
Figure 4: Axial attenuation-corrected PET images with the corresponding average Likert scores by all readers for different 
image reconstructions, compared to the standard-of-care SOC (A). LD (B) was on average rated as non-diagnostic due to 
excessive image noise, and DLELDMR (C) was also rated as non-diagnostic is it often failed to show bowel uptake (C, red 
circle). Conversely, DLR using only the first minute of PET data without or with MR data, respectively DLELDPET (D) and 
DLELDPET-MR (E), were rated both diagnostic and higher in subjective quality compared to the standard-of-care SOC (A) 
(all p values < 0.05).
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ABSTRACT: Background: An obstacle to incorporating positron emission tomography (PET) as an adjunct for imaging patients with Crohn disease (CD) is the radiation exposure from the injected 18F-fluorodeoxyglucose (FDG). Utilization of a deep learning enhancement (DLE) algorithm can assist with generation of PET images from fewer counts and less data, 
hence mimicking a lower-injected dose. This study investigated the feasibility of ultra-low-dose PET/MR by comparing low dose PET images generated by a DLE algorithm to those generated by a standard of care (SOC) conventional reconstruction algorithm. Methods: Twenty subjects with known CD underwent simultaneous PET/MRI after intravenous 
administration of approximately 185 MBq of FDG (50% of a conventional clinical dose). DLE utilized a fully convolutional neural U-net and leave-one-out cross validation. Five image sets were generated from the list mode PET data: (1) SOC images from a 5-minute study, (2) Low dose (LD) images obtained from 1/5th sampling of the SOC counts (approximately 
37 MBq), (3) LD images using a DLE approach trained on PET data (DLELDPET), (4) LD images using a DLE approach trained on PET and MR data (DLELDPET-MR), (5) LD images using a DLE approach trained on MR data (DLELDMR). Subjective image quality was evaluated by 4 blinded board-certified readers using a 5-point Likert scale. Quantitative measures 
of PSNR, SSIM, and NRMSE were compared for the entire image volume and segmented regions of inflamed bowel. A Wilcoxon signed-rank test was used to compare the aforementioned measures with P<0.05 considered as being statistically significant. Results: Quantitative measures of full image analysis were significantly superior for DLELDPET PET, while 
DLELDMR PET was significantly inferior for all three measures during segmented image analysis. For subjective image quality, both DLELDMR and LD PET images were rated non-diagnostic (scores<2). However, DLELDPET and DLELDPET-MR were rated both diagnostic and higher in subjective quality over SOC PET (scores=3.9, 4.0, versus 3.7, respectively; 
p<0.05). Conclusion: DLELD PET can generate improved quality images from PET studies with a factor of 10x lower dose (compared to conventional clinical FDG administrations) and yield images comparable to SOC PET in patients with Crohn’s disease. Clinical Relevance: DLELD PET can generate improved quality images from PET studies with a factor of 
10x lower dose (compared to conventional clinical FDG administrations) and yield images comparable to SOC PET in patients with Crohn’s disease. The availability of such imaging techniques will potentially allow for more prompt and efficacious treatment of inflammatory lesions potentially leading to less fibrosis, strictures and complications of the disease –
markedly improving the quality of life in CD patients.

Background
1. Inflammatory bowel disease (IBD) affects more than 3.1 million people in the United States (1). Crohn’s

Disease (CD), a type of IBD, is chronic, without a clear etiology, and incurable (2).

• CD patients are typically young with peak incidence occurring during the 2nd and 4th decades of life
(3).

• Transmural inflammation can occur anywhere in the gastrointestinal tract.

• Lesions occur in a chronic remitting and relapsing pattern and can lead to serious complications
such as strictures, fibrosis and fisulta formation (4).

• Clinical symptoms include diarrhea, abdominal pain, and rectal bleeding, however, inflammation
can occur asymptomatically.

Methods
Twenty patients with established diagnosis of Crohn’s Disease were scanned on a Signa PET/MR scanner 
(GE Healthcare, Waukesha, WI) scanner with 5mCi/70 kg of FDG (50% of the normal clinical FDG dose).

Non-contrast, two-point Dixon water, fat, in-phase and out-phase images (as used for MR-based 
attenuation correction) were acquired, along with a five-minute PET acquisition of bowels in two stations 
(Figure 1). 

Summary and Conclusions
• Deep learning resulted in an 80% reduction of FDG tracer, while maintaining

excellent quality, as quantified by SSIM, NRMSE, and PSNR.

• Standard CT enterography radiation exposure is approximately 12-20 mSv4
(triphasic up to 63 mSv), whereas our DL method is approximately 0.7 mSv
(effective dose from FDG) suggesting a 20-90x potential reduction in ionizing
radiation exposure.

• We demonstrated that CNN’s have the potential to reduce the radiation exposure of 
a PET/MRI for CD surveillance towards the level of abdominal plain 
film radiography. 

• MR images do not enhance Deep Learning PET reconstruction synthesis

• Further clinical evaluation of deep learning strategies to reduce radiation dose is 
highly warranted.

• Ultra low dose PET/MRI utilizing a novel deep learning method will enable 
surveillance of Crohn's Disease while reducing patients’ radiation exposure, 
ultimately leading to better quality of life for CD patients. 
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2. Recent evidence that complete mucosal healing is paramount to remission in CD

• Immunomodulatory medications available, however, all come with potentially serious side effects -
goal of treatment is to keep the patient in remission while utilizing the lowest effective dose of
medication

• Disease surveillance post treatment as well as follow-up is crucial as they provide evidence as to the
efficacy of the current treatment protocol

• The ability to follow disease progression is crucial, even in the absence of clinical symptoms

• Untreated, undetected inflammatory lesions can lead to fibrosis of bowel tissue – this cannot
be reversed with medication and must be surgically resected to prevent complications such as
strictures and bowel obstruction.

3. Simultaneous PET/MRI has been suggested for imaging in CD

• Gold standard for CD diagnosis and monitoring of disease has been endoscopy, however, it is
invasive, has significant risks and requires extensive preparation. It also is inadequate for
investigation below the jejunum and above the terminal ileum.

• It has been shown that PET/MRI provides greater anatomic detail as well as information regarding
extra intestinal manifestations than CT, PET/CT, or MRI alone.

• It eliminates a significant amount of radiation due to omission of CT (vs PET/CT)

• However, the FDG-PET tracer still emits radiation which over the course of many scans in a
lifetime, could still prove to be harmful

Figure 2. Deep Learning U-Net Model Architecture

4. Deep Learning (DL), a type of machine learning in which numerous hidden “deep” layers are utilized to
identify data representations, has been used increasingly in radiology applications.

• There have been multiple recent studies in which DL has been used for low dose PET image
enhancement and reconstruction.

• DL has been shown to be to be superior to previous techniques such as image filtering, singular
value thresholding and model base iterative for image reconstruction tasks.

• Architectures such as convolutional neural networks and U-Net have produced excellent results in
reconstruction tasks.

Specific Aim
We propose a method which utilizes a U-Net architecture to reconstruct full dose PET/MR studies with 
administration of only 20% of FDG tracer. The resulting radiation exposure is only 0.42 mSV, similar to an 
abdominal plain film. 

Results

•Deep Learning Model

• A U-Net architecture was implemented comprising of a fully convolutional
encoder/decoder (Figure 2).

• Depth = 4, Original # of filters = 64, Batch size = 5, training epoch = 400, 10/5/5 for
train/validate/test.

• Three models were trained: PET-only, PET-MR, MR-only

• Data augmentation was performed via rotation, shear, shift, zoom and flip.

• The network was trained utilized the ADAM optimizer until convergence.
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In addition to quantitative analysis, all subject image sets were evaluated by for diagnostic quality by three 
board certified abdominal imaging fellowship trained radiologists and a board-certified nuclear medicine 
physician. A Likert-scale scoring system was used for each reconstruction. 

Future Directions

Paired non-parametric statistical tests (Wilcoxon signed-rank test), corrected for multiple comparisons, 
will be used to compare the subjective (radiologist score) and quantitative scores (image-wise SSIM, 
image-wise MAPE, and region-wise MAPE) for each low-dose reconstruction relative to alternative low-
dose reconstruction methods (BSREM) and the full-dose reconstruction. 

The models trained on PET-only and PET-MRI performed well for quantitative metrics of PSNR, SSIM and
NRMSE whereas the MRI-only model did not (Table 1, Figure 3).

Table 1. Bold entries indicate measures that are statistically significant (p<0.05) using a paired T-test as measured in the 
whole body (All) and segmented regions of high uptake in the bowels (Segmented).

Figure 3. Three - dimensional representation of metrics analysis. PSNR (Peak Signal-to-Noise Ratio), SSIM (Structural 
Similarity Index), NRMSE (Normalized Root Mean Square Error) are shown via corresponding graphs. Green (PET-MR) 
and Blue (PET-only) have similar performance. They are both superior to the Red (MR-only) and Grey (Low dose). Slices 
in the edge of the series have more noise. 

Figure 5. Original Low Dose and Full Dose images juxtaposed to Deep 
Learning reconstruction images using PET-only, PET-MRI, and MRI-only training 
data. Pet-only and PET-MRI models retained detailed inflammation signal.
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Simulated low-dose PET images were reconstructed from list mode data, where the
five-minute data were reconstructed into one-minute PET images to simulate a
1mCi/70kg injection (figure 1).

• PET images obtained with using the deep learning approach will be compared to the 
acquired low-dose and full-dose images

• Structural Similarity index (SSIM), a method to measure the similarity between 
two images, was used to quantitatively evaluate the images

• We also utilized Peak Signal to Noise Ratio (PSNR) and Normalized Root Mean 
Square Error (NRMSE), another method by which we can quantitatively evaluate 
the reference from test images. 
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