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Abstract. Despite their remarkable success in medical image segmen-
tation, the life cycle of deep neural networks remains a challenge in
clinical applications. These models must be regularly updated to in-
tegrate new medical data and customized to meet evolving diagnostic
standards, regulatory requirements, commercial needs, and privacy con-
straints. Model merging offers a promising solution, as it allows working
with multiple specialized networks that can be created and combined
dynamically instead of relying on monolithic models. While extensively
studied in standard 2D classification, the potential of model merging
for 3D segmentation remains unexplored. This paper presents an effi-
cient framework that allows effective model merging in the domain of
3D image segmentation. Our approach builds upon theoretical analy-
sis and encourages wide minima during pre-training, which we demon-
strate to facilitate subsequent model merging. Using U-Net 3D, we eval-
uate the method on distinct anatomical structures with the ToothFairy2
and BTCV Abdomen datasets. To support further research, we release
the source code and all the model weights in a dedicated repository:
https://github.com/Lucalumetti/UNetTransplant.
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1 Introduction

Although deep networks have achieved significant success in lesion segmenta-
tion and disease diagnosis [TI/TT], the segmentation of medical images still poses
distinct challenges in obtaining high-quality annotated data. The scarcity of
labeled data due to the time-intensive nature of manual annotations and the
variability in imaging protocols across institutions makes it difficult to build
robust models. As a result, fully annotated datasets are often unavailable at
the outset of a project, and new diseases or segmentation classes may emerge
later. In this respect, models deployed in real-world healthcare settings should
ideally learn continuously while preserving previously acquired knowledge. A
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Fig. 1: Overview of model merging for 3D medical segmentation models.

straightforward approach for integrating new knowledge involves retraining the
model from scratch on an aggregated dataset that includes both past and newly
available data. However, strict privacy and security regulations may prohibit the
long-term storage of patient records, and resources for full retraining may be un-
available, making this approach impractical or undesirable in medical contexts.

To support these scenarios, an ideal model should allow for fast and flexible
adaptation, enabling the integration of new data or classes. If the model can ac-
commodate novel anatomical structures without requiring re-training, it would
reduce storage and deployment costs and potentially reduce the need for labeled
data. From a medical perspective, removing the need for complete re-training
would minimize the long-term storage of sensitive training data, simplify com-
pliance with ethical committee requirements, and support a decentralized and
modular development paradigm. Commercially, the ability to combine model
capabilities without re-training would enable dynamic, client-specific software
customization, thereby accelerating deployment and offering greater flexibility.

Notably, model merging permits updating and customizing AI models, fa-
cilitating knowledge transfer without full retraining [I0/T92427]. Our approach
builds on these foundations by utilizing task vectors [I0J23], which represent
modifications to a pre-trained model introduced during fine-tuning for a specific
task. These vectors can be added to tune the model’s functionalities (Fig. [1).

Unfortunately, model merging is not always practical, as it relies on the avail-
ability of effective pre-trained models. While standard computer vision tasks
benefit from a wide selection of pre-trained base models, medical imaging—
particularly tasks involving 3D segmentation—does not share the same advan-
tage. In this respect, we aim to investigate the properties that a base pre-trained
model must possess to ensure more effective model merging operations. Through
both analytical and empirical assessments, we demonstrate why the base model
should attain wide minima [28/29] in the optimization landscape. While wide
minima have been investigated in continual learning [2021] (i.e., tasks succeed
one after the other), their implications in the context of model merging—where
models are integrated simultaneously—remain unexplored until this study.
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Specifically, we present the first analysis of model merging for 3D image
segmentation. Considering two well-known medical datasets (ToothFairy2 [23]
and BTCV Abdomen [I5]) and the standard 3D U-Net architecture, our study
shows how models specialized for segmenting different anatomical structures can
be successfully merged into a single model that can perform all the original tasks.

Contributions. We provide: i) an extensive analysis of model merging for 3D
segmentation based on well-known medical datasets, revealing that combining
task vectors is a flexible method for customizing models without re-training, i)
we offer both theoretical and empirical validation showing how a base model
with a flat loss landscape enhances model merging, 4ii) alongside the source
code, model’s weights are publicly released to facilitate research.

2 Framework

We deal with a neural net f(-;0) designed for 3D segmentation, like 3D U-Net.
The model has weights & € R™ and takes 3D images as input @ € REXWxD,
The output is a 3D map of class distributions py(y|x), one for each voxel y in
Y € REXWXDXC \We study a multi-task learning framework comprising T
segmentation tasks, denoted as 7. Each task ¢t € T is associated with a dataset
D; of n; training samples, sampled from a task-specific distribution p;(x, y). De-
spite variations in these distributions (e.g., different anatomical parts segmented
in each task), all share a common loss function ¢(6|x,y) (e.g., the cross-entropy
loss), defined as the negative log-likelihood ¢(8]x,Y) = —3_, <y, log po(y|x).

Model Merging. To learn multiple segmentation tasks, we consider training
a distinct set of weights for each task independently. We organize these models
within a pool P = {f(-;0;) | ; = 6y + T:}sc7 that can be expanded to ac-
commodate for new tasks. Importantly, each model f(-;8,) is initialized from
a shared set of pre-trained weights 6, and fine-tuned for its respective task.
The displacement in weight space 7w = 0; — 6y is called task vector [10] and,
intuitively, it represents a direction in which the loss decreases for the t-th task.

As we discuss further, the models in the pool P can be selected and combined
in arbitrary ways to construct a (personalized) multi-task model. The simplest
approach to achieve this is by simply averaging the weights within the pool:

P2 f(50p) st. Op =00+ wir, S._jwi=L (1)

By adjusting the coeflicients w;, we can specialize the merged model toward
specific tasks, deprioritizing others. Conversely, for a model that maintains a
balance across all tasks, a uniform weighting scheme, w; = 1/7, can be used.
The goal is to design an approach that learns and combines multiple 3D
segmentation models, ensuring that the resulting merged model performs well
across a combined set of tasks. To assess multi-tasking, we define the empirical
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risk, i.e., the average loss £(6]|D) over the union of all training tasks
U6ID) = s Sayeisr, o, (6l2,9) )

Research Question. While 2D image classification tasks can benefit from a
variety of pre-trained models (e.g., CLIP and DINO), 3D medical segmentation
tasks face the absence of similar pre-trained models. In this respect, how can we
develop pre-trained models for 3D segmentation that facilitate model merging?

2.1 Model Merging from a Pre-training Perspective

Following [22], we analyze model merging through the lens of the Taylor approx-
imation of the loss function. Specifically, we indicate as £., (@) the second-order
approximation of the empirical risk, centered around the pre-trained weights 6g:

Gewr(0) = 0(00) + (0 — 00)VE(600) + 5(6— 00)"H00)(0 — B0).  (3)

with V/(8y) £ Vgi(6,) and H;(6o) £ V2((6y) indicating the gradient and the
Hessian around 6. Based on [22], assuming that 8 = 6, is a local minimum for
the empirical risk éA(O) across all tasks, the Hessian is positive semi-definite. It
follows that the second-order approximation ECUT(O) of the empirical risk is locally
convex. Utilizing Jensen’s inequality (valid for convex functions) we can establish
the following relationship between the merged model and the individuals:

écur(O’P = 00 + Zletht) < Zle Wt écur(ot = 00 + Tt)' (4)

This inequality is informative because the term on the right offers a kind of
worst-case upper limit for the performance of the merged model. In particular,
the empirical risk fcur(Hp) of the merged model is constrained by the convex
combination of the empirical risks associated with each individual model. This
implies that if each individual model 6; performs accurately across all tasks,
there are certain assurances regarding the risk level of the merged model p.
However, the issue with Eq. is that, under a scenario with specialized
models trained on separate tasks, we cannot ensure that each individual model
0, performs well across all tasks. Indeed, as 6; is trained exclusively on its specific
distribution p;(x,y), its empirical risk is likely high for other data distributions
pr2e(x,y) (— low out-of-distribution performance). For this reason, the
following augmented optimization problem was proposed [22] for the ¢-th learner:

minimize Ew,prt(w,y) [gcur (0t|$7 y)] + DkL (p90 (y|$) | ‘th (y|:13)) (5)

6

In essence, the out-of-distribution performance of each model is preserved through
additional regularization provided by the term Dky,(-), which acts explicitly on

1 To simplify the notation, we will no longer explicitly denote the dependence ofA the
loss on the data and write the individual loss and the empirical risk as £(6) and £(8).
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Table 1: Stable vs. plastic training regimes, met- X%
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Fig. 2: Top 10 eigenvalues |.

out-of-distribution examples @,y ~ pyxi(x,y). The Dki(-) term aligns the
predictions pg, (y|x) of the individual model f(+;6;) to those generated by the
pre-trained model 8. By doing so, the individual model can achieve at least the
performance level of the pre-trained model on external distributions py . (, y),
effectively reducing the upper bound on the right side of Eq. .

2.2 The Role of the Training Regime of the Pre-trained Model

While the authors of [22] drew inspiration from Eg. to design a data-free
regularization term, we take a different approach that avoids introducing explicit
regularization. Instead, we focus on analyzing the roles of the training regime of
the pre-trained model.

Thesis. We hypothesize that the tendency of the fine-tuned model 8, to retain
pre-training knowledge is linked to the curvature of the pre-trained point 6,
within the landscape of the empirical risk é() To show that, we approximate
the Dk (-) as in [5]: if 8; — 8y — 0, the Dky,(-) term is close to the distance
between 6; and the pre-training weights 6q:

Dxw(pe, (ylz) || pe, (ylx)) ~ 5(8: — 60) " H;(60)(8; — 6p). (6)

The weight distance is not isotropic but instead influenced by the Hessian
of the empirical risk evaluated at 8y. Thanks to Eq. @ and the positive semi-
definiteness of the Hessian around 6y, we can establish a bound on Dk, (+):

1 1 1
Dki(...) =~ g(et —60)"H;(60)(8; — 6) < M 18; — 6o]|” = M Im)*, (7)

where A; is the maximum eigenvalue of the Hessian Hj(6y) around the pre-
training weights. The result is that the degradation in out-of-distribution per-
formance relative to the pre-trained model is controlled by: i) the norm of the
task vector, and 4) the maximum eigenvalue \; of the Hessian. Notably, the
entire spectrum of eigenvalues has been crucial in analyzing the geometry of the
loss landscape and its impact on generalization capabilities [7I13]. Moreover, the
maximum eigenvalue has been extensively used to characterize the width of a
local minima [9I3J21]. In particular, a larger maximum eigenvalue suggests that
the loss landscape is steeper along at least one dimension, which corresponds
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Table 2: Details of the datasets used in our experiments. Data is not resampled,
but it is preprocessed with z-score normalization and patch-based training.

Dataset Modality Volumes Structs Shape

AMOS [12] (pre-training) oT 240 15 148 x 533 x 560
BTCV Abdomen [I5] 30 13 125 x 512 x 512
Cui [6] (pre-training) CBCT 151 42 322 x 402 x 402
ToothFairy2 [3] 480 42 169 x 356 x 375

to a sharper minimum. Conversely, smaller eigenvalues suggest wider minima
because the surface of the loss function changes less drastically in those direc-
tions. Hence, to sum up, for a fixed task vector 73, the wider the curvature of the
pre-trained model, the lower the loss in out-of-distribution performance during
fine-tuning, and the better fine-tuned individual models will merge.

2.3 Biasing the Base Pre-Trained Model Towards Wide Minima

Building on this analytical finding, we propose modifying the training regime of
the base pre-trained model to bias optimization toward wider minima. To do so,
the approach is simple: inspired by [2I], we act on some key hyperparameters—
like batch size, dropout, and learning rate—that have been shown to affect gener-
alization and the geometry of the minimum [S/T6J25]. Following the terminology
in [21], we define two distinct pre-training regimes, namely stable (wide minima)
vs. plastic (sharp minima). The stable pre-training regime employs a small batch
size, a higher learning rate, and increased dropout. In contrast, the plastic pre-
training follows conventional self-supervised learning best practices, including as
large as possible batch size, no dropout, and lower learning rates.

To analyze the effects of these hyperparameters, a preliminary result is re-
ported in Tab. [I} We pre-train two base models (the one within the stable regime
and the other in the plastic one) on two datasets for 3D medical image segmen-
tation, namely AMOS [12] and Cui [6]. We then evaluate the average Dice on the
corresponding test sets and compare the Hessian’s eigenvalues as a proxy for the
width of the pre-training optimum. Following [4], the Hessian’s eigenspectrum is
calculated with the trace of the empirical Fisher Information Matrix (FIM) [I4],
as a (diagonal) approximation of the intractable Hessian. As observed, the per-
formance of the two base models (stable ws. plastic) is comparable across both
datasets; however, the stable model achieves a remarkably lower trace (Fig. .
This indicates that manipulating hyperparameters is a simple yet effective way
to influence the geometry of the solution attained by the pre-trained model.

3 Experiments and Results

Datasets and Task Splits. Considering four public datasets, we categorize
experiments into two settings based on the target anatomical regions: i) ab-
dominal datasets (AMOS [12] and BTCV Abdomen [I5]) and i) mazillofacial
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Fig.3: The average Dice score for two classes when merging task vectors 71 (-
axis) and 7o (y-axis) by varying w; and ws. The star (%) marks the maximum
Dice score, while the diamond (<) denotes the default w; values. The first row
shows task vectors from plastic pre-training and the second row from flat pre-
training, both merged using average. All the plots have the same x and y scales.

datasets (Cui [6] and ToothFairy2 [3I18]). The summary characteristics are pro-
vided in Tab. 2] In the abdominal scenario, we use AMOS for pre-training and
four BTCV classes (Liver, Spleen, Kidney, and Stomach) to create four tasks.
In the maxillofacial scenario, we use Cui for pre-training and ToothFairy2 for
fine-tuning, with four tasks based on Mandible, Pharynx, Teeth, and Canals.

Training. We perform stable and plastic pre-training for both AMOS and Cui
according to the setup in Tab. [I] To perform fine-tuning, we replace the final
1 x 1 x 1 convolution with a new one; for the rest of the layers, we fine-tune
the corresponding parameters 6y through a task vector 7; (initialized at zero).
We optimize with AdemW [I7] and a weight decay penalty of 0.1 to discourage
large task vector norms. Training runs for 10 epochs.

3.1 Impact of Pre-Training Regime on Model Merging

In each plot of Fig. 3| we consider a pair of tasks (e.g., Mandible + Canals) and
evaluate the Dice score of the merged model while varying merging coefficients
wy and wy. By comparing plastic (first row) vs. stable (second row) pre-training,
we can say that stable pre-training allows for remarkably robust performance,
exhibiting lower sensitivity to the merging coefficients—a feature that, in real-
world applications, reduces the overhead associated with hyperparameter tuning.
As further proof, for the stable regime the uniform weighing scheme ¢ (w9 =
0.5) is always closer to the best configuration % (found by hyperparameter tuning
on an held-out set).

After examining a scenario where pairs of tasks are merged, we extend our
analysis to a setting with four task vectors. We report in Fig. @ the results (Dice



8 L. Lumetti, G. Capitani, et al.

Table 3: Performance scores obtained from pairwise task vector merging.

Merging ~T =5 ~¢ T©s T 59
2 Qo =R V] o]

Dataset v Strategy w'M w'a wn XA M®n S0 Ave.
Default < Average [10] 91.41 92.18 80.61 90.85 77.18 80.91 85.52
- 5 TIES |26] 82.80 90.76 76.83 88.69 58.56 76.69 79.05
E g Best % Average [10] 92.64 92.22 82.09 91.01 78.97 81.80 86.45
m% TIES [26] 92.42 91.88 81.55 91.07 77.72 81.04 85.95
- Joint 91.40 93.34 78.38 92.31 91.79 88.86 89.35
. 9, T= T ns o« <
Dataset w ls\i[f;igfz S0 § "g E E @) § @) E "g ES Avg.
5SS S8 SR S Sm ek
~ Default < Average [10] 89.54 82.55 87.70 56.08 57.08 81.27 75.70
> u TIES [26] 88.70 79.89 88.96 5851 63.44 73.72 75.54
= Best d¢  Average [[0] 80.67 8278 9189 6816 7519 8127 8149
2 TIES [26] 89.24 82.33 91.97 67.94 68.91 81.07 80.24
o
&= - Joint 98.75 97.33 98.26 83.04 97.10 93.61 94.68
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Fig.4: Task-wise performance after merging four distinct task vectors with
weight averaging and TIES. The Overall bars aggregate results across tasks.

score) on each task separately and also the average (Overall). Beyond compar-
ing stableZ wvs. plastic’  pre-training, we also examine their impact on TIES
Merging [26], a well-established alternative to uniform averaging. The results in
Fig. ] show that, in both settings, the performance of the merged model is pri-
marily influenced by the type of pre-training rather than the merging method.
This is evidenced by the significant performance gains achieved with stable pre-
training (e.g., with uniform averaging, yielding an improvement of +18.60 on
ToothFairy2 and +16.28 on BTCV).

Further Comparative Analysis. To assess the effectiveness of model merging
for 3D segmentation, we include a reference approach representing re-training
from scratch, where the pre-trained model is fine-tuned on both classes jointly. As
shown in Tab. 3] in BTCV Abdomen, Kidney+Stomach shows the largest drop
w.r.t. the joint training (~ 18.60 Dice score), while other pairs achieve similar
performance, indicating effective merging. In contrast, the gap is significantly
larger in ToothFairy2, likely due to greater variation in the shape, size, and



The Role of Pre-training for Model Merging in 3D Medical Segmentation 9

intensity values of maxillofacial structures. We conjecture that such an increased
variability leads to higher interference when merging the relative task vectors.

4 Conclusion

We pioneer model merging for 3D segmentation, showing the pivotal role of the
training regime of the base U-Net model. Based on our findings, the life cycle
of many existing models could be revised in favor of modular paradigms. Future
work will investigate scalability to larger task sets and novel merging strategies.
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