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Background: To evaluate quantitative iodine parameters from the arterial phase dual-energy computed 
tomography (DECT) scans as an imaging biomarker for tumor grade (TG), mitotic index (MI), and Ki-
67 proliferation index of hepatic metastases from neuroendocrine tumors (NETs) of the gastrointestinal 
(GI) tract. Imaging biomarkers have the potential to provide relevant clinical information about pathologic 
processes beyond lesion morphology. NETs are a group of rare, heterogeneous neoplasms classified by 
World Health Organization (WHO) TG, which is derived from MI and Ki-67 proliferation index. Imaging 
biomarkers for these pathologic features and TG may be useful.
Methods: Between January 2014 and April 2019, 73 unique patients with hepatic metastases from NET 
of the GI tract underwent DECT of the abdomen with an arterial phase were analyzed after exclusions. 
Using GSIViewer software (GE Healthcare, Madison, Wisconsin), elliptical regions of interest (ROIs) were 
placed over selected hepatic metastases by a fellowship trained abdominal radiologist. Quantitative iodine 
concentration (IC) data was extracted from the lesion ROIs, and the normalized IC (lesion IC/aorta IC) and 
relative IC (lesion IC/liver IC) for each liver were calculated. Spearman correlation was calculated for lesion 
mean IC, normalized IC, and relative IC to both Ki-67 proliferation and mitotic indices. Student’s t-test was 
performed to compare lesion mean IC, normalized IC and relative IC between WHO TGs.
Results: There was very weak correlation between both normalized IC and relative IC for both Ki-67 
proliferation and mitotic indices. A significant difference was not observed between normalized IC and 
relative IC to distinguish metastases from G1 and G2/3 tumors.
Conclusions: Our study finds limited potential for quantitative parameters from DECT to distinguish 
neuroendocrine hepatic metastases by WHO TG, as well as limited potential as an imaging biomarker for 
Ki-67 proliferation and mitotic indices in this setting. Our findings of a lack of correlation between Ki-67 
and quantitative iodine parameters stands in contrast to existing literature that reports positive correlations 
for these parameters in the rectum and stomach.
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Introduction

Imaging biomarkers are defined characteristics that are 
measured from one or more medical images as indicators 
of normal biological processes, pathogenic processes, or 
responses to an exposure or intervention (1). Imaging 
biomarkers provide readily available, cost-effective, non-
invasive tools that can enable tracking of a particular tumor 
repeatedly over time, can map the spatial heterogeneity 
within tumors, and can evaluate multiple different lesions 
independently within an individual (1). The implementation 
of effective imaging biomarkers with adequate sensitivity, 
specificity, and prognostic metrics is a critical unmet 
need for several types of tumors where the need for early 
detection is paramount (2).

Neuroendocrine tumors (NETs) are a heterogeneous 
group of malignancies with diverse biologic and clinical 
behaviors that vary according to the primary tumor 
origin, type of neuroendocrine cell, and pathologic 
features (3). The gastrointestinal (GI) tract (1) and lungs 
are the most common primary sites for NETs (4). The 
overall incidence of GI NETs increased from 1.00 case 
per 100,000 individuals in 1973–1977 to 3.65 cases per 
100,000 individuals in 2003–2007, with the highest increase 
occurring in rectal and small intestinal NETs (5). This 
increasing trend is in part due to heightened physician 
awareness and the widespread use of and improvement in 
diagnostic modalities (6). There is, however, little evidence 
that overall survival has improved for patients with GI 
NETs (5). The leading cause of death in GI NET cases is 
hepatic metastases, which are present in 30–80% of patients 
and represent the most important prognostic factor (7,8).

The term “carcinoid” has been used to describe most 
NETs for several decades, after it was proposed by the 
World Health Organization (WHO) in 1980 (3). However, 
this generic description may be problematic because 
it falsely implies benignity. In the most recent 2017 
WHO classification, carcinoids have been termed “well-
differentiated neuroendocrine tumors” and are graded 
according to mitotic count and/or Ki-67 proliferation index 
as G1 (<2 mitoses/2 mm2 or a Ki-67 proliferation index 
<3%), G2 (2–20 mitoses/2 mm2 or a Ki-67 proliferation 
index of 3–20%), or G3 (>20 mitoses/2 mm2 or a Ki-67 
proliferation index >20%) (6). When a discrepancy between 
mitotic count and Ki-67 proliferation index is observed the 
higher grade is assigned, as these tumors usually display 
more aggressive histology and behavior than concordant 
lower-grade tumors (6). Increased mitotic count and Ki-67 

proliferation index have been associated with an aggressive 
clinical behavior and poor prognosis (3).

Dual-energy computed tomography (DECT), also 
referred to as spectral CT, is used to acquire images at two 
distinct energy spectra, allowing for the differentiation 
and classification of tissues based on differences in photon 
absorption (9). DECT enables fast image acquisition, 
providing morphologic and functional information in a 
single imaging examination, therefore diminishing patient 
exposure to radiation (10,11). The raw data derived from 
DECT may be mathematically manipulated to generate 
post-processed data sets, including iodine-extracted, 
virtual monochromatic (VMC), and virtual unenhanced 
(VUE) images (10). These processed images aid in the 
identification and characterization of tumors by improving 
enhancement of iodine in parenchymal tissue and detecting 
and quantifying materials, such as fat and blood (10,12). 
Data obtained from DECT can also be used to create iodine 
maps, which may be used to evaluate and quantify tumor 
viability by improving depiction of local tumor invasion, 
adjacent organ involvement, and distant metastases (10). 

Measurements of tumor viability, such as the Ki-67 
proliferation index, are increasingly being recognized as 
important biomarkers for early and accurate assessment of 
patients’ response to treatment (10,13). Some preliminary 
studies have examined DECT as an imaging biomarker 
for Ki-67 proliferation index in rectal cancer and gastric 
cancer. In one retrospective study, the normalized iodine 
concentration (NIC) (14) value derived from DECT 
imaging of a rectal lesion was positively correlated with the 
expression of Ki-67 and hypoxia-inducible factor 1α (HIF-
1α), suggesting that DECT imaging could be a noninvasive 
method for predicting tumor cell proliferation and hypoxia 
in rectal cancer (13). Another study demonstrated a positive 
correlation between curve slope (λHU), iodine concentration 
(IC), and NIC values derived from DECT imaging of 
gastric lesions and Ki-67 expression (15). Quantitative 
parameters from DECT have also been demonstrated 
to be useful in the differentiation between hepatic NET 
metastasis and hepatocellular carcinomas (HCCs) by 
showing substantial differences in vascular tumor supply 
and capillary organization between both entities (8).

As prior studies have demonstrated the potential of 
iodine quantification from DECT as a biomarker for Ki-67 
expression in primary tumors, the purpose of our study was 
to explore the potential of this technology as a biomarker in 
lesions that have metastasized to the liver. To the best of our 
knowledge, this is the first study for this purpose.
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Methods

The institutional review board approved a protocol for 
which informed consent was waived for this retrospective 
project. 

Cohort selection

Between January 2014 and April 2019, 2,304 DECT scans 
of the abdomen and pelvis were performed for patients 
with a malignancy of the GI tract. Of those patients, 337 
had NETs, and 1,964 were excluded if there was a different 
primary malignancy. Of the 337 patients with DECT 
and NET, 154 scans were excluded for lack of hepatic 
metastases, 95 scans were excluded if they were repeat 
studies for the same patient, and 15 scans were excluded if 
the primary NET was not from the GI tract. This resulted 
in a final cohort of 73 scans for unique patients with hepatic 
metastases from NET of the GI tract. A summary of the 
patient selection process is shown in Figure 1. 

Image acquisition

Images for multiphasic DECT of the liver were acquired 
according to standard departmental protocol on a 
ssDECT scanner (Discovery CT750 HD, GE Healthcare, 
Milwaukee, WI, U.S.). Per the protocol, patients ingested 
approximately 1 L of oral contrast (30 mL iohexol in  
1,000 mL of aqueous diluent) 1 hour prior to the exam. 
The arterial phase of the CT scans was selected for analysis, 
as NET metastases tend to be arterially enhancing. The 

arterial phase protocol is a acquired at 35 s after injection 
of 150 mL of Omnipaque 300 at a rate of 4 mL/s with 
gemstone spectral imaging (GSI) enabled. Scans were 
acquired with rapid 80 to 140 kVp switching, 0.7 s rotation 
time, 40 mm collimation, 375 mA, helical pitch 0.984, and a 
noise index of 14. 

Image segmentation and quantification

The exams were loaded in a dedicated DECT advanced 
workstation equipped with GSIViewer software (GE 
Healthcare, Madison, WI, U.S.). A fellowship trained 
abdominal radiologist (DDB Bates, 3 years of experience in 
interpreting abdominal CT post-training) reviewed the scans 
in GSIViewer. Iodine maps were viewed in conjunction with 
70 keV arterial phase images to select the dominant hepatic 
metastasis for analysis. The selected metastases were chosen, 
one per scan, to be the largest NET metastasis free from 
streak artifact that may alter quantitative assessment. An 
elliptical region of interest (ROI) was placed over the select 
hepatic metastasis for each patient on iodine maps and the 
IC was recorded. Subsequently, elliptical ROIs were drawn 
over the background normal liver parenchyma for each 
patient and IC values were recorded. Finally, an elliptical 
ROI was drawn for each patient over the abdominal aorta 
at the level of the liver, with care to exclude the peri-aortic 
tissues, and ICs were recorded. 

After extracting quantitative parameters from the scans, 
the mean IC for each lesion was used to calculate the 
normalized IC and relative IC for each liver lesion using the 
following equations:

73 unique patients 
with GI NET liver
metastases and 

DECT

337 DECT scans w/
neuroendocrine

tumor (NET),
including carcinoid

2,304 DECT scans
w/GI malignancy

Jan 2014 → April
2019

Exclude
• 1,964 malignancy 

other than NET

Exclude 
• 154 without liver metastases
• 15 primary was not bowel 

(pancreas, kidney, lung)
95 multiple scans for 
same patient

Figure 1 Flowchart is shown representing the patient selection for the study cohort. DECT, dual-energy computed tomography.
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Statistical analysis

Statistical evaluation included Spearman correlation 
calculated for lesion mean IC, normalized IC, and relative 
IC to both Ki-67 proliferation and mitotic indices. 
Additionally, Student’s t-test was performed to compare 
lesion mean IC, normalized IC and relative IC between 
WHO G1 tumors and G2/3 tumors (Figure 2).

Results

The final cohort included 73 patients (33 male, 40 female; 
mean age 63.8 years; range, 25.7–86.3). The site of the 
primary tumor, in descending order, was small bowel (n=57), 
colon or rectum (n=8), gastrointestinal origin not otherwise 
specified (n=3), duodenum (n=2), stomach (n=2), and 

mesentery (n=1). The key results are summarized in Table 1.
In the final cohort, 33 patients had lesions that were 

pathologically WHO grade 1, 35 that were WHO grade 
2, and 5 that were WHO grade 3. The mean time from 
initial diagnosis of NET to the time of the scan was  
6.59 years (range, 0.24–23.48 years), and the median 
time was 5.05 years. Of the included patients, 67 were on 
systemic therapy, and 6 were on observation only.

The normalized IC of hepatic metastases was very 
weakly correlated with the mitotic index (−0.0888) and Ki-
67 proliferation index (0.0043). The relative IC of hepatic 
metastases was also very weakly correlated with the mitotic 
index (0.0702) and Ki-67 proliferation index (0.131).

The normalized IC of hepatic metastases from 
gastrointestinal NET was not significantly different between 
WHO grade 1 and grade 2/3 tumors (P=0.8453; 95% CI: 

[1]

[2]

     
  

LesioniodineconcentrationNormalized iodineconcentration
Aorta iodineconcentration

=

     
    

LesioniodineconcentrationRelativeiodineconcentration
Background liver parenchymaiodineconcentration

=

Figure 2 A 71-year-old female with grade 1 neuroendocrine tumor of the ileum and hepatic metastases. Representative image showing an 
arterial phase iodine map derived from DECT through the upper abdomen. Sample segmentations are shown, with an elliptical region of 
interest (16) over the neuroendocrine tumor metastasis, the normal background hepatic parenchyma and abdominal aorta. Extracted iodine 
concentrations are then used to calculate the normalized and relative iodine concentrations for analysis. DECT, dual-energy computed 
tomography.
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−0.0287 to 0.0349), nor was the relative IC (P=0.3915; 95% 
CI: −0.6933 to 0.2746) (Figures 3,4).

Discussion

In our cohort, the normalized IC and relative IC of hepatic 
metastases from gastrointestinal NET were not significantly 
different for low grade (G1) and higher-grade (G2/3) 
tumors. In addition, the iodine quantification parameters 
showed only weak correlations Ki-67 proliferation and 
mitotic indices.

Given the lack of significant difference between the 
quantitative iodine parameters of different WHO tumor 
grades for hepatic metastases from gastrointestinal NET, 
there appears to be limited potential for this tool as an 
imaging biomarker for this indication. It should be noted 
that this is specific to iodine maps created from an arterial 
phase CT angiogram of the abdomen, and that these 

results do not speak to the utility of iodine quantification 
for distinguishing WHO tumor grade for other phases of 
scanning (i.e., portal venous phase acquisition). Furthermore, 
the lack of correlation between relative and normalized IC 
of hepatic metastases on arterial phase imaging with Ki-
67 proliferation and mitotic indices also implies limited 
potential as an imaging biomarker for this purpose.

Although we believe this to be the first published study 
assessing the role of DECT as an imaging biomarker for 
this purpose, the results of this study must be examined 
through the lens of existing literature. Regarding 
differentiation of gastrointestinal NET WHO tumor grade 
or mitotic index using DECT parameters as an imaging 
biomarker, we do not believe there are previously published 
studies on this topic. There are, however, published studies 
that imply some promise for iodine quantification as an 
imaging biomarker of Ki-67 proliferation index. Fan et al. 
reported positive correlation of NIC measured in primary 

Table 1 Cohort demographics

Demographics Value

Sex, n (%) 33 (45.2)

Male

Female 40 (54.8)

Mean age in years (range) 63.8 (25.7–86.3)

Site of primary tumor, n (%)

Small bowel 57 (78.1)

Colon/rectum 8 (11.0)

GI primary NOS 3 (4.1)

Duodenum 2 (2.7)

Stomach 2 (2.7)

Mesentery 1 (1.4)

Spearman correlation results

Normalized IC and mitotic index −0.0888

Normalized IC and Ki-67 index 0.0043

Relative IC and mitotic index 0.0702

Relative IC and Ki-67 index 0.131

Student’s t-test results (95% CI; P value)

Normalized IC comparing WHO G1 vs. G2/3 tumors −0.0287 to 0.0349; 0.8453

Relative IC comparing WHO G1 vs. G2/3 tumors −0.6933 to 0.2746; 0.3915

NOS, not otherwise specified; IC, iodine concentration; WHO, World Health Organization.
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Figure 3 Violin plot showing distribution of values for normalized iodine concentration of hepatic metastases from GI NET comparing 
WHO G1 and G2/3. There was not a significant difference between the two groups (P=0.8453; 95% CI: −0.0287 to 0.0349). NET, 
neuroendocrine tumor; WHO, World Health Organization.
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rectal cancer with Ki-67 proliferation index (13), and Cheng 
et al. (15) also reported a positive correlation between IC 
levels and Ki-67 index in gastric cancer. Our data stands in 
contrast to these reports regarding the relationship between 
iodine quantification parameters and Ki-67 indices, though 
the other studies focus on the primary tumor, whereas we 
have studied hepatic metastases. 

The clinical implications of our study are not immediate, 
rather, they serve as one of several datapoints in the growing 
body of research around the role of DECT in oncologic 
imaging. The quantitative data that can be derived from 
routinely acquired DECT scans has tremendous potential 
to provide new imaging biomarkers that can help guide 
diagnostic imaging and therapy in the future. However, the 
precise role and utility of iodine quantification in DECT for 
oncologic imaging is still being established. It is important 
to recognize the limitations of DECT as a modality for 
finding new quantitative imaging biomarkers, and this paper 
that does not find a correlation for hepatic metastases from 
GI tract NET helps to establish one of those boundaries. 
How DECT becomes incorporated into the routine clinical 
workflow is yet to be seen.

Our study has several limitations. First, it is a relatively 
modest sample size with just 73 patients. In addition, scans 
were performed at a single institution, and may not be 
applicable across institutions where different CT scanners 
and protocols may be used. Third, this is a retrospective 
study, which may limit reproducibility. Lastly, nearly all of 
the patients were on receiving systemic treatment, and these 
findings may not apply to those patients who are treatment 
naïve. 

Conclusions

In our cohort, quantitative iodine parameters derived from 
DECT were not able to reliably distinguish neuroendocrine 
hepatic metastases by WHO tumor grade. In addition, the 
quantitative iodine parameters did not serve as an effective 
imaging biomarker for Ki-67 proliferation and mitotic 
indices in this group. Our findings of a lack of correlation 
between Ki-67 and quantitative iodine parameters stands 
in contrast to existing literature that reports positive 
correlations for these parameters derived from primary 
lesions in the rectum and stomach. However, further 
studies on quantitative DECT parameters as a biomarker 
for hepatic metastases from NET may be warranted, as 
this was a modest sized cohort. This would be particularly 
interesting in a cohort of patients who have not received 

systemic therapy.
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