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Abstract
Purpose Somatostatin receptor (SSTR)-targeted PET imaging has emerged as a common approach to evaluating those 
patients with well-differentiated neuroendocrine tumors (NETs). The SSTR reporting and data system (SSTR-RADS) version 
1.0 provides a means of categorizing lesions from 1 to 5 according to the likelihood of NET involvement, with SSTR-RADS-
3A (soft-tissue) and SSTR-RADS-3B (bone) lesions being those suggestive of but without definitive NET involvement. 
The goal of the present study was to assess the ability of 68Ga-DOTATATE PET/MR imaging data to predict outcomes for 
indeterminate SSTR-RADS-3A and 3B lesions.
Methods NET patients with indeterminate SSTR-RADS-3A or SSTR-RADS-3B lesions who underwent 68Ga-DOTATATE 
PET/MR imaging from April 2020 through August 2023 were retrospectively evaluated. All patients underwent follow-up 
through December 2023 (median, 17 months; (3–31 months)), with imaging follow-up or biopsy findings ultimately being 
used to classify lesions as malignant or benign. Lesion maximum standardized uptake value (SUVmax) along with minimum 
and mean apparent diffusion coefficient (ADCmin and ADCmean) values were measured and assessed for correlations with 
outcomes on follow-up.
Results In total, 33 indeterminate SSTR-RADS-3 lesions from 22 patients (19 SSTR-RADS-3A and 14 SSTR-RADS-3B) 
were identified based upon baseline 68Ga-DOTATATE PET/MR findings. Over the course of follow-up, 16 of these lesions 
(48.5%) were found to exhibit true NET positivity, including 9 SSTR-RADS-3A and 7 SSTR-RADS-3B lesions. For SSTR-
RADS-3A lymph nodes, a diameter larger than 0.7 cm and an ADCmin of 779 ×  10−6mm2/s or lower were identified as being 
more likely to be associated with metastatic lesions. Significant differences in ADCmin and ADCmean were identified when 
comparing metastatic and non-metastatic SSTR-RADS-3B bone lesions (P < 0.05), with these parameters offering a high 
predictive ability (AUC = 0.94, AUC = 0.86).
Conclusion Both diameter and ADCmin can aid in the accurate identification of the nature of lesions associated with SSTR-
RADS-3A lymph nodes, whereas ADCmin and ADCmean values can inform the accurate interpretation of SSTR-RADS-3B 
bone lesions.
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Introduction

Neuroendocrine tumors (NETs) are a heterogeneous tumor 
type that can arise from anatomical locations with diverse 
biological behaviors (Kulke et al. 2011). Well-differentiated 
NETs exhibit characteristic cell membrane somatostatin 
receptor (SSTR) expression, providing a basis for the devel-
opment of radiolabeled SSTR analogs with affinity for these 
cells (Geijer and Breimer 2013), thereby enabling functional 
DOTATATE PET imaging of these NET lesions. Lymph 
node (LN) metastasis or distant metastasis is present in 
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roughly half of all NET patients on initial diagnosis (Dasari 
et al. 2017), and the ability to accurately identify metastatic 
lesions is vital for effective clinical management, including 
the selection of appropriate local and systemic treatment 
options (Kim et al. 2010).

SSTR-RADS imaging strategies have offered promise as 
an approach to more accurately interpreting lesions exhib-
iting DOTATATE uptake, facilitating the staging of NET 
patients, and associated treatment planning (Werner et al. 
2021; Weich et al. 2022; Grawe et al. 2023). Those lesions 
classified in the SSTR-RADS-3 category exhibit indetermi-
nate characteristics that often require additional work-up, 
which can include follow-up imaging or biopsy (Werner 
et al. 2018). SSTR-RADS-3 lesions exhibit levels of uptake 
roughly equivalent to that of the blood pool and lack any 
distinct anatomical abnormalities, complicating efforts to 
determine whether lymph node (3A) or bone (3B) metasta-
ses are present based solely on uptake data. If these lesions 
are interpreted as being metastatic without sufficient evi-
dence, this can subject patients to unneeded interventions. 
Moreover, biopsy is an invasive method and is significantly 
dependent on the location and depth of the lesion. There-
fore, accurate, timely, and non-invasive diagnostic imaging 
is crucial to ascertain the benign or malignant nature of the 
lesion before proceeding with treatment.

There is potential value in exploring the performance 
of different magnetic resonance (MR) parameters as tools 
for differentiating between benign and malignant lesions in 
patients with indeterminate 68Ga-DOTATATE PET find-
ings. PET/MR imaging combines the unique benefits of both 
PET and MR imaging strategies to offer both structural and 
functional insights. MRI imaging-based diffusion-weighted 
imaging (DWI) is a parameter that serves as a surrogate for 
the density of tumor cells and can be quantified using the 
apparent diffusion coefficient (ADC) (Schmid-Tannwald 
et al. 2013). As tumors generally exhibit higher cell den-
sity and more abundant intercellular and intracellular mem-
branes, they generally exhibit ADC values that are lower 
than those of healthy tissues (Choi et al. 2007). Minimum 
ADC (ADCmin) values have been leveraged to aid in the 
detection of metastatic LN involvement (Kim et al. 2008) 
and bone metastatic lesions (Subhawong et al. 2014). ADC 
thus offers promising utility as an approach to achieving 
superior diagnostic accuracy when evaluating indeterminate 
SSTR-RADS-3A and 3B lesions.

This study was developed to assess the predictive per-
formance of 68Ga-DOTATATE PET/MR-derived size and 
ADC parameters when assessing SSTR-RADS-3A and 3B 
lesions to determine the presence of underlying malignancy.

Materials

Patients

This was a retrospective analysis that enrolled consecutive 
patients with a confirmed history of pathologically diag-
nosed NETs who had undergone 68Ga-DOTATATE PET/
MR scans from April 2020 through August 2023. Our insti-
tutional ethics committee approved this study, waiving the 
need for written informed consent due to the retrospective 
nature of the study. Patient clinical and demographic data 
including age, gender, imaging purpose, and location of 
metastasis were obtained for analysis.

PET/MR imaging

Patients were intravenously administered 2 MBq/kg of 68Ga-
DOTATATE, and scanning was performed 45 to 60 min 
post-injection using a Biograph mMR combined 3.0 T PET/
MRI system (Siemens Healthineers, Erlangen, Germany). 
Total body scanning from the base of the skull to the upper 
thighs was performed with patients in the supine position. 
PET image reconstruction was performed using a Gaussian 
smoothing kernel with an FWHM of 2 mm and a three-
dimensional attenuation-weighted ordered-subset expec-
tation maximization (2 iterations, 21 subsets, 172 × 172 
matrix) algorithm. MR imaging was performed at the same 
time as PET scanning and consisted of a T1WI-Dixon 
sequence, an axial T2-weighted half-Fourier acquisition 
single-shot turbo spin-echo sequence, and an axial echo-
planar DWI sequence (b-value = 50, 800 s/mm2). A single 
exponential function was employed to calculate ADC values.

Imaging analysis

Two experienced readers (X.Z.L and Y.F.Z) who remained 
blinded to final patient diagnostic outcomes were responsi-
ble for reviewing all 68Ga-DOTATATE PET/MR scans, with 
lesions being categorized as per the SSTR-RADS version 
1.0 criteria (Werner et al. 2018). Reviewers reached a unani-
mous consensus for all lesions included in this study. SSTR-
RADS-3A lesions correspond to soft-tissue or LN findings 
with equivocal uptake (comparable to or slightly higher than 
the signal for the blood pool), while SSTR-RADS-3B lesions 
correspond to areas of bone exhibiting low-level uptake.

LIFEx v5.1 (Nioche et al. 2018) was used to meas-
ure LN size and other imaging parameters. LN size was 
measured based on the maximum short-axis diameter on 
T2w PET/MR images. ADCmean and ADCmin values 
for SSTR-RADS 3A and 3B lesions were computed by 
using DWI images to draw a region of interest surrounding 
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the target lesion and transferring this to the ADC map. 
SUVmax values for SSTR-RADS-3A and 3B lesions were 
calculated based on a volume of interest (VOI) manually 
placed around the lesion area containing the pixel with 
the highest SUV.

Reference standard

Longitudinal follow-up imaging data from the patients 
in this study with SSTR-RADS-3A or SSTR-RADS-3B 
lesions were evaluated, with only those patients who 
underwent follow-up imaging a minimum of 3 months 
following baseline 68Ga-DOTATATE PET/MR being 
retained for further analysis. Follow-up imaging strategies 
employed for these lesions included 68Ga-DOTATATE 
PET/MRI, diagnostic computed tomography (CT), or MR 
imaging. Lesions identified over the course of follow-up 
were regarded as being suggestive of NETs if they met a 
minimum of one of the following criteria:

1.  For SSTR-RADS-3A and SSTR-RADS-3B lesions, lon-
gitudinal follow-up 68Ga-DOTATATE PET/MR imag-
ing results showing increased or decreased radiotracer 
uptake with a change in SUVmax exceeding 30% (simi-
lar to the PERCIST criteria (Garcia-Carbonero et al. 
2015)).

2.  For SSTR-RADS-3A lesions, the presence of LN metas-
tasis was assessed based on LN size, LN morphology, 
and the signal characteristics identified through follow-
up CT or MR imaging (Loch et al. 2020).

3.  For SSTR-RADS-3B lesions, follow-up CT results were 
assessed for new areas of osteolytic changes or sclero-
sis, or for more extensive sclerosis in regions previ-
ously exhibiting limited or equivocal sclerotic changes. 
Increases in the size of these lesions or changes in their 
characteristics from lytic to sclerotic were considered 
indicative of metastasis (Xie et al. 2022).

Statistical analysis

R (v 4.2.2) was used for all statistical analyses. Descriptive 
statistics were employed to summarize patient demographics 
and baseline clinical characteristics. Categorical and con-
tinuous variables were presented as percentages and medians 
with interquartile ranges, respectively. Mann–Whitney tests 
were used to compare continuous variables. Receiver oper-
ating characteristic (ROC) curves were employed to assess 
sensitivity and specificity, area under the curve (AUC) val-
ues, and the optimal threshold for use when distinguishing 
between lesions that were benign and malignant. P < 0.05 
was regarded as the significance threshold.

Results

Patients

Of 168 patients evaluated for potential study inclusion, 
36 patients (21.4%) had at least one SSTR-RADS-3A or 
SSTR-RADS-3B lesion identified on initial 68Ga-DOTA-
TATE PET/MR. Of these 36 cases, however, sufficient 
radiological follow-up was lacking in 14 cases (38.9%), 
precluding any longitudinal assessment of the target 
lesions from these patients. Of the 22 patients for whom 
follow-up results were available, 14 (63.6%) underwent 
restaging and 8 (36.4%) underwent staging scans. Pri-
mary lesions included pancreatic NETs in 17 cases, rectal 
NETs in 3 cases, liver NETs in 1 case, and lung NETs in 1 
case. Over the course of follow-up, 10 of these 22 patients 
underwent chest/abdominal/pelvic CT scans, 4 underwent 
68Ga-DOTATATE PET/MR scans, 3 underwent pelvic MR 
imaging, 3 underwent biopsy procedures, 1 patient under-
went a 68Ga-DOTATATE PET/CT scan, and 1 underwent 
neck ultrasound. The median follow-up interval for these 
patients was 17 months (range: 3–31 months). For details 
regarding the demographic and clinical characteristics of 
these patients, see Table 1.

SSTR‑RADS‑3A and 3B lesions incidence 
and interpretation

The 22 patients with available longitudinal follow-up data 
presented with 33 total SSTR-RADS-3A or SSTR-RADS-
3B lesions. These included 19 SSTR-RADS-3A LNs (8 
retroperitoneal LNs, 4 pelvic LNs, 4 supraclavicular LNs, 
3 mediastinal LNs) and 14 SSTR-RADS-3B lesions (7 
vertebral lesions, 3 rib lesions, 3 iliac lesions, and 1 hip 
bone lesion).

When outcomes were evaluated at the patient level, 
10 of these 22 patients (45.5%) presented with at least 1 
SSTR-RADS-3A or SSTR-RADS-3B lesion with imaging 
changes consistent with malignancy throughout follow-up. 
Overall, 16 of the 22 patients (72.7%) presented with a 
single SSTR-RADS-3A or SSTR-RADS-3B lesion, while 
6 (27.3%) presented with 2 or more lesions, including 2 
patients with both SSTR-RADS-3A and SSTR-RADS-3B 
lesions. Of the evaluated SSTR-RADS-3A lesions, 9/19 
(47.4%) exhibited imaging changes at follow-up consistent 
with true-positive NET involvement (Fig. 1). The median 
SUVmax values for the metastatic and non-metastatic 
lesions were 3.5 (range: 2.6–4.3) and 3.5 (range: 2.5–4.8), 
respectively (P = 0.9). Of the evaluated SSTR-RADS-3B 
lesions, 7/14 lesions (50.0%) exhibited follow-up imaging 
changes consistent with true-positive NET involvement 
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(Fig. 2). The median SUVmax values for the metastatic 
and non-metastatic lesions were 4.8 (range: 3.1–6.7) and 
3.4 (range: 2.7–4.4), respectively (P = 0.54). For further 
details regarding lesion uptake characteristics, see Table 2.

Lesion imaging features predictive of malignancy

Both LN size and LN ADC values were ultimately found to 
be capable of predicting whether SSTR-RADS-3A lesions 
were benign or malignant in this patient cohort. Specifi-
cally, the median LN short-axis diameters in the metastatic 
and non-metastatic groups were 1.0 cm (range: 0.8–2.0 cm) 
and 0.65 cm (range: 0.5–1.5 cm), respectively (P < 0.05). 
ROC curves were implemented to determine the optimal 
LN size for use when differentiating between metastatic 
and non-metastatic LNs, revealing an optimal threshold of 
0.7 cm. Using this threshold, the calculated AUC was 0.78, 
with respective sensitivity and specificity values of 100.0% 
and 60.0%, respectively (P = 0.01) (Supplemental Fig. 1). 
Metastatic LNs exhibited lower ADCmin and ADCmean 
values as compared to the non-metastatic group (Fig. 3). 
A highly significant difference in ADCmin values was 
observed when comparing metastatic and non-metastatic 
LNs (584 ± 110 ×  10−6  mm2/s vs. 974 ± 192 ×  10−6mm2/s, 
respectively, P < 0.001). The AUC when using this param-
eter to distinguish between metastatic and nonmetastatic 

LNs was 0.93 (Supplemental Fig. 2). ROC curves led to the 
selection of an ADCmin of 779 ×  10−6mm2/s as the optimal 
cut-off to distinguish between metastatic and non-metastatic 
LNs. There was no significant difference in ADCmean val-
ues when comparing metastatic and non-metastatic LNs 
(1200 ± 244 ×  10−6mm2/s and 1393 ± 349 ×  10−6mm2/s, 
respectively, P = 0.28).

Of the 14 SSTR-RADS-3B bone lesions evaluated in 
this study, follow-up results ultimately led to the classifi-
cation of 7 as being malignant and 7 as being benign. Of 
the 7 metastatic lesions, 2 were osteolytic while 5 were 
osteogenic. With respect to the analyzed ADC param-
eters, metastatic lesions presented with significantly 
lower ADCmin values relative to non-metastatic lesions 
(618 ± 204 ×  10−6mm2/s vs. 1077 ± 325 ×  10−6mm2/s, 
P = 0.004). The ADCmean of metastatic lesions was also 
significantly lower than that for non-metastatic lesions 
(954 ± 340 ×  10−6mm2/s vs. 1442 ± 396 ×  10−6mm2/s, 
P = 0.03) (Supplemental Fig. 3). ROC analyses indicated 
that the optimal ADCmin cut-off threshold when differ-
entiating between metastatic and non-metastatic bone 
lesions was 898 ×  10−6mm2/s (P < 0.0001), yielding an 
AUC of 0.94 and respective sensitivity and specificity 
of 100% and 85.7%, respectively. ROC curves also sug-
gested that the optimal ADCmean cut-off threshold for 
differentiating between metastatic and non-metastatic 

Table 1  Patient characteristics patient Age (y) Sex Aim of imaging Location of 
primary lesion

Follow-up Location of Metastasis

1 67 Female Restaging Pancreas CT Liver
2 31 Female Restaging Pancreas Biopsy Bone
3 29 Female Staging Pancreas Biopsy None
4 37 Female Restaging Pancreas MR Bone
5 60 Male Restaging Pancreas PET/MR None
6 45 Female Restaging Rectal MR None
7 46 Female Restaging Lung PET/MR Bone
8 36 Female Restaging Pancreas Ultrasound None
9 55 Female Staging Pancreas PET/MR None
10 65 Male Restaging Pancreas CT None
11 48 Male Staging Rectal CT None
12 59 Male Restaging Pancreas CT None
13 55 Female Restaging Rectal Biopsy None
14 67 Male Restaging Pancreas PET/MR Liver
15 52 Male Staging Pancreas CT None
16 48 Male Staging Pancreas CT None
17 72 Male Restaging Liver CT Liver, bone
18 50 Female Staging Pancreas MR Liver
19 48 Male Restaging Pancreas CT Liver, bone
20 59 Male Staging Pancreas CT None
21 35 Male Restaging Pancreas PET/CT Bone
22 53 Female Staging Pancreas CT Bone
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bone lesions was 1254 ×  10−6mm2/s (P = 0.0015), with 
respective AUC, sensitivity, and specificity values of 
0.86, 85.7%, and 85.7%, respectively (Fig. 4). The corre-
lations of these predictive variables with SSTR-RADS 3A 
and 3B status as determined by 68Ga-DOTATATE PET/
MR scans are shown in the Sankey plot (Fig. 5).

Discussion

SSTR-PET is essential for diagnosing and treating NET 
patients, and vital for selecting peptide receptor radionu-
clide therapy (PRRT) candidates (Ambrosini et al. 2021). 

Fig. 1  Equivocal SSTR-targeted PET/MR uptake in soft-tissue 
lesions. 68Ga-DOTATATE PET/MR imaging was performed for the 
restaging of a 60-year-old male with a history of pancreatic NET. 
Whole-body maximum intensity projection images (MIP) revealed 
multiple LN metastases with radiotracer uptake that was either patho-
logic or equivocal (A). PET/MR-fused images showing blood pool 
uptake with a SUVmax of 1.05 (B). Axial T2 weighted MR image 
(C), PET image (D), and fused PET/MR image (E) results revealed 

a retroperitoneal LN with only slightly higher radiotracer uptake 
than the blood pool (arrows, SUVmax: 2.9). Follow-up MIP (F), 
blood pool uptake (G), axial T2 weighted MR image (H), axial 68Ga-
DOTATATE PET (I), and axial 68Ga-DOTATATE PET/MR (J) scans 
performed 28 months after initial imaging and treatment showed no 
visible radiotracer uptake on the follow-up scan (arrows), consistent 
with likely NET involvement
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Fig. 2  PET/MR-fused images showing blood pool uptake a SUVmax 
of 0.7 (A). Axial T2 weighted MR (B), axial 68Ga-DOTATATE PET 
(C), and axial 68Ga-DOTATATE PET/MR (D) images through the 
pelvis revealing a hypointense mass, DOTATATE-avid uptake in the 

L1 vertebrae (arrows, SUVmax:5.8). Follow-up CT image performed 
22 months after initial imaging (E) revealed a pronounced new osteo-
genic L1 vertebral lesion (arrows) consistent with NET bone metas-
tasis

Table 2  Characteristics of 
SSTR-RADS-3A and SSTR-
RADS-3B Lesions

SUVmax values are presented as median (range) and ADC values are presented as mean ± SD

3A P value 3B P value

Metastatic Non-metastatic Metastatic Non-metastatic
No. of lesions 9 10 7 7
SUVmax 3.5 (2.6–4.3) 3.5 (2.5–4.8) 0.90 4.8 (3.1–6.7) 3.4 (2.7–4.4) 0.54
ADCmin  (10−6mm2/s) 584 ± 110 974 ± 192  < 0.001 618 ± 204 1077 ± 325 0.004
ADCmean(10−6mm2/s) 1200 ± 244 1393 ± 349 0.28 954 ± 340 1442 ± 396 0.03

Fig. 3  Boxplots corresponding to A ADCmin and B ADCmean values for metastatic and non-metastatic LNs. The middle line corresponds to 
the median, while the bars denote the 5th and 95th percentiles, respectively. ADC apparent diffusion coefficient, LN lymph node
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Increasing use of SSTR-PET for PRRT has prompted the 
creation of SSTR-RADS 1.0, a standard that enhances 
NET evaluation by integrating all imaging modalities 
(PET, CT, and hybrid imaging) to assess the total tumor 
burden more effectively (Werner et al. 2018). The SSTR-
RADS classifications improve communication between 
radiologists and clinicians, help in patient risk stratifica-
tion, and guide management decisions (Hope et al. 2018). 
In the present study, approximately 48.5% of uncertain 
lesions detected via 68Ga-DOTATATE PET/MR imag-
ing were ultimately found to exhibit radiological changes 

consistent with tumor involvement on follow-up. Specifi-
cally, 47.4% of SSTR-RADS 3A LN lesions and 50.0% of 
SSTR-RADS 3B bone lesions met our established crite-
ria for NET diagnosis. We selected SUVmax as the only 
semiquantitative parameter for evaluating LN and bone 
lesions due to its reproducibility and simplicity (Lee and 
Kim 2019). Unlike SUVmean, which varies with the VOI 
definition, SUVmax is less dependent on the observer. It 
is also less affected by partial volume effects (Soret et al. 
2007). Moreover, precise SUVpeak measurements require 
a lesion diameter of at least 2  cm (Wahl et  al. 2009), 

Fig. 4  The diagnostic perfor-
mance of different parameters 
when differentiating between 
metastatic and non-metastatic 
bone lesions. A ROC curve 
for ADCmin (AUC = 0.94). 
B ROC curve for ADCmean 
(AUC = 0.86)

Fig. 5  Sankey plot showing the relationships of 68Ga-DOTATATE PET/MR features in SSTR-RADS-3A and 3B. A LN size and ADCmin may 
improve SSTR-RADS-3A interpretation, while B ADCmin and ADCmean are more likely associated with SSTR-RADS-3B interpretation
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making it an unsuitable parameter for the small lesions 
in this study.

Metastatic LNs typically show active 68Ga-DOTATATE 
metabolism, LN enlargement, and elevated SUV (Ahmadi 
Bidakhvidi et al. 2021). In this study, LNs classified as 
SSTR-RADS 3A, whether metastatic or non-metastatic, 
had similar SUVmax values, likely due to their small size 
and the limited resolution of PET imaging (Xie et al. 2021). 
This highlights the importance of considering morphologi-
cal changes. An LN short-axis diameter of 10 mm on CT and 
MR images is generally used to distinguish between benign 
and malignant nodes (Ganeshalingam and Koh 2009). In 
this cohort, metastatic LNs had larger diameters than non-
metastatic ones, with a diameter cut-off of 0.7 cm provid-
ing 100.0% sensitivity and 60.0% specificity. Additionally, 
ADCmin values were significantly lower in metastatic LNs 
compared to non-metastatic LNs (584 ± 110 ×  10−6mm2/s 
and 974 ± 192 ×  10−6mm2/s, respectively; P < 0.001), assist-
ing in differentiating their nature. Consistent with the find-
ings of multiple studies on a variety of tumors, ADCmin 
was found to be effective for differentiating metastatic from 
non-metastatic LNs (Fardanesh et al. 2022; Liu et al. 2011; 
Li et al. 2015). Thus, ADCmin shows promise as an alterna-
tive parameter for the N-staging of NET patients exhibiting 
equivocal 68Ga-DOTATATE PET uptake.

The most common sites of NET bone metastasis include 
the bone marrow in the trunk, including the ribs, spine, and 
pelvis (Xie et al. 2022). In this study, we found such metas-
tases primarily in the ribs and spine. Bone metastases can 
lead to severe symptoms including hypercalcemia, spinal 
cord compression, bone pain, and pathological fractures, 
which significantly worsen the patient's quality of life and 
prognosis (Kos-Kudła et al. 2010). Therefore, prompt and 
accurate diagnosis of bone metastases in NET patients is 
crucial to ensure effective treatment that can reduce pain 
and improve quality of life. Conventional imaging often 
falls short in accurately evaluating bone metastases. Hybrid 
imaging, which includes techniques like PET/CT and PET/
MRI, overcomes these limitations by assessing morphologi-
cal, functional, metabolic, and molecular characteristics in 
a single examination (Schmidkonz et al. 2019). In PET/
CT imaging, the CT component is crucial for the evalua-
tion of bone morphology and the identification of osseous 
destruction. MRI, used in PET/MRI hybrid imaging, offers 
superior soft-tissue contrast. The DWI sequence has proven 
effective for distinguishing bone metastases from both solid 
tumors and hematological malignancies (Pasoglou et al. 
2015; Dimopoulos et al. 2015; Hottat et al. 2024). DWI 
also allows for quantifying lesion cellularity through ADC 
maps and numerous studies have demonstrated its value 
in bone metastases (Costelloe et al. 2021; Eveslage et al. 
2023; Perez-Lopez et al. 2018). In our study, the ADCmin 
value for metastatic bone lesions was significantly lower 

than that for non-metastatic lesions (618 ± 204 ×  10−6mm2/s 
vs. 1077 ± 325 ×  10−6mm2/s, P = 0.004). The ADCmean of 
metastatic lesions was also lower than that of non-metastatic 
lesions (954 ± 340 ×  10−6mm2/s vs. 1442 ± 396 ×  10−6mm2/s, 
P = 0.03). In addition, ROC analyses revealed that the ADC-
min and ADCmean parameters offered satisfactory diagnos-
tic efficacy when classifying bone lesions, with respective 
AUC values of 0.94 and 0.86 such that they can be used to 
complement SSTR-RADS-3B classifications.

This study utilizes PET/MR imaging, which is not com-
monly available. Although PET/CT scanners are more 
widespread, there are instances where the SSTR-RADS 3A 
and 3B classifications may not conclusively determine the 
nature of a lesion. In such cases, additional MRI can be used 
to extract the ADC values of the lesion for predicting the 
outcome. If a hybrid PET/MR is unavailable, co-registered 
MR and PET-fused images can be used. Care is needed to 
avoid misregistration, particularly from patient movement. 
Misregistration is more likely with small LNs compared to 
truncal bones like the spine and pelvis. However, as long as 
the lesions are accurately aligned, the ADC values remain 
dependable.

This study has several limitations. Firstly, it was a ret-
rospective analysis, which may introduce some degree of 
bias, and the number of indeterminate lesions was small, 
necessitating further validation of the cut-off values with a 
larger cohort. Secondly, the biopsy of indeterminate lesions 
detected via SSTR-targeted PET imaging is challenging due 
to their small size and difficulty in targeting with conven-
tional imaging techniques, making histopathology infeasible. 
Follow-up imaging might be a more practical method for 
assessing these lesions. Thirdly, the study employed base-
line PET/MR imaging with follow-up CT scans to evaluate 
SSTR-RADS-3B lesions but lacked baseline whole-body CT 
scans to provide information on detailed bone morphology.

Conclusion

Of the SSTR-RADS-3A and SSTR-RADS-3B lesions exhib-
iting indeterminate SSTR-targeted PET uptake on initial 
imaging in this study, roughly half presented with changes 
consistent with NET involvement on follow-up imaging. 
Those SSTR-RADS-3A lesions exhibiting larger diameters 
and lower ADCmin values are more likely to correspond to 
metastases, while ADCmin and ADCmean can be leveraged 
to predict whether indeterminant bone lesions are metastatic 
or non-metastatic.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00432- 024- 05776-5.

Acknowledgements Not applicable.

https://doi.org/10.1007/s00432-024-05776-5


Journal of Cancer Research and Clinical Oncology (2024) 150:272 Page 9 of 10 272

Author contributions Yifan Zhang contributed to the study concep-
tion and design. Image acquisition and data collection were performed 
by Jinxin Zhou, Jing Gao and Chang Liu. Interpreting images were 
performed by Xiaozhu Lin and Yifan Zhang. The first draft of the 
manuscript was written by Jinxin Zhou and Jing Gao. Revision and 
final version of the manuscript were written by Xiaozhu Lin, Yu Pan 
and Yifan Zhang. All authors read and approved the final manuscript.

Funding This research was supported by the National Natural Science 
Foundation of China (NSFC: 81971644), and the Shanghai Jiaotong 
University School of Medicine (KY20192098).

Data availability All data in our study are available from the corre-
sponding authors upon reasonable request.

Declarations 

Conflict of interest The authors have no relevant financial or non-fi-
nancial interests to disclose.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

Ahmadi Bidakhvidi N, Cuyle PJ, Sagaert X et al (2021) 68Ga-DOTA-
TATE PET/CT distinguishes neuroendocrine tumor mesenteric 
lymph node metastasis from an extensive IgG4-positive fibrosis 
surrounding it. Clin Nucl Med 46:e510–e512

Ambrosini V, Kunikowska J, Baudin E et al (2021) Consensus on 
molecular imaging and theranostics in neuroendocrine neoplasms. 
Eur J Cancer 146:56–73

Choi YJ, Kim JK, Kim N et al (2007) Functional MR imaging of pros-
tate cancer. Radiographics 27:63–75

Costelloe CM, Lin PP, Chuang HH et al (2021) Bone metastases: 
mechanisms of the metastatic process, imaging and therapy. 
Semin Ultrasound CT MR 42:164–183

Dasari A, Shen C, Halperin D et al (2017) Trends in the incidence, 
prevalence, and survival outcomes in patients with neuroendo-
crine tumors in the United States. JAMA Oncol 3:1335–1342

Dimopoulos MA, Hillengass J, Usmani S et al (2015) Role of magnetic 
resonance imaging in the management of patients with multiple 
myeloma: a consensus statement. J Clin Oncol 33:657–664

Eveslage M, Rassek P, Riegel A et al (2023) Diffusion-weighted MRI 
for treatment response assessment in osteoblastic metastases-a 
repeatability study. Cancers (basel) 15:3757

Fardanesh R, Thakur SB, Sevilimedu V et al (2022) Differentiation 
between benign and metastatic breast lymph nodes using apparent 
diffusion coefficients. Front Oncol 12:795265

Ganeshalingam S, Koh DM (2009) Nodal staging. Cancer Imaging 
9:104–111

Garcia-Carbonero R, Garcia-Figueiras R, Carmona-Bayonas A et al 
(2015) Imaging approaches to assess the therapeutic response of 

gastroenteropancreatic neuroendocrine tumors (GEP-NETs): cur-
rent perspectives and future trends of an exciting field in develop-
ment. Cancer Metastasis Rev 34:823–842

Geijer H, Breimer LH (2013) Somatostatin receptor PET/CT in neu-
roendocrine tumours: update on systematic review and meta-
analysis. Eur J Nucl Med Mol Imaging 40:1770–1780

Grawe F, Ebner R, Geyer T et al (2023) Validation of the SSTR-RADS 
1.0 for the structured interpretation of SSTR-PET/CT and treat-
ment planning in neuroendocrine tumor (NET) patients. Eur 
Radiol 33:3416–3424

Hope TA, Bergsland EK, Bozkurt MF et al (2018) Appropriate use 
criteria for somatostatin receptor PET imaging in neuroendocrine 
tumors. J Nucl Med 59:66–74

Hottat NA, Badr DA, Ben Ghanem M et al (2024) Assessment of 
whole-body MRI including diffusion-weighted sequences in the 
initial staging of breast cancer patients at high risk of metasta-
ses in comparison with PET-CT: a prospective cohort study. Eur 
Radiol 34:165–178

Kim JK, Kim KA, Park BW et al (2008) Feasibility of diffusion-
weighted imaging in the differentiation of metastatic from non-
metastatic lymph nodes: early experience. J Magn Reson Imaging 
28:714–719

Kim SJ, Kim JW, Han SW et al (2010) Biological characteristics and 
treatment outcomes of metastatic or recurrent neuroendocrine 
tumors: tumor grade and metastatic site are important for treat-
ment strategy. BMC Cancer 10:448

Kos-Kudła B, O’Toole D, Falconi M et al (2010) ENETS consensus 
guidelines for the management of bone and lung metastases from 
neuroendocrine tumors. Neuroendocrinology 91:341–350

Kulke MH, Siu LL, Tepper JE et al (2011) Future directions in the 
treatment of neuroendocrine tumors: consensus report of the 
National Cancer Institute Neuroendocrine Tumor clinical trials 
planning meeting. J Clin Oncol 29:934–943

Lee DY, Kim YI (2019) Prognostic value of maximum standardized 
uptake value in 68Ga-somatostatin receptor positron emission 
tomography for neuroendocrine tumors: a systematic review and 
meta-analysis. Clin Nucl Med 44:777–783

Li H, Liu XW, Geng ZJ et al (2015) Diffusion-weighted imaging to dif-
ferentiate metastatic from non-metastatic retropharyngeal lymph 
nodes in nasopharyngeal carcinoma. Dentomaxillofac Radiol 
44:20140126

Liu Y, Liu H, Bai X et al (2011) Differentiation of metastatic from 
non-metastatic lymph nodes in patients with uterine cervical can-
cer using diffusion-weighted imaging. Gynecol Oncol 122:19–24

Loch FN, Asbach P, Haas M et al (2020) Accuracy of various criteria 
for lymph node staging in ductal adenocarcinoma of the pancreatic 
head by computed tomography and magnetic resonance imaging. 
World J Surg Oncol 18:213

Nioche C, Orlhac F, Boughdad S et al (2018) LIFEx: a freeware for 
radiomic feature calculation in multimodality imaging to acceler-
ate advances in the characterization of tumor heterogeneity. Can-
cer Res 78:4786–4789

Pasoglou V, Michoux N, Peeters F et  al (2015) Whole-body 3D 
T1-weighted MR imaging in patients with prostate cancer: feasi-
bility and evaluation in screening for metastatic disease. Radiol-
ogy 275:155–166

Perez-Lopez R, Nava Rodrigues D, Figueiredo I et al (2018) Mul-
tiparametric magnetic resonance imaging of prostate cancer bone 
disease: correlation with bone biopsy histological and molecular 
features. Invest Radiol 53:96–102

Schmidkonz C, Ellmann S, Ritt P et al (2019) Hybrid imaging (PET-
computed tomography/PET-MR Imaging) of bone metastases. 
PET Clin 14:121–133

Schmid-Tannwald C, Oto A, Reiser MF et al (2013) Diffusion-weighted 
MRI of the abdomen: current value in clinical routine. J Magn 
Reson Imaging 37:35–47

http://creativecommons.org/licenses/by/4.0/


 Journal of Cancer Research and Clinical Oncology (2024) 150:272272 Page 10 of 10

Soret M, Bacharach SL, Buvat I (2007) Partial-volume effect in PET 
tumor imaging. J Nucl Med 48:932–945

Subhawong TK, Jacobs MA, Fayad LM (2014) Insights into quantita-
tive diffusion-weighted MRI for musculoskeletal tumor imaging. 
AJR Am J Roentgenol 203:560–572

Wahl RL, Jacene H, Kasamon Y et al (2009) From RECIST to PER-
CIST: evolving considerations for PET response criteria in solid 
tumors. J Nucl Med 50:122S-150S

Weich A, Higuchi T, Bundschuh RA et al (2022) Training on report-
ing and data system (RADS) for somatostatin-receptor targeted 
molecular imaging can reduce the test anxiety of inexperienced 
readers. Mol Imaging Biol 24:631–640

Werner RA, Solnes LB, Javadi MS et al (2018) SSTR-RADS version 
1.0 as a reporting system for SSTR PET imaging and selection 
of potential PRRT candidates: a proposed standardization frame-
work. J Nucl Med 59:1085–1091

Werner RA, Derlin T, Rowe SP et al (2021) High interobserver agree-
ment for the standardized reporting system SSTR-RADS 1.0 on 
somatostatin receptor PET/CT. J Nucl Med 62:514–520

Xie Y, Zhao H, Guo Y et al (2021) A PET/CT nomogram incorporat-
ing SUVmax and CT radiomics for preoperative nodal staging in 
non-small cell lung cancer. Eur Radiol 31:6030–6038

Xie Q, Lu M, Zhai S et al (2022) Correlation between NEN bone 
metastasis performance and tumor proliferation: 112 cases of 
[68Ga]Ga-DOTA-TATE result analysis. Neuroendocrinology 
112:666–672

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.


	Outcome prediction of SSTR-RADS-3A and SSTR-RADS-3B lesions in patients with neuroendocrine tumors based on 68Ga-DOTATATE PETMR
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusion 

	Introduction
	Materials
	Patients
	PETMR imaging
	Imaging analysis
	Reference standard
	Statistical analysis

	Results
	Patients
	SSTR-RADS-3A and 3B lesions incidence and interpretation
	Lesion imaging features predictive of malignancy

	Discussion
	Conclusion
	Acknowledgements 
	References




