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Image segmentation of the liver is an important step in treatment planning for liver cancer. However,
manual segmentation at a large scale is not practical, leading to increasing reliance on deep learning
models to automatically segment the liver. This manuscript develops a generalizable deep learning
model to segment the liver on T1-weighted MR images. In particular, three distinct deep learning
architectures (nnUNet, PocketNet, Swin UNETR) were considered using data gathered from six
geographically different institutions. A total of 819 T1-weighted MR images were gathered from
both public and internal sources. Our experiments compared each architecture’s testing performance
when trained both intra-institutionally and inter-institutionally. Models trained using nnUNet and its
PocketNet variant achieved mean Dice-Sorensen similarity coefficients>0.9 on both intra- and inter-
institutional test set data. The performance of these models suggests that nnUNet and PocketNet
liver segmentation models trained on a large and diverse collection of T1-weighted MR images would
on average achieve good intra-institutional segmentation performance.

Keywords Liver segmentation, T1-weighted MRI, Deep learning, Robustness, Multi-dataset training, Liver
model

The American Cancer Society has reported liver cancer as one of the leading causes of cancer deaths in the
U.S., accounting for nearly 30,000 deaths in 2023, Accurate delineation of the liver and tumor is essential for
treatment planning®’. Indeed, liver and tumor segmentation methods are crucial in several treatment strate-
gies, such as Y-90 radioembolization*®, radio-frequency ablation®, percutaneous ethanol injection’, and surgical
intervention®®. Accurate liver segmentation is also important for other aspects of treatment like early diagno-
sis and assessing key indicators like liver fat'®!!. Although the gold-standard segmentation method is manual
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delineation by a trained radiologist, this method is time-consuming, less reproducible, and prone to inter and
intra-observer variability'?™4,

In recent years, deep learning models have been trained to perform automated liver segmentation as an
alternative to manual delineation. Jansen et al. used a fully convolutional network as part of a liver metastasis
detection pipeline to achieve a 0.95 Dice-Sorensen coefficient (DSC) when trained on 55 DCE-MRI series'”.
Isensee et al. submitted a self-configuring nnUNet framework to the LiTS and CHAOS challenges'®. They fin-
ished first in both challenges, scoring mean DSCs of 0.95 on 131 CT series in the LiTS challenge and 0.75 on
60 MRI series in the CHAOS challenge'¢'%. Bibars et al. used the CT images in the LiTS and CHAOS datasets
to pretrain the encoder of a 2D U-Net and then fine-tuned the decoder on MRIs from the Duke Liver Dataset
(DLDS), achieving a mean DSC of 0.88'7-2°. Lambert et al. trained anisotropic hybrid U-Nets (AHUNets) with
2D encoders and 3D decoders on the ATLAS dataset on the task of segmenting both the liver and the tumor?"?,
achieving a mean DSC of 0.94, Hausdorff distance of 2.85 mm, and surface DSC of 0.81 on the liver segmenta-
tion task. Hossain et al. trained a 2D cascaded network on all 40 T1-weighted MRI series in the CHAOS dataset
using five-fold cross-validation and data augmentation. They achieved a mean DSC of 0.95 when segmenting
the liver®. Due to the relatively small size of publicly available MRI datasets, it is not uncommon for researchers
to use more internal institutional data. Kart et al. trained a nnUNet on a dataset of 400 T1-weighted MR images
and achieved a mean DSC of 0.98 on a liver subtask of abdominal organ segmentation**. Some common limita-
tions in all of these previously mentioned datasets are that they are either obtained from healthy individuals,
which limits the ability of trained models to generalize to MRIs from liver cancer patients, or are from a single
institution, making models less robust to different imaging sequences and protocols.

Because liver tumors have different etiological factors and morphologies®, their effects on the shape, bounda-
ries, and volume of the liver and surrounding structures can vary significantly. Therefore, a model that is robust
to these variations must be trained on imaging data from as many unique patients with as many different etiolo-
gies as possible. Recently, Wasserthal et al. unveiled TotalSegmentator, a single nnUNet model trained on CT
images from 1,204 patients, 655 of which had six different pathologic diagnoses, each with 104 labeled anatomical
structures; TotalSegmentator achieved a mean DSC of 0.96 when tested on a liver CT segmentation sub-task of
the Beyond the Cranial Vault Challenge?>?”. While this large, diverse dataset helps mitigate the limitations of the
previously mentioned work, it consists of CT images, leaving a need for a similar dataset with MRIs.

This work addresses the previously mentioned limitations by curating a large, multi-institutional, and het-
erogeneous set of 819 T1-weighted liver MRIs and training robust deep-learning models for automatically
segmenting the liver. This dataset comes from various patients and healthy subjects obtained from publicly
available and internal (from our institutions) imaging data. Our results show that the variation and diversity in
the imaging sequences, artifacts, and contrast agents’ protocols across the dataset allow us to train a robust set
of deep learning models for auto-contouring the liver. By analyzing a diverse set of MRI sequences, we aim to
improve the reproducibility and consistency of liver segmentation, addressing previous studies’ limitations and
enhancing deep learning models’ accuracy and reliability.

Materials and methods
Data curation and description
The inclusion criteria for MR images into our dataset are as follows:

1. The entire liver must be visible in the image.
All eight liver segments must be present. For example, there is no history of hepatectomy or lobectomy before
image acquisition.

3. The image quality must be high enough such that the boundary of the liver is identifiable without using a
pre-existing contour.

We manually inspected each image to determine if it met the selection criteria. This process also included using
relevant patient and dataset metadata. The primary indicators to identify the liver segments include the presence
or absence of the left and right portal veins and tissue homogeneity. We excluded images from patients who had
undergone hepatectomy or lobectomy.

This process resulted in a total of 819 T1-weighted MRIs from 312 patients. Of these, 72 patients had cirrho-
sis, a risk factor and common finding in patients with primary hepatocellular carcinoma, who underwent MRI
obtained from the Duke Cancer Institute (data collected from the Duke Liver Dataset [DLDS])'°. Another 34
patients with liver cancer were obtained from The University of Texas MD Anderson Cancer Center. An addi-
tional 71 patients with hepatocellular carcinoma were collected from Houston Methodist Hospital. Fifty-eight
anonymized patients from the A Tumor and Liver Automatic Segmentation (ATLAS) dataset with hepatocellular
carcinoma were obtained from Bourgogne University in Dijon*’. Another 57 patients with “abdominal tumors/
abnormalities” were obtained from the Longgang District People’s Hospital in China with a protocol approved
by the hospital’s Research Ethics Committee (data collected from the Abdominal Multi-Organ Segmentation
[AMOS] dataset)?. Although a small subset of these patients’ scans showed tumor growth and lesions on the
liver itself, most patients had unrelated abnormalities. Finally, 20 healthy individuals were collected from the
Dokuz Eylul University Hospital’s Department of Radiology in Izmir, Turkey, using an Institutional Review
Board-approved protocol (data collected from the Combined Healthy Abdominal Organ Segmentation [CHAOS]
dataset)'s.

Ranges of repetition times, echo times, and contrast agents’ protocol of the public datasets used are provided
(whenever available in their corresponding paper) in Table 1. Figure 1 and Table 2 further summarize the data-
sets we used.
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CHAOS - - - -
In phase 3.84-175 |2.46-7.38
Out of phase 384-175 |123-6.15 |Gadobenate dimeglumine (0.1 mL/kg) ; .
DLDS P Gadoxetate disodium (0.05 mL/kg) Arterial phase a}tl 15 seconds; d
Non-contrast 346-9.20 |1.07-3.13 | Rate of infusion 2 mL/s portal venous phase at 70 seconds
Contrast-enhanced |2.83-6.96 |1.23 -3.27
AMOS - - - -
Arterial (early, late) at 12-30 seconds;
ATLAS 3.09-6.78 | 1.07-4.19 | Gadolinium-based contrast portal venous phase at 65-70 seconds;
delayed at 180-300 seconds
Arterial phase obtained with bolus tracking and triggered when
Houston Methodist 2.79-6.05 |1.23-3.12 | Gadolinium-based contrast contrast detected in abdominal aorta; .
portal venous phase at 30 seconds after aterial phase;
delayed at 300-600 seconds
Arterial at 30 seconds;
MD Anderson 2.65-4.69 |1.02-241 |Gadolinium-based contrast portal venous phase at 60 seconds;
delayed at 180 seconds

Table 1. Summary of echo time (TE), repetition time (TR), and contrast agents used in MRIs.

T1 Images (819)

Contrast Enhanced

Dual Echo (132) Non-contrast (99) (588)

In Phase (76) LAVA
VIBE
VIBE DIXON

Out Of Phase
(56)

Fig. 1. Summary of T1-w MRI sequences used in our study.

Network architectures
Our experiments involved training three different liver segmentation models: Swin UNETR, nnUNet, and
PocketNet.

Swin UNETR

The Swin UNETR model is a deep learning architecture designed for medical image segmentation tasks, inte-
grating the Swin Transformer with the UNETR framework?**. It leverages the Swin Transformer’s hierarchical
feature representation and shift windowing mechanisms to capture global context and local details within medical
images effectively. The model’s architecture combines the strengths of vision transformers in encoding long-range
dependencies and the U-Net’s efficient up-sampling and localization capabilities, resulting in improved medical
imaging segmentation.

nnUNet
Since its introduction, nnUNet has become a popular tool for use in medical image segmentation because its
ability to automatically configure a preprocessing and deep learning training pipeline based on the properties of
its training data eases the burden of manually developing models to suit a particular data modality'®. We chose
specifically to train 3D full-resolution U-Nets using nnUNet as a baseline for comparison against the other two
models.

PocketNet

The PocketNet paradigm was originally proposed to reduce the number of parameters in CNN architectures
while maintaining their accuracy®'. This approach uses the similarity between geometric multigrid methods for
solving linear systems arising from discretizing partial differential equations and CNNss to justify keeping the
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Voxel spacing range, mm
Dataset No. patients | No. images | Participants’ findings | x y z No. duplicates | Cause of duplication | Image distribution
CHAOS 20 40 Healthy individuals ~ [0.7-0.8 [0.7-0.8 [0.7-0.8 |20 Dual-phase images | In phase: n = 20;
(each phase = 1 image) | out of phase: n = 20
In phase non-fat
saturation: n = 56;
late dynamic: n = 2;
Different types of out of phase: n = 36;
DLDS 72 210 Cirrhosis 06-18 [06-18 |24-10.0 |64 P pre-contrast fat sup-
contrast
pressed: n = 54;
early arterial: n = I;
mid-arterial: n = 3;
portal venous: n = 58
AMOS 57 57 Liver tumor (small 06-20 [06-30 |08-30 |0 - Not provided
sample)
Hepatocellular car- Fat saturated: n = 58
ATLAS 58 58 . p 0.6 0.6 1.4 0 - (pre-contrast, arterial,
cinoma
portal venous)
Hepatocellular car- Different scannin, Delayed post-contrast
Houston Methodist | 71 352 <P v 06-14 [06-14 |22-4 70 s fat suppressed:
cinoma protocols >
n =352
Pre-contrast: n = 34;
MD Anderson 34 102 Liver tumor 06-16 |06-16 |20-35 |34 Different phases of | arterfal phase: n = 34;
contrast portal venous phase:
n=34

Table 2. T1-weighted dataset breakdown and distribution.

number of features at each resolution constant. In contrast, traditional CNNs double the number of features when
going from higher to lower resolutions. As a result, PocketNet architectures reduce the number of parameters
in CNN architectures by several orders of magnitude and have been shown to achieve similar accuracy to tradi-
tional CNNs. Here, we apply the PocketNet paradigm to the nnUNet architecture and refer to this architecture
as PocketNet for the sake of conciseness.

Preprocessing protocols

We apply the same preprocessing steps for all models and datasets. Namely, we apply the rule-based analysis and
preprocessing steps proposed by the nnUNet architecture authors. This resulting target spacing and patch size
for each individual and combined dataset are given in Table 3. Because of the increased computational cost of
the Swin UNETR architecture vs its CNN counterparts, we use a patch size of 128 x 128 x 64.

Hyperparameters, training, and evaluation protocols

We train each model using at least two A100 Nvidia GPUs with a batch size of twice the number of GPUs. All
models are trained for at least 1000 epochs and use the same optimization parameters as the nnUNet framework.
Apart from the Swin UNETR model, we use deep supervision. Additionally, automatic mixed precision was
used during training to reduce the time and memory requirements. All models use the Dice with cross-entropy
loss. We use test-time augmentation (average prediction after flipping along each axis) and postprocess the final
predictions by taking the largest connected component. To evaluate the validity of each predicted segmentation
mask, we use the following metrics: the DSC, 95th percentile Hausdorff distance (HD 95), and surface dice with
a tolerance of 2mm. We chose surface DSC specifically to offset the skew that the large internal volume of the
liver can have on the DSC?2.

Dataset Target spacing (mm) | Patch size (nnUNet and PocketNet only)
AMOS 1.1875x 1.1875x 3.0 | 256 x 128 x 64
ATLAS 1.0417 x 1.0417 x 3.0 256 x 256 x 64
CHAOS 1.6992 x 1.6992 x 5.5 128 x 128 x 32
DLDS 0.7813x0.7813x 4.0 | 256 x 256 x 64
MD Anderson 0.7031 x0.7031 x 2.0 | 256 x 256 x 64
Methodist 0.7813x0.7813x 2.4 | 256 x 256 x 64
All (Experiment 2) 0.8203 x 0.8203 x 2.4 | 256 x 256 x 64

Table 3. Resulting target spacing and patch sizes from applying the rule-based analysis and preprocessing
steps proposed by the nnUNet architecture authors.
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Experimental design
Using the data and models described in the prior sections, we perform two experiments to evaluate each model’s
performance on MRI liver segmentation when trained on a single dataset and on ensembles of datasets.

Experiment 1: single source five-fold cross-validation
In this experiment, we perform a five-fold cross-validation with each model on each dataset separately. For
each dataset, we set aside the first 20% of the data as an independent test set, take 10% of the remaining data as
a validation set, and train on the remaining image-label pairs. We continue this process until we have test-time
predictions for each image in a given dataset.

This experiment aims to determine how each model performs on test images that come from the same dis-
tribution as the training data, which will serve as a baseline to compare how the same architectures perform on
out-of-distribution examples in the following experiment.

Experiment 2: leave-one-dataset-out cross-validation
Following our first experiment, we trained and validated six models on all curated T1-weighted MR images,
with each dataset withheld for testing.

While our first experiment would demonstrate how each model would perform when tested on in-distribution
samples, our second experiment aims to evaluate our models’ performance when tested on out-of-distribution
examples. Our hypothesis with this second experiment is that the test-time performance on the withheld dataset
would match or exceed the corresponding results from Experiment 1 only if the images in the training set are of
similar quality or contrast protocol type to those of the withheld dataset.

Results

Experiment 1: Single source five-fold cross-validation

Table 4 shows each metric’s mean and standard deviation for each model resulting from a five-fold cross-vali-
dation on each dataset. We see that the PocketNet and nnUNet architectures generally achieve similar accuracy.
However, both of these models outperform the Swin UNETR architecture.

For comparison, Fig. 2 provides boxplots of the DSC, HD 95, and surface DSC for Experiment 1. We see
here that the nnUNet and PocketNet models show comparatively similar variations in accuracy, while the Swin
UNETR shows the most variation. Outliers were caused primarily by under-segmentation of the liver, especially
in the presence of motion or noise artifacts and large complex (solid/ cystic) liver masses, under-segmentation of
a tumor or lesion (relatively large lesion along the boundary of the right margin of the liver with signal hypoin-
tensity), and over-segmentation of either the abdominal wall or surrounding organs, such as the spleen and
kidney. Figure 3 shows the resulting image segmentation quality for a subset of images with these characteristics.

In Fig. 3, all three models performed poorly on the same MR image from the ATLAS dataset, which showed
severe over-segmentation of the spleen and other surrounding structures. This common failure is believed to be
due to the close similarity of signal intensity between the liver and the spleen and the lack of a distinct boundary
between the two organs in this MR image. In the DLDS column of Fig. 3, all three models under-segmented this

Model Dataset DSC HD 95 (mm) | Surface DSC
AMOS 0.9634 (0.0304) 4.18 (5.72) 0.9412 (0.0628)
ATLAS 0.8894 (0.1195) | 15.3 (23.9) 0.8326 (0.1591)
CHAOS 0.8225 (0.2529) 15.9 (31.3) 0.8276 (0.2616)
Swin UNETR
DLDS 0.8824 (0.0997) 13.2 (21.1) 0.8337 (0.1191)
MD Anderson | 0.8655 (0.1143) 21.5(22.2) 0.7210 (0.1218)
Methodist 0.8969 (0.0491) | 11.8 (15.7) 0.7710 (0.1161)
AMOS 0.9738 (0.0119) 2.44 (2.17) 0.9627 (0.0327)
ATLAS 0.9420 (0.0799) 7.50 (17.6) 0.9221 (0.1109)
CHAOS 0.9223 (0.0702) | 2.71 (2.57) 0.9517 (0.0731)
PocketNet
DLDS 0.9355 (0.0572) | 4.87(8.23) 0.9343 (0.0731)
MD Anderson | 0.9395 (0.0329) | 5.31 (3.76) 0.8755 (0.0747)
Methodist 0.9289 (0.0197) | 4.92 (4.08) 0.8537 (0.0925)
AMOS 0.9745 (0.0125) | 2.42 (2.42) 0.9654 (0.0323)
ATLAS 0.9511 (0.0327) |5.79 (12.5) 0.9268 (0.0986)
CHAOS 0.9278 (0.0440) | 3.51 (4.79) 0.9478 (0.0720)
nnUNet
DLDS 0.9331 (0.0595) | 5.62 (13.0) 0.9229 (0.0854)
MD Anderson | 0.9330 (0.0400) 8.34 (12.4) 0.8528 (0.0895)
Methodist 0.9279 (0.0205) 5.17 (4.73) 0.8528 (0.0923)

Table 4. The mean (standard deviation) for each model’s DSC, HD 95, and surface DSC for Experiment
1 - a five-fold cross-validation on each dataset. We highlight the best values across all metrics in bold. The
PocketNet and nnUNet architectures are comparable and outperform the Swin UNETR model.
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Fig. 2. Boxplots for Experiment 1. (A) DSC for the six datasets and three models, (B) surface DSC for the same,
and (C) HD 95. We see here that the nnUNet and PocketNet models show comparatively similar variations in
accuracy, while the Swin UNETR shows the most variation.

case, although the Swin UNETR model contoured more of the liver than the other models. In this DLDS case,
the imaging shows complex cystic solid masses. In the MDA column, all models under-segmented the right
lobe of the liver on a portal venous phase MR image from a patient with a large homogeneous mass occupying
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MDA ATLAS DLDS

Swin UNETR

PocketNet

nnUNet

Fig. 3. Examples of poorly predicted segmentation masks from all three models in Experiment 1. In the

case of the MDA image, we see a large solid lesion on the liver boundary whose signal intensity is close to its
surroundings, resulting in under-segmentation. For the ATLAS case, we see close signal intensity between the
liver and the spleen, resulting in over-segmentation. For the DLDS case, we see a motion artifact resulting in
under-segmentation.

this lobe. The Swin UNETR model completely under-segmented the entire liver on an arterial phase MR image
from this same patient.

Figure 4 shows accurate predictions from each model. Notable errors were under-segmentation and over-
segmentation of the inferior vena cava, although this discrepancy could be attributed to inter-observer variability
across datasets.

Experiment 2: leave-one-dataset-out cross-validation

Table 5 shows each metric’s mean and standard deviation for each model resulting from a five-fold cross-valida-
tion on each dataset. Like with Experiment 1, the PocketNet and nnUNet architectures generally achieve similar
accuracy while outperforming the Swin UNETR model.

Recall that our hypothesis for Experiment 2 was that each model’s performance, when tested on a withheld
dataset, would match or exceed the corresponding results from Experiment 1 only if the images in the training
set were of similar quality or contrast protocol type to those of the withheld dataset. In other words, because
of the differences between each dataset, we would expect to see a decrease in accuracy between each model in
Experiment 2 vs. 1. This generally appears to be the case for PocketNet and nnUNet, with PocketNet recording
overall better accuracy on the CHAOS dataset and nnUNet with the MD Anderson dataset. The Swin UNETR
model does not appear to conform to our hypothesis. In this case, Swin UNETR reports improved mean DSC for
the ATLAS, CHAOS, and MD Anderson datasets and HD 95 distances for all but the AMOS and MD Anderson
datasets.

Figure 6 shows predicted segmentation masks whose DSC is lower than 0.8. We exclude AMOS and ATLAS
since all three models achieved a DSC of at least 0.8 for nearly every example. When tested on a low-accuracy
case from DLDS, the Swin UNETR model completely undersegmented the target organ, only labeling a tiny
sliver of the right liver lobe. PocketNet and nnUNet over-segmented the abdominal region surrounding the front
right liver lobe in the same image. We hypothesize that the models performed poorly on this DLDS case due to
massive ascites (fluid around the liver) and shrunken cirrhotic liver. In the case of the MD Anderson column
in Fig. 6, PocketNet and nnUNet only segmented the right liver lobe. Coincidentally, nnUNet’s outlier was the
same MR image that was its outlier when trained on this cohort in Experiment 1. Finally, all three models over-
segmented the spleen when tested on their worst case from the Methodist dataset.
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MDA AMOS ATLAS DLDS CHAOS Methodist

PocketNet Swin UNETR

nnUNet

Fig. 4. Examples of accurately predicted segmentation masks from Experiment 1.

Model Dataset DSC HD 95 (mm) | Surface DSC
AMOS 0.9392 (0.0389) | 8.17 (8.30) 0.8948 (0.0760)
ATLAS 0.9355 (0.0469) 8.35(12.5) 0.8869 (0.0101)
CHAOS 0.9008 (0.0533) 6.08 (7.50) 0.9117 (0.0887)
Swin UNETR
DLDS 0.8230 (0.1902) | 19.9 (24.2) 0.7489 (0.2034)
MD Anderson | 0.8900 (0.0922) 13.4 (14.2) 0.7852 (0.1228)
Methodist 0.8751 (0.0639) 17.4 (22.0) 0.7355 (0.1222)
AMOS 0.9525 (0.0154) 4,77 (4.12) 0.9175 (0.0932)
ATLAS 0.9471 (0.0279) 5.38 (6.90) 0.9117 (0.0887)
CHAOS 0.9328 (0.0314) | 2.27(1.34) 0.9590 (0.0395)
PocketNet
DLDS 0.9088 (0.1094) | 10.3 (22.5) 0.8786 (0.1299)
MD Anderson | 0.9277 (0.0428) | 6.90 (6.57) 0.8523 (0.0997)
Methodist 0.9083 (0.0312) |8.19(11.8) 0.8041 (0.0988)
AMOS 0.9572 (0.0144) | 5.26 (6.26) 0.9347 (0.0527)
ATLAS 0.9557 (0.0142) | 3.74 (3.42) 0.9366 (0.0722)
CHAOS 0.9317 (0.0318) 2.44 (1.76) 0.9565 (0.0435)
nnUNet
DLDS 0.9003 (0.1219) 9.65 (16.5) 0.8669 (0.1370)
MD Anderson | 0.9333 (0.0325) | 5.77 (4.55) 0.8594 (0.0975)
Methodist 0.9060 (0.0577) | 8.36 (14.3) 0.8030 (0.1074)

Table 5. The mean (standard deviation) for each model’s DSC, HD 95, and surface DSC for Experiment 2 - a
leave-one-dataset-out cross-validation. We highlight the best values across all metrics in bold. The PocketNet
and nnUNet architectures are comparable and outperform the Swin UNETR model.

Figure 7 shows examples of accurately predicted segmentation masks from withheld images for each model.
The most noticeable discrepancies include over-segmentation around the common hepatic duct, over-segmen-
tation of the middle hepatic vein in the CHAOS dataset, and under-segmentation of the left portal vein.

Error analysis
Low dice scores (DSC<0.8), indicated in Figs. 2 and 5, were manually reviewed across all models and experiments
to characterize failure modes. In this analysis, we found that the most common failure modes are

Motion artifacts (Fig. 3 [DLDS]).

Massive ascites (fluid around the liver) and shrunken cirrhotic liver (Fig. 6 [DLDS]).
Similar signal intensities between the liver and surrounding regions (Fig. 3 [ATLAS]).
The presence of a large infiltrative lesion (Figs. 3 and 6 [MDA]).

L
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Fig. 5. Boxplots for Experiment 2. (A) DSC for the six datasets and three models, (B) surface DSC for the same,
and (C) HD 95. We see here that the nnUNet and PocketNet models show comparatively similar variations in
accuracy, while the Swin UNETR shows the most variation.
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MDA DLDS Methodist

PocketNet Swin UNETR

nnUNet

Fig. 6. Examples of poorly predicted segmentation masks from all three models in Experiment 2. Like with
Experiment 1, we see a large lesion on the liver boundary whose signal intensity is close to its surroundings,
resulting in under-segmentation in the same MDA case. In the DLDS case, we see massive ascites (fluid around
the liver) and shrunken cirrhotic liver, resulting in under-segmentation for the Swin UNETR model and over-
segmentation for the PocketNet and nnUNet models. For the Methodist case, the liver and spleen have similar
signal intensities, resulting in over-segmentation.

MDA AMOS ATLAS DLDS CHAOS Methodist

Swin UNETR

PocketNet

nnUNet

Fig. 7. Examples of accurately predicted segmentation masks from Experiment 2.
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5. The presence of a hernia.

Table 6 shows the frequency of each failure mode within our dataset. Here, unique image series are considered,
i.e. repeat poor performance across models and experiments was counted once. Note that there were seven cases
where we did not see any odd pathologies and could not determine why our models produced less accurate liver
segmentation masks.

Discussion

We aimed to use three deep learning architectures and as many T1-weighted MR images as we could gather from
multiple institutions to train a robust, accurate liver segmentation model for multiple MRI vendors and liver
disease etiologies. From a supervised learning perspective, such a model must be trained on a sufficiently large
and diverse cohort of MR images encompassing as many etiologies, contrast agent types, and artifacts as possible.
Our Experiment 2 models and their results, when tested on their respective withheld datasets, provided us with
an approximation of how each of the three architectures might perform when confronted with a new dataset.
Additionally, our results show that PocketNet and nnUNet are effective architectures for training accurate and
robust models for MRI liver segmentation. These architectures achieved similar accuracy in Experiments 1 and
2 and showed similar variance.

We hypothesized that the models in Experiment 2 would not outperform those in Experiment 1 because the
withheld dataset is sufficiently different from the rest of the training data in each fold of Experiment 2. Our results
for Experiment 2 using nnUNet and PocketNet support this hypothesis. We generally see a drop in accuracy
for each model (PocketNet and nnUNet) except for the CHAOS dataset with PocketNet and the MD Anderson
dataset with nnUNet. However, even in those non-conforming cases, the increase in performance is slight, with
the only exception being the HD 95 with nnUNet.

Our hypothesis regarding the accuracy differences in Experiments 1 and 2 using the Swin UNETR model
does not hold up as well as with the PocketNet and nnUNet models. One possible explanation is that transformer
networks like Swin UNETR are data-hungry***%. The bigger training set size for each fold in Experiment 2 may
have helped alleviate this commonly seen challenge with vision transformers. Indeed, the difference in accuracy
in the small CHAOS dataset (n = 40) supports this. In Experiment 1, the Swin UNETR model could only use
32 images for training. On the other hand, this same model had 779 images to train with during Experiment 2.

We might consider the drop in performance observed across all three models when tested on the DLDS in
Experiment 2 compared with how they performed when trained only on this dataset in Experiment 1 as support-
ing evidence for our hypothesis, given the large amounts of motion and susceptibility artifacts that are present in
the dataset'?, more so than any other dataset that we used. These artifacts most probably contributed to the Swin
UNETR model’s drop in performance, as its surface DSC values were the lowest of all three models when tested
on DLDS in Experiment 2, and these artifacts also likely worsened the performance of PocketNet and nnUNet.
However, another reason for the worsened performance of the models could be the liver shape and appearance
changes caused by cirrhosis, which would suggest that liver disease etiology was a more significant confounding
factor than image quality or contrast type.

Our results present evidence for and against our Experiment 2 hypothesis, and the lack of information regard-
ing contrast types for the AMOS dataset or echo and repetition times for both AMOS and CHAOS are further
complications that prevent us from making a proper conclusion on this hypothesis.

Maximum segmentation accuracy is necessary for precise localization and characterization of the liver tissue
and the accompanying pathology, which aids radiologists and surgeons in optimizing the diagnosis and staging
of the disease, and this is considered the cornerstone of management and treatment planning in terms of surgery
and radiological intervention. An automated, robust segmentation model will give a more reproducible estimate
of the volumetric measures and extent of liver tissue/lesion than manual or semi-automated methods, as these
could be biased or subject to interobserver variability'*~!*. Automated models are still in their developmental
stages, and their underperformance regarding segmentation accuracy can result in suboptimal patient outcomes.
For example, under-segmentation can lead to the persistence of residual tissue after resection or chemoembo-
lization, whereas over-segmentation can result in unnecessary interventions and inaccurate estimation of the
residual liver volume and function during surgical planning®. Future work will further evaluate the impact of
the observed failure modes in Table 6 on segmentation accuracy.

Finding No. images

Motion artifact

Ascites and cirrhosis

Similar signal intensity

Large infiltrative lesion

Hernia

N N || 0| O

No odd pathology
Total 35

Table 6. Characterization of image features that result in low DSC for all three models and both experiments.
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Of the three architectures tested, our results indicate that PocketNet and nnUNet are effective architectures
for training accurate and robust models for MRI liver segmentation. While the Swin UNETR model was not as
accurate as its CNN counterparts in either experiment, improving its performance with pre-training on large,
publicly available CT datasets like LiTS or TotalSegmentor may be possible. This line of inquiry is a possible
direction for future work. The differences in the number of parameters in each architecture are also worth
noting. PocketNet has roughly 800,000 parameters, nnUNet has roughly 31,000,000, and Swin UNETR has
roughly 62,000,000 parameters. Our results show similar performance between PocketNet (a pocket version of
nnUNet) and the full-sized nnUNet, further validating the results from the original PocketNet paper®!. While
PocketNet and nnUNet show similar accuracy, it is also important to point out that the reduced computational
cost of PocketNet (from having fewer parameters) makes training and deploying such a model more suitable for
resource-constrained environments that might not have access to the latest GPUs (or GPUs in general).

Our work built upon existing research by training the proven nnUNet and its Pocketnet variant on the task of
segmenting the liver using 819 T1-weighted MR images gathered mostly from liver cancer patients with differ-
ent contrast protocols, with performance ranging from comparable to superior when compared against existing
models'>!%2021-2324 However, unlike Lambert et al’s AHUNets*', we did not distinguish between the liver and
the tumor and counted the latter as part of the former.

Of the six datasets we used in our experiments, only AMOS, ATLAS, CHAOS, and DLDS are publicly avail-
able. As a result, only the results from Experiment 1 with these specific datasets will be reproducible. Further-
more, although curating multiple datasets allowed us to build a sizable and diverse group of MR images for our
work, these datasets were labeled by different people. This interobserver variability between ground truth masks
is another important confounding factor. Unfortunately, unless one or more trained radiologists are willing to
manually edit over 800 liver contours to ensure uniformity across datasets, this limitation has no easy fix.

Work by Isensee et al. that compared the rankings of models submitted to a kidney and kidney tumor seg-
mentation challenge indicated that changes to external parameters such as the learning rate, patch sizes, loss
functions, and preprocessing schemes had a more significant impact on performance than changes to actual
network architecture'®. Future work might involve refinement of the “method configuration,” as Isensee et al.
collectively referred to these parameters, to determine their effect on liver segmentation accuracy. Additional
avenues of exploration include further training of our models on any additional T1-weighted liver MRI datasets
that have been made public since the start of our research (i.e., TotalSegmentor MRI*®), applying our methodol-
ogy to T2-weighted MRI datasets, training on a combined T1 and T2-weighted dataset, or further cross-sequence
fusion across additional imaging modalities. Additionally, future work will also involve image denoising. Cui et al.
recently used a 2D CNN and k-space analysis to reduce and remove motion artifacts from corrupted T2-weighted
brain MR images®. Given both the prevalence of motion artifacts in DLDS and the fact that such artifacts are
not uncommon in a clinical setting'®, an algorithm that can be applied to remove motion artifacts from liver MR
images would expedite the training of robust deep learning segmentation models to assist in preventive surgery.

Conclusions

We sought to train a robust and generalizable liver T1-weighted MRI segmentation model across different con-
trast protocols and disease etiologies. Of the architectures we trained using an ensemble of curated data drawn
from multiple datasets, we found that models trained using PocketNet and nnUNet were the most robust to
changes in image and target organ appearance due to a difference in imaging or health factors. We observed
this trend across all six datasets, suggesting that any PocketNet or nnUNet model trained on an ensemble of
T1-weighted MR images of similar or greater size and diversity will also demonstrate this generalizability.

Data availability

The AMOS, ATLAS, CHAOS, and DLDS datasets are publicly available'®!**>?® and can be downloaded using
the following links:

1. AMOS: https://amos22.grand-challenge.org/

2. ATLAS: https://atlas-challenge.u-bourgogne.fr/

3. CHAOS: https://chaos.grand-challenge.org/

4. DLDS: https://zenodo.org/records/7774566

The MR images from MD Anderson and Houston Methodist Hospital are not publicly available.

Code availability

The analysis, preprocessing, training, and postprocessing pipelines and all three models were implemented in
Python using the Medical Imaging Segmentation Toolkit (MIST)*!*”*¢. This open-source package is available at
https://github.com/mist-medical/MIST or https://pypi.org/project/mist-medical/.

Received: 12 April 2024; Accepted: 29 August 2024
Published online: 09 September 2024

References

1. Siegel, R. L. et al. Cancer statistics, 2023. CA Cancer J. Clin. 73, 17-48 (2023).

2. Norouzi, A. et al. Medical image segmentation methods, algorithms, and applications. IETE Tech. Rev. 31, 199-213 (2014).

3. Jayadevappa, D., Srinivas Kumar, S. & Murty, D. Medical image segmentation algorithms using deformable models: a review. IETE
Tech. Rev. 28, 248-255 (2011).

4. Chen, G., Wang, H., Lu, Z., Lin, K.-H. & Mok, G. A 3d deep learning-based segmentation model for unified and fully automated
segmentation of lungs, normal liver and tumors for y-90 radioembolization dosimetry. J. Nucl. Med. 65, 241079-241079 (2024)
https://jnm.snmjournals.org/content.

Scientific Reports |

(2024) 14:20988 | https://doi.org/10.1038/s41598-024-71674-y nature portfolio


https://amos22.grand-challenge.org/
https://atlas-challenge.u-bourgogne.fr/
https://chaos.grand-challenge.org/
https://zenodo.org/records/7774566
https://github.com/mist-medical/MIST
https://pypi.org/project/mist-medical/
https://jnm.snmjournals.org/content

www.nature.com/scientificreports/

10.
11.
12.
13.
14.
15.
16.
17.
18.
19.

20.

21.

22.

23.
24.

25.
. Wasserthal, J. et al. Totalsegmentator: Robust segmentation of 104 anatomic structures in ct images. Radiol. Artif. Intell. 5, €230024

27.
28.
29.
30.

31.
. Nikolov, S. et al. Deep learning to achieve clinically applicable segmentation of head and neck anatomy for radiotherapy. arXiv

33.
34.
35.
36.
37.

38.

. Chaichana, A. et al. Automated segmentation of lung, liver, and liver tumors from tc-99m maa spect/ct images for y-90 radioem-

bolization using convolutional neural networks. Med. Phys. 48, 7877-7890 (2021).

. Ma, L., Su, D. & Qin, D. Liver tumor segmentation and radio frequency ablation treatment design based on ct image. In GLOBE-

COM 2020-2020 IEEE Global Communications Conference, 1-6 (IEEE, 2020).

. Ben Said, T, Chaieb, F. & Ghorbel, E. Computer-assisted planning for percutaneous ethanol injection of hepatocellular carcinoma.

Imaging Sci. J. 67, 407-416 (2019).

. Ansari, M. Y. et al. Practical utility of liver segmentation methods in clinical surgeries and interventions. BMC Med. Imaging 22,

97 (2022).

. Albain, K. S. et al. Radiotherapy plus chemotherapy with or without surgical resection for stage iii non-small-cell lung cancer: a

phase iii randomised controlled trial. The Lancet 374, 379-386 (2009).

Zhao, F, Zhang, G., Tan, Z., Liang, T. & Xing, F Author spotlight: A non-invasive tool to assess and differentiate fat patterns in
liver using 3d dixon mri. JoVE J. Visual. Exp. 200, 66121 (2023).

Liu, Y. et al. A three-dimensional digital model for early diagnosis of hepatic fibrosis based on magnetic resonance elastography.
J. Visual. Exp. Jove 197, 65507 (2023).

Bo, H. K. et al. Intra-rater variability in low-grade glioma segmentation. J. Neurooncol. 131, 393-402 (2017).

Kriiger, J. et al. Infratentorial lesions in multiple sclerosis patients: intra-and inter-rater variability in comparison to a fully auto-
mated segmentation using 3d convolutional neural networks. Eur. Radiol.[SPACE]https://doi.org/10.1007/s00330-021-08329-3
(2021).

Deeley, M. et al. Comparison of manual and automatic segmentation methods for brain structures in the presence of space-
occupying lesions: a multi-expert study. Phys. Med. Biol. 56,4557 (2011).

Jansen, M. J. et al. Liver segmentation and metastases detection in mr images using convolutional neural networks. . Med. Immag.
6, 044003-044003 (2019).

Isensee, E, Jaeger, P. E, Kohl, S. A., Petersen, J. & Maier-Hein, K. H. nnu-net: a self-configuring method for deep learning-based
biomedical image segmentation. Nat. Methods 18, 203-211 (2021).

Bilic, P. et al. The liver tumor segmentation benchmark (lits). Med. Image Anal. 84, 102680 (2023).

Kavur, A. E. et al. Chaos challenge-combined (ct-mr) healthy abdominal organ segmentation. Med. Image Anal. 69, 101950 (2021).
Macdonald, J. A. et al. Duke liver dataset: A publicly available liver mri dataset with liver segmentation masks and series labels.
Radiol. Artif. Intell. 5, €220275 (2023).

Bibars, M., Salah, P. E., Eldeib, A., Elattar, M. A. & Yassine, I. A. Cross-modality deep transfer learning: Application to liver seg-
mentation in ct and mri. In Annual Conference on Medical Image Understanding and Analysis, 96-110 (Springer, 2023).
Lambert, B., Roca, P, Forbes, E, Doyle, S. & Dojat, M. Anisotropic hybrid networks for liver tumor segmentation with uncertainty
quantification. In International Conference on Medical Image Computing and Computer-Assisted Intervention, 347-356 (Springer,
2023).

Quinton, E. et al. A tumour and liver automatic segmentation (atlas) dataset on contrast-enhanced magnetic resonance imaging
for hepatocellular carcinoma. Data 8, 79 (2023).

Hossain, M. S. A. et al. Deep learning framework for liver segmentation from t 1-weighted mri images. Sensors 23, 8890 (2023).
Kart, T. et al. Deep learning-based automated abdominal organ segmentation in the uk biobank and german national cohort
magnetic resonance imaging studies. Invest. Radiol. 56, 401-408 (2021).

Liver cancer causes, risk factors, and prevention. https://www.cancer.gov/types/liver/what-is-liver-cancer/causes-risk-factors.

(2023).

Landman, B. et al. Segmentation outside the cranial vault challenge. In MICCAI: Multi Atlas Labeling Beyond Cranial Vault-
Workshop Challenge (2015).

Ji, Y. et al. Amos: A large-scale abdominal multi-organ benchmark for versatile medical image segmentation. Adv. Neural. Inf.
Process. Syst. 35, 36722-36732 (2022).

Liu, Z. et al. Swin transformer: Hierarchical vision transformer using shifted windows. In Proceedings of the IEEE/CVF international
conference on computer vision, 10012-10022 (2021).

Hatamizadeh, A. et al. Swin unetr: Swin transformers for semantic segmentation of brain tumors in mri images. In International
MICCAI Brainlesion Workshop, 272-284 (Springer, 2021).

Celaya, A. et al. Pocketnet: A smaller neural network for medical image analysis. IEEE Trans. Med. Imaging 42, 1172-1184 (2022).

preprint[SPACE]arXiv:1809.04430 (2018).

Cao, Y.-H., Yu, H. & Wu, J. Training vision transformers with only 2040 images. In European Conference on Computer Vision,
220-237 (Springer, 2022).

Wang, W., Zhang, J., Cao, Y., Shen, Y. & Tao, D. Towards data-efficient detection transformers. In European conference on computer
vision, 88105 (Springer, 2022).

D’Antonoli, T. A. et al. Totalsegmentator mri: Sequence-independent segmentation of 59 anatomical structures in mr images. arXiv
preprint[SPACE]arXiv:2405.19492 (2024).

Cui, L. et al. Motion artifact reduction for magnetic resonance imaging with deep learning and k-space analysis. PLoS One 18,
€0278668 (2023).

Celaya, A, Riviere, B. & Fuentes, D. Fmg-net and w-net: Multigrid inspired deep learning architectures for medical imaging
segmentation. arXiv preprint[SPACE]arXiv:2304.02725 (2023).

Celaya, A. et al. MIST: A simple and scalable end-to-end 3D medical imaging segmentation framework. arXiv preprint arXiv:2407.
21343 (2024).

Acknowledgements

This work was partly supported by the Tumor Measurement Initiative through the MD Anderson Strategic
Initiative Development Program (STRIDE) and QIAC Partnership in Research (QPR) Program. NIH support
under ROICA195524, R0O1CA221971, P30CA016672, and NSF support under Award NSF-2111147 is gratefully
acknowledged. The research reported in this publication was partially supported by resources of the Image
Guided Cancer Therapy Research Program at The University of Texas MD Anderson Cancer Center. Dr. Neth-
erton would like to acknowledge the support of the National Institutes of Health Loan Repayment Program
Award through the National Cancer Institute. The Department of Defense supports Adrian Celaya through the
National Defense Science & Engineering Graduate Fellowship Program. The authors thank Erica Goodoff, Senior
Scientific Editor in the Research Medical Library at The University of Texas MD Anderson Cancer Center, for
editing this manuscript.

Scientific Reports |

(2024) 14:20988 | https://doi.org/10.1038/s41598-024-71674-y nature portfolio


https://doi.org/10.1007/s00330-021-08329-3
https://www.cancer.gov/types/liver/what-is-liver-cancer/causes-risk-factors
http://arxiv.org/abs/1809.04430
http://arxiv.org/abs/2405.19492
http://arxiv.org/abs/2304.02725
http://arxiv.org/abs/2407.21343
http://arxiv.org/abs/2407.21343

www.nature.com/scientificreports/

Author contributions

AC, NP, ME, and RG wrote the main manuscript text. AC and ME prepared Figure 1. AC and NP prepared
Figures 2, 3, 4, 5, 6 and 7. TN and DF designed the experiments. AC and RG ran them and reported the results.
KB and KBS supervised NP’s efforts in conducting the experiments and writing the manuscript. ME was respon-
sible for curating and filtering the data used in the experiments based on the exclusion criteria proposed by
TN, KB, and KBS. AC developed and programmed the PocketNet architecture that was evaluated as part of
the experiments. AC developed the MIST framework for training each model. EK and MC curated MRIs from
MD Anderson patients. LB, JS, TC, NG, DV, DC, and AE curated the MRIs from Houston Methodist Hospital.

Competing interests
The authors declare no competing interests.

Ethical approval

Data collection and analysis in this study was approved under Institutional Review Board (IRB) protocols PA13-
0317, Comprehensive study of human hepatocellular carcinoma and PA14-0646, Biophysical markers of patients
with pancreatic and hepatobiliary cancer. Consent form was waived due to the retrospective nature of the study.
All experiments were carried out in accordance with institutional policies.

Additional information
Correspondence and requests for materials should be addressed to T.J.N. or D.T.E

Reprints and permissions information is available at www.nature.com/reprints.

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

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, 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://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports |

(2024) 14:20988 | https://doi.org/10.1038/s41598-024-71674-y nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Training robust T1-weighted magnetic resonance imaging liver segmentation models using ensembles of datasets with different contrast protocols and liver disease etiologies
	Materials and methods
	Data curation and description
	Network architectures
	Swin UNETR
	nnUNet
	PocketNet

	Preprocessing protocols
	Hyperparameters, training, and evaluation protocols
	Experimental design
	Experiment 1: single source five-fold cross-validation
	Experiment 2: leave-one-dataset-out cross-validation


	Results
	Experiment 1: Single source five-fold cross-validation
	Experiment 2: leave-one-dataset-out cross-validation
	Error analysis

	Discussion
	Conclusions
	References
	Acknowledgements


