through all 3 dimensions of each assessed LN using the inte-
grated 3-dimensional viewer for multiplanar reconstruction (6). If
necessary, the semiautomated segmentation was corrected manually in
all 3 dimensions.

Statistical Analysis

Statistical analysis was performed using SigmaPlot (Systat Soft-
ware GmbH). Median CT density, SAD, and SUV,,,,x with 95% con-
fidence interval were calculated and presented as box-and-whisker
plots. Differences were considered significant at a P value of less than
0.05 on 2-sided paired-sample ¢ testing for SAD and CT density and
on 2-sided Wilcoxon signed rank testing for SUV ... The diagnostic
accuracy of all 4 variables was analyzed using receiver-operating-
characteristic curves.

RESULTS

PET Findings

Among the various tumor types, the number of PET+, PET+/—,
and PET— LNs was distributed as shown in Table 1 and Figure 1.
Except for the GEP NET patients, for whom SUV,,,,, was either
below the level of the mediastinal blood pool or more than triple
the blood-pool level, PET+, PET+/—, and PET— LNs were found
for all tumor types.

Metric and Functional LN Analysis

For semiautomated LN analysis, less than 1 min of additional
time was needed to evaluate each LN, including semiautomated
size and CT density measurements.

LC Patients. For LC patients, CT density was significantly
higher in PET+ LNs (31.3 Hounsfield units [HU]) than in PET—
LNs (—12.6 HU; P < 0.01) (Table 1; Fig. 2A), which correlated
well with the corresponding LN histograms of averaged PET+,
PET+/—, and PET— LNs (Fig. 2B). SAD was significantly
higher in PET+ LNs (12.7 mm) than in PET+/— LNs
(7.8 mm; P < 0.01) or PET— LNs (5.7 mm; P < 0.01) (Table
1; Fig. 2C).

MM Patients. For MM patients, CT density was significantly
higher in PET+ LNs (27.9 HU) than in PET— LNs (—16.3 HU,
P < 0.01) (Table 1; Fig. 3A), which correlated well with the
corresponding LN histograms of averaged PET+, PET+/—, and
PET— LNs (Fig. 3B). SAD was significantly higher in PET+ LNs
(10 mm) than in PET+/— LNs (8.3 mm, P < 0.05) or PET— LNs
(5§ mm, P < 0.01) (Table 1; Fig. 3C).

GEP NET Patients. For GET NET patients, since there were no
PET-indeterminate LN, it was possible to correlate only PET+ and
PET— LNs. CT density was significantly higher in PET+ LNs (33.7
HU) than in PET— LNs (—11.6 HU, P < 0.01) (Table 1; Fig. 4A).
This was also evident in the corresponding LN histograms of averaged
PET+ and PET— LNs (Fig. 4B). The SAD of PET+ LNs (9.7 mm)
was significantly higher than that of PET— LNs (5.6 mm, P < 0.01)
(Table 1; Fig. 4C).

PCA Patients. For PCA patients, CT density was significantly
higher in PET+ LNs (19.2 HU) than in PET— LNs (—23.7 HU,
P < 0.01) (Table 1; Fig. 5A). There was no significant difference
in CT density between PET+LNs (19.2 HU) and PET+/— LNs
(9.9 HU, P = 0.06) (Table 1); nevertheless, CT density tended to
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TABLE 1

Correlation Between PET and CT Data

P

Tumor type PET+ PET+/- PET- + vs. +/- + vs. — +/-vs. -
LC

No. of LNs 75 48 204

CT density (HU) 31.3 (-10.4/39.2) 27.6 (-17.2/69.8) -12.57 (-56.3/17.9) 0.08 <0.01 <0.05

SAD (mm) 12.7 (4.1/32.1) 7.8 (3.1/17.3) 5.7 (1.9/14.2) <0.01 <0.01 0.12
MM

No. of LNs 79 27 118

CT density (HU) 27.9 (-16.7/66.4) 19.1 (-15/55.7) -16.3 (-69/21.2) 0.13 <0.01 <0.01

SAD (mm) 10 (4.1/35.8) 8.3 (3.1/20) 5 (2.1/8.1) <0.05 <0.01 <0.01
GEP NET

No. of LNs 77 0 140

CT density (HU) 33.7 (-10.6/69.5) — -11.6 (-64/19.4) — <0.01 —

SAD (mm) 9.7 (3.1/36.8) — 5.6 (2/12.3) — <0.01 —
PCA

No. of LNs 100 11 143

CT density (HU) 19.2 (-44.2/47 1) 9.9 (-10.6/42.9) -23.7 (-68.8/27) 0.06 <0.01 <0.05

SAD (mm) 7.1 (3.1/22.7) 8.3 (5.5/12.6) 5.5 (1.9/9.9) 0.78 <0.01 0.21

Data in parentheses are minimum and maximum. Number of LNs is according to PET status. P values are for 2-sided t testing between

subgroups.

be lower in PET+/— LNs than in PET+ LNs. CT density signif-
icantly differed between PET+/— and PET— LNs (P < 0.01)
(Table 1). The corresponding LN histograms of averaged PET+,
PET+/—, and PET— LNs are shown in Figure 5B. SAD was
significantly higher in PET+ LNs (7.1 mm) than in PET— LNs
(5.5 mm, P < 0.01), but there was no statistically significant
difference in SAD between PET+ and PET+/— LNs (P =
0.78) (Table 1; Fig. 5C) or between PET+/— and PET— LNs
(P = 0.21) (Table 1; Fig. 5C).

PET+ LN

GEP-
NET

PCA

PET cT PETICT

PET/ICT

FIGURE 1. PET image, native CT image with magnified LN (circled) for
CT density analysis, and PET/CT image in patients with LC, MM, GEP
NET, and PCA.

CT Density-Based Cutoff

The CT density—based cutoff data are presented in Table 1.

In LC patients, 96% of PET+ LNs had a CT density of more
than 7.5 HU, whereas 91% of PET— LNs had a CT density of
less than 7.5 HU (Fig. 2A); the CT density of all PET— LNs was
less than 20 HU. In MM patients, 91% of PET+ LNs had a CT
density of more than 7.5 HU, whereas 90% of PET— LNs had a
CT density of less than 7.5 HU (Fig. 3A); the CT density of 99%
of PET— LNs was less than 20 HU. In GEP NET patients, 96% of
PET+ LNs had a CT density of more than 7.5 HU, whereas 89% of
PET— LNs had a CT density of less than 7.5 HU (Fig. 4A); the CT
density of all PET— LNs was less than 20 HU. In PCA patients, 77%
of PET+ LNs had a CT density of more than 7.5 HU, whereas 96%
of PET— LNs had a CT density of less than 7.5 HU (Fig. 5A); the CT
density of 99% of PET— LNs was less than 20 HU.

Regarding all LNs irrespective of tumor type, 89% of PET+
LNs had a CT density of more than 7.5 HU, whereas more than
92% of PET— LNs had a CT density of less than 7.5 HU (Fig. 6).
More than 99% of PET— LNs had a CT density of less than 20 HU
(Fig. 6). Nearly half the PET+/— LNs had a CT density of less than 20
HU (43%), and 83% had a CT density of more than 7.5 HU (Fig. 6).

Receiver-Operating-Characteristic Analyses

Higher areas under the receiver-operating-characteristic curve were
calculated for CT density than for SAD for all tumor types, using PET
positivity as the standard of reference. The areas under the curve for
CT density versus SAD were 0.99 versus 0.93 for LC (Supplemental
Fig. 1), 0.97 versus 0.89 for MM (Supplemental Fig. 2), 0.98 versus
0.85 for GEP NET (Supplemental Fig. 3), and 0.92 versus 0.7 for PCA
(Supplemental Fig. 4). These data indicate a higher correlation between
PET and CT density than between PET and SAD. (The supplemental
figures are available at http://jnm.snmjournals.org.)
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DISCUSSION

Using semiautomated CT histogram analysis, we found signif-
icantly higher CT densities in PET+ LNs than PET— LNs in
patients with LC, MM, GEP NET, and PCA. In the '3F-FDG
PET/CT examinations of MM patients, we also found significantly
higher densities in PET+ LNs than in PET+/— LNs. Regarding
receiver-operating-characteristic analyses with PET positivity as
the standard of reference, we found larger areas under the curve
for CT density than for the metric parameter SAD, which is com-
monly used in RECIST (version 1.1). With the hypothesis that
PET positivity is a measure for malignant LN infiltration in these
types of tumor (which needs to be confirmed and validated in an
independent cohort of patients), a possible cutoff of 7.5 HU might
serve as an additional surrogate parameter for differentiating be-
tween malignant and benign LN involvement in patients with LC,
MM, GEP NET, and PCA. In the cohort of 1,022 LNs, irrespective
of tumor type, 89% of PET+ LNs had densities above the 7.5-HU
cutoff, whereas 92% of PET— LNs had densities below the 7.5-
HU cutoff. Thus, a possible cutoff of 7.5 HU might help to further
discriminate between benign and malignant LN infiltration, which
is of particular clinical relevance for PET+/— LNs, with 83% of
such LNs having CT densities above the 7.5-HU cutoff.

Another cutoff, 20 HU, might help exclude benign LNs. More
than 99% of benign LNs fell beneath this cutoff, indicating that
LNs with CT densities of more than 20 HU are most likely to be

malignant. This finding is of outstanding clinical interest because of
the integral role of exact LN classification in diagnostic staging,
therapy stratification, and postsurgical follow-up imaging.

The fact that PET positivity is a clinically valuable measure for
malignant LN infiltration has been demonstrated by a study that
found a sensitivity of 89%, specificity of 84%, and negative
predictive value of 96% in LC patients (/3). The value of PET/
CT for staging and follow-up in MM patients was proven in several
studies, which found a sensitivity of 96%, specificity of 92%, pos-
itive predictive value of 92%, and negative predictive value of 95%
for neoplastic relapse, as summarized in a systematic review (/4).
Regarding patients with somatostatin receptor—positive GEP NETs,
several studies demonstrated the excellent clinical use of %Ga-
DOTATOC PET/CT for the detection of primary tumors, LN metas-
tases, and distant metastases, as well as the potential of somatostatin
receptor—based therapies (/5). In PCA patients, a recently published
study found a sensitivity of 86.9%, specificity of 93.1%, pos-
itive predictive value of 75.7%, and negative predictive value of
96.6% for LN staging on °8Ga-PSMA PET/CT (4).

A possible CT density cutoff of 20 HU for LN staging in LC
patients, with histopathologic correlation as the standard of reference,
has been proposed by one group (6). Other groups have found strong
correlations between CT density, SUV ,,, ratio, and malignant LN
infiltration in patients with non—small cell lung cancer without men-
tioning a dedicated, CT density—based cutoff feasible for clinical rou-
tine (9). Recently published data from an animal study showed possible
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CT density-based cutoffs for differentiating between malignant and
benign LNs without mentioning a possible cutoff that might be applied
to humans (/6).

In LC patients, '8F-FDG PET/CT has shown high diagnostic
accuracy in terms of LN staging (13,17-22), with the exception
of very small LNs that need invasive intrathoracic LN sampling
(23). In clinical routine, combined analysis of the metric para-
meter SAD (according to RECIST 1.1) and the functional para-
meter SUV .y, usually performed using '8F-FDG PET/CT, allows
for the most reliable noninvasive staging (24-26). According to
Mclvor et al., '8F-FDG PET/CT helped detect unsuspected sites
of MM in 17% of early-stage disease—a time when established
guidelines usually recommend that '8F-FDG PET/CT not be per-
formed (27). According to Zattoni et al. (28), pretherapeutic *8Ga-
PSMA PET/CT helped find possible high-yield targets for salvage
LN dissection in PCA patients, but the authors still stated the need
for novel biomarkers to further improve clinical output.

The use of CT density as a possible surrogate parameter for
malignant LN infiltration was discussed in a study on patients with
breast cancer (29). In that trial, x-ray phase-contrast microtomog-
raphy was used to assess the CT density of locoregional axillary
LNs and was found to have a high potential for noninvasive LN
staging. The use of surrogate metric parameters has also been
demonstrated for malignant lymphomas. In a retrospective study,
volumetric LN analysis significantly improved lesion classifica-
tion over the commonly used long-axis diameter (30).

The potential for functional PET parameters that can serve as
surrogate parameters for TNM staging in oncologic imaging has
been demonstrated in a variety of published data. According to
Cerfolio et al. (31), in '8F-FDG PET/CT of LC patients, the
SUVax of the primary tumor is higher in higher-stage LC than in
lower-stage LC. Cuaron et al., also studying LC patients, found that
I8F-FDG uptake by the primary tumor varies among tumor types
(32), and Brown et al. found that this variation might be due to
differences in the expression of glucose transporters (33).

Because of the uncertainties in noninvasive PET/CT-based
oncologic imaging, it is often mandatory to use invasive staging
techniques—such as core-cut biopsy of the primary tumor, possible
LN metastases, or distant metastases—in clinical routine. In these
cases, additional information from CT density—based semiauto-
mated LN analysis, especially when combined with functional
PET parameters such as SUV,,,,, may lead to high-yield targets
for invasive staging. Because of the better prognostic predictability
of TNM stages in noninvasive PET/CT imaging, the use of
additional surrogate parameters such as CT density—based cut-
offs for LN analyses may, over the long term, not only help
locate high-yield targets for biopsy but also reduce the need
for invasive staging procedures. As part of the recently evolving
field of radiomics, it may be possible in future clinical routine
to automatically generate CT density—based cutoffs as possible
imaging biomarkers, thus helping to further categorize unclear
imaging findings (8).
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Some limitations of this study include its retrospective design and
lack of histopathologic correlation for the PET and CT findings. To
clearly define dedicated CT density—based cutoffs that can distin-
guish between malignant and benign LNs, it might be helpful to
perform prospective studies for each of the tumor types discussed in
this article, focusing on correlating preoperative PET/CT findings
with histopathologic findings. However, restricting such studies to
preoperative patients would lead to a focus on lower-stage cancer.

CONCLUSION

Semiautomated analysis of CT density in the LNs of patients
with LC, MM, GEP NET, and PCA might become a valuable
surrogate parameter to improve LN staging with PET/CT, using
possible cutoffs of 7.5 HU to discriminate malignant from benign
LNs and 20 HU to exclude LN benignancy.
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