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COMPARING ENCODER FUSION STRATEGIES
IN HYBRID CNN-TRANSFORMER NETWORKS
FOR 3D BRAIN TUMOR SEGMENTATION: A
CONTROLLED ABLATION ON BRATS 2021

Abdullayev Temurbek
PhD, Associate Professor, Department of Computer Engineering and Atrtificial Intelligence, Fergana State
Technical University
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Gulbahor Abdukadirova
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ORCID: 0009-0005-2035-2008

ABSTRACT. Hybrid CNN—Transformer architectures have become the dominant paradigm for volumetric medical image
segmentation, combining the local inductive bias of convolutions with the long-range context modeling of self-attention.
However, the point at which the two encoder streams are fused and the mechanism used to fuse them are rarely stud-
ied in isolation: most published gains conflate fusion design with unrelated changes in depth, patch size, or training
schedule. This paper presents a controlled ablation that isolates the fusion strategy as the sole independent variable.
Using a shared CNN and Swin-Transformer backbone, we compare six fusion strategies—early, late, additive, concat-
enation, cross-attention, and a proposed gated multi-scale cross-attention fusion—on the BraTS 2021 dataset (1,251
training cases) under identical training conditions. The proposed gated multi-scale cross-attention fusion achieves the
best overall performance, with mean Dice scores of 94.2%, 89.1%, and 82.5% for the whole tumor (WT), tumor core (TC),
and enhancing tumor (ET) sub-regions, respectively, and the lowest HD95 of 4.68 mm, outperforming the strongest sin-
gle-branch baseline by 2.4—4.1 Dice points while adding only 12 million parameters.

KEYWORDS. Brain tumor segmentation; BraTS 2021; CNN-Transformer fusion; hybrid encoder; cross-attention; medi-
cal image segmentation; deep learning.

ANNOTATSIYA. Gibrid CNN-Transformer arxitekturalari hajmli tibbiy tasvirlarni segmentatsiyalashda yetakchi yon-
dashuvga aylandi, chunki ular konvolyutsiyalarning lokal induktiv xususiyatlarini self-attention mexanizmining uzoq maso-
fali kontekstni modellashtirish imkoniyatlari bilan birlashtiradi. Biroq, ikki enkoder ogimini gaysi bosgichda birlashtirish
va ularni ganday mexanizm orqali integratsiya qilish masalalari kamdan-kam hollarda alohida o‘rganiladi: chop etilgan
ko‘plab natijalarda fusion dizaynining ta’siri chuqurlik, patch oflchami yoki o‘qitish jadvalidagi boshga o‘zgarishlar bilan
birgalikda baholanadi. Ushbu maqolada fusion strategiyasini yagona mustaqil o‘zgaruvchi sifatida ajratib ko‘rsatadigan
nazorat gilinadigan ablyatsion tahlil tagdim etiladi. Umumiy CNN va Swin-Transformer tayanch arxitekturasidan foydalan-
gan holda, biz BraTS 2021 ma’lumotlar to‘plamida (1 251 ta o‘qitish holati) bir xil o‘qitish sharoitlarida oltita fusion strategi-
yasini — erta, kechki, additiv, konkatenatsiya, cross-attention hamda taklif etilgan gated multi-scale cross-attention fusion
usullarini — tagqoslaymiz. Taklif etilgan gated multi-scale cross-attention fusion eng yaxshi umumiy natijani ko‘rsatib, mos
ravishda butun o‘'sma (WT), o‘sma yadrosi (TC) va kontrastni kuchaytiruvchi o‘'sma (ET) subregionlari uchun o‘rtacha Dice
ko‘rsatkichlarini 94,2%, 89,1% va 82,5% darajasida ta’'minladi, shuningdek, eng past HD95 giymati 4,68 mm ni tashkil
etdi. Ushbu yondashuv eng kuchli bir tarmogli bazaviy modeldan Dice ko‘rsatkichi bo‘yicha 2,4—4,1 punktga yuqori natija
ko‘rsatdi va bunda modelga atigi 12 million parametr qo‘shildi.

KALIT SO‘ZLAR. Bosh miya o‘smasini segmentatsiyalash; BraTS 2021; CNN-Transformer fusion; gibrid enkoder;
cross-attention; tibbiy tasvirlarni segmentatsiyalash; chuqur o‘rganish.

AHHOTALAS. TnbpuaHble apxutektypbl CNN-Transformer ctanu Begylie napaguvrmori B obnactu cermeHTaumu
OOBLEMHBIX MEOULMHCKUX M300paxeHu, obbeauHas moKanbHOe WHOYKTUBHOE CMELLEHWE CBEPTOYHbIX CEeTen C
BO3MOXHOCTSIMM MexaHun3ma self-attention no MogenvpoBaHuio ganbHUX KOHTEKCTHBLIX 3aBUcUMocTel. OgHako BOMpoc O
TOM, Ha KakoM 3Tarne cregyeT o6beanHATL ABa NOTOKA 3HKOAEPA M KaKoW MEXaHW3M UCMONb30BaTh A1S UX CIUSIHUS, PeaKo
paccmaTprBaEeTCs M30MMPOBaHHO: BO MHOMMX OMyOnMKoBaHHbIX paboTax BNUSIHWE CTpaTernu CrnSIHUSE CMELLUMBAETCS C
OPYrMMU U3MEHEHUSIMU, CBSI3aHHbIMU C rryOMHOM Mogenu, pasMepoM natya Unu pacnucaHvem obyyeHusi. B gaHHom

354 t.me/scupus_IST2100 https://ist-journal.uz
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cTaTbe MPEeACTaBIEHO KOHTPONMpyemoe abnsuMoHHOEe WccrnefoBaHve, B KOTOPOM CTpaTerusl CrusiHUSl BblAeneHa B
Ka4yecTBe eOMHCTBEHHOWN HesaBuCUMOM nepemMeHHon. Mcnonb3ys obuyto apxutektypHyto ocHoBy CNN u Swin-Trans-
former, Mbl cpaBHMBaEM LLECTb CTpaTErnii CUSIHUSA — paHHee, No34Hee, afANTMBHOE, KOHKaTeHauUuMo, cross-attention u
npeanoxeHHoe gated multi-scale cross-attention fusion — Ha Habope aaHHbIX BraTS 2021 (1 251 oby4atoLuii cnyyai) npu
NOEHTUYHBIX ycroBusax obyyeHus. MpeanoxeHHbn MeTon gated multi-scale cross-attention fusion npogemoHcTprpoBan
Hauny4yto obLyto adheKTUBHOCTL: cpeaHune 3HadeHust Dice coctaBunu 94,2%, 89,1% un 82,5% CoOTBETCTBEHHO ANS
Bcen onyxonu (WT), sgpa onyxonu (TC) n koHTpacTHo-ycunueatoLerica onyxonu (ET), a MuHumanbHoe 3HadeHne HD95
cocTtaBuio 4,68 MM. [laHHbI noaxof NpeB30LLEN Hanbonee cunbHy O4HOBETBEBYO 6a30By0 Moaenb Ha 2,4—4,1 nyHKTa
Dice, no6aBuB npu 3ToM BCero 12 MUInNMoHOB NapameTpoB.

KJIOYEBBIE CJIOBA. CermeHTauus onyxonen ronoBHoro mosra; BraTS 2021; CNN-Transformer fusion; rubpuaHbin
3HKOAEp; cross-attention; cermeHTaunsa MeANLIMHCKNX N3006paxkeHun; rmybokoe obyyeHue.

INTRODUCTION

Accurate delineation of gliomas from multi-modal magnetic resonance imaging (MRI) is a prerequisite for
treatment planning, surgical guidance, and longitudinal monitoring of brain tumor patients. Manual segmentation
of the whole tumor, tumor core, and enhancing tumor sub-regions is time-consuming and suffers from inter-
rater variability, which is why deep convolutional networks, and in particular the U-Net family, have become the
standard tool for this task, with the BraTS challenge serving as the primary benchmark [1], [2].

Convolutional networks are well suited to this problem because of their strong local inductive bias, but they
struggle to model long-range spatial dependencies for example, the relationship between a tumor’s necrotic
core and its distant peritumoral edema — without stacking many layers. Vision Transformers (ViT) and their
hierarchical variants, most notably the Swin Transformer, address this limitation through self-attention, which
gives each layer an effectively large receptive field from the first layer onward. This property has motivated a
wave of hybrid CNN-Transformer segmentation networks, including TransUNet, UNETR, Swin UNETR, and
nnFormer, that pair a convolutional stem or decoder with a Transformer-based encoder [3],[6].

A close reading of this literature reveals an important gap: the specific mechanism used to combine CNN
and Transformer features- concatenation, addition, gating, or cross-attention, and whether it occurs once at
the bottleneck or repeatedly across multiple encoder scales - is rarely the controlled variable in published
comparisons. Papers introducing a new fusion mechanism typically also change backbone depth, patch
embedding strategy, or training budget relative to the baselines they compare against, making it difficult to
attribute reported gains specifically to the fusion design [7].

This paper addresses that gap through a controlled ablation study. We hold the CNN branch, the
Transformer branch, the training data, the loss function, the optimizer, and the training budget fixed, and vary
only the fusion strategy connecting the two encoder streams. Our contributions are threefold: (1) we implement
and evaluate six encoder fusion strategies within a single shared codebase; (2) we propose a gated multi-scale
cross-attention fusion module that adaptively weights CNN and Transformer contributions at each encoder
resolution; (3) we provide a quantitative analysis of the accuracy-complexity trade-off across fusion strategies
on BraTS 2021.

LITERATURE REVIEW

Research on encoder design for volumetric medical image segmentation can be grouped into three
strands: convolutional baselines, Transformer-based baselines, and the hybrid CNN-Transformer architectures
that motivate the present ablation.

Ronneberger et al. introduced the U-Net architecture, establishing the encoder—decoder-with-skip-
connections template that remains the backbone of nearly all subsequent segmentation networks [9]. Building
on this template, Isensee et al. showed with nnU-Net that a carefully engineered, self-configuring convolutional
pipeline can match or exceed more architecturally novel methods on the BraTS benchmark [1]; the authors of
the present paper treat this result as an important caution against attributing performance gains to architecture
alone rather than to training protocol, and it is precisely this confound that the controlled design of the present
study is intended to remove. Menze et al. established the BraTS challenge as the standard benchmark for
comparing segmentation methods, and Baid et al. later extended it to the 2021 release used here [2], [8].

Vaswani et al. introduced the self-attention mechanism underlying all Transformer-based vision models
[10], and Dosovitskiy et al. demonstrated that a pure Transformer, given sufficient data, can outperform
convolutional networks on image classification [10]. Liu et al.’s Swin Transformer restricted self-attention to
shifted local windows, making the mechanism computationally tractable for dense prediction and providing the
backbone this paper adopts for its Transformer branch [7]. Chen et al. were among the first to combine the two
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paradigms for medical segmentation, inserting a Transformer bottleneck between a CNN encoder and decoder
in TransUNet [3]; the present authors note, however, that TransUNet’s Transformer operates only at the lowest
resolution, which limits information exchange with the CNN branch at other scales a limitation the fusion module
proposed in this paper is designed to address. Hatamizadeh et al. extended the hybrid idea to full 3D volumes
with UNETR [4], and subsequently replaced the plain ViT encoder with a hierarchical Swin encoder in Swin
UNETR, reducing computational cost while preserving multi-scale features [5]; this paper’s shared backbone
follows the same Swin-based design, but, unlike Swin UNETR, treats the fusion mechanism, rather than the
encoder itself, as the sole variable under study. Zhou et al.’s nnFormer instead interleaved convolution and
windowed self-attention within a single encoder path rather than keeping two separate branches [6]; the present
authors regard this single-stream interleaving and the dual-branch fusion studied here as complementary
design philosophies rather than competing ones, since both address the same underlying need to combine
local and global representations. Hu et al.’s squeeze-and-excitation gating mechanism, originally proposed for
image classification, is adapted in the present paper’s proposed fusion module to weight CNN and Transformer
contributions per channel [10].

Arecurring observation across this body of literature, and the central motivation for the present study, is that
new fusion mechanisms are almost never isolated as the sole independent variable: published comparisons
typically vary backbone depth, patch embedding, or training budget alongside the fusion design, which makes
it difficult to attribute reported gains specifically to fusion [7].

Uzbek researchers have likewise addressed neural-network-based image segmentation, though largely
outside the medical CNN-Transformer fusion setting examined here. Kurbanov and Beknazarova reviewed
deep learning approaches to biomedical image segmentation, tracing the shift from classical convolutional
encoder—decoder models toward more automated pipelines and concluding that architecture choice is only
one of several determinants of segmentation quality [9]; the authors of the present paper share this conclusion
and extend it specifically to the fusion sub-problem within hybrid encoders, which Kurbanov and Beknazarova’s
review does not address. Mamatov et al. compared U-Net, Fully Convolutional Networks, and Mask R-CNN
for face-image segmentation, systematically weighing each architecture’s accuracy, computational cost, and
domain of application [10]; while their comparison, like much of the domestic literature, remains at the level of
whole-architecture selection rather than encoder-fusion design, its methodology of controlled, criterion-based
comparison across models directly informs the ablation protocol adopted in this paper, and its reported accuracy-
cost trade-offs are consistent with the trends observed in the present results. Taken together, the domestic
literature confirms that convolutional segmentation networks are an active and maturing research direction in
Uzbekistan, while also showing that the specific question addressed here how CNN and Transformer streams
should be fused within a single hybrid encoder has not yet been taken up locally, which is one of the gaps this
paper aims to help close.

Read together, the foreign literature establishes that hybrid CNN—Transformer encoders outperform single-
branch baselines, while the domestic literature confirms that convolutional segmentation networks are actively
studied locally but that hybrid fusion design remains largely unexplored. The present study positions itself at
this intersection: it adopts a foreign-benchmark backbone (Swin Transformer, BraTS 2021) while treating fusion
strategy, isolated from all confounding factors, as its central object of study a controlled comparison design that,
to the authors’ knowledge, has not previously been reported in either body of literature.

RESEARCH METHODOLOGY

Related work is reviewed in detail in the Literature Review section above; the remainder of this section
describes the experimental setup that follows from it.

Dataset. Experiments use the BraTS 2021 dataset, comprising 1,251 labeled training cases with four
co-registered, skull-stripped MRI modalities (T1, T1ce, T2, FLAIR), each 240x240x155 voxels [8], [9]. Ground-
truth labels distinguish the enhancing tumor (ET), tumor core (TC), and whole tumor (WT) sub-regions used
for evaluation.

Shared backbone. All models share a common dual-branch encoder skeleton. The CNN branch is a 3D
residual encoder with four downsampling stages (32-64—128-256 channels). The Transformer branch is a
hierarchical Swin-style encoder [5] operating at the same four resolutions with matched channel widths. Both
branches receive the same four-channel input, and the decoder is a symmetric convolutional upsampling
path, identical across all conditions. Only the fusion module connecting the two encoder branches, and the
corresponding decoder skip pathways, differ between conditions.

Fusion strategies compared. Eight configurations were evaluated: (i) CNN-only and (ii) Transformer-
only single-branch baselines; (iii) early (input-level) fusion, where CNN and Transformer patch embeddings
are concatenated at a shared stem; (iv) late (decision-level) fusion, where independent branch logits are
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averaged just before decoding; (v) additive skip fusion, summing CNN and Transformer feature maps at each
of four resolutions; (vi) concatenation fusion, concatenating features channel-wise at each resolution followed
by a 1x1x1 convolution; (vii) cross-attention fusion, applying bidirectional multi-head cross-attention at the
bottleneck and two coarsest skip resolutions; and (viii) the proposed gated multi-scale cross-attention fusion,
which extends cross-attention to all four resolutions and adds a lightweight per-channel gating branch [10] that
adaptively weights the CNN and Transformer contribution at each scale before the fused features reach the
decoder.

Training configuration. All eight configurations were trained from random initialization under an identical
protocol: 1282 randomly cropped patches with foreground oversampling, random flip/rotation/elastic-deformation
augmentation, a combined Dice and focal cross-entropy loss (0.5/0.5), the AdamW optimizer (initial learning
rate 1x1074, cosine annealing), 300 epochs with early stopping, and 5-fold cross-validation on the 1,251 labeled
training cases [10]. Performance was evaluated using the Dice similarity coefficient and the 95th-percentile
Hausdorff distance (HD95) for each of the three sub-regions.

ANALYSIS AND RESULTS

Table 1 reports Dice and HD95 scores for all eight configurations, averaged over the 5-fold cross-validation
protocol. Both single-branch baselines underperform every fusion strategy: the CNN-only baseline achieves
a mean WT Dice of 91.8%, while the Transformer-only baseline trails at 89.6%. Fusion strategies that interact
only once (early and late fusion) yield the smallest improvements over the CNN-only baseline (+0.6 and +0.3
WT Dice), while strategies that interact repeatedly across multiple encoder scales show progressively larger
gains. The proposed gated multi-scale cross-attention fusion achieves the best results across all three sub-
regions and both metrics: mean Dice of 94.2% (WT), 89.1% (TC), and 82.5% (ET), and the lowest HD95 of
4.68 mm.

Table 1. Segmentation performance and model size across fusion strategies (mean over 5-fold cross-validation).

Fusion Strategy Fusion Point Dice WT Dice TC Dice ET HD95, mm Params, M
CNN-only (baseline) |— 91.8 85.2 78.4 6.91 18.2
Transformer-only — 89.6 82.7 75.1 8.34 31.5
Early fusion Stem 92.4 86.0 79.0 6.42 24.6
Late fusion OQutput 92.1 85.8 78.9 6.58 26.1
Additive skip fusion Enc-dec skips 92.9 86.9 80.1 5.87 27.4
Concatenation fusion | Bottleneck 93.0 87.1 80.3 5.79 28.0
Cross-attention Bottleneck+skips 93.7 88.4 81.6 512 29.8
fusion

Gated cross-attention | Multi-scale 94.2 89.1 82.5 4.68 30.3
(proposed)

Source: developed by the author.

The gap between the best fusion strategy and the CNN-only baseline is largest for the enhancing tumor
sub-region (+4.1 Dice points) and smallest for the whole tumor (+2.4 Dice points), consistent with ET being
the hardest sub-region to segment. Comparing concatenation fusion and cross-attention fusion, which share
the same fusion locations, cross-attention adds 0.7—1.3 Dice points at the cost of roughly 1.8 million additional
parameters, indicating that learned, content-dependent weighting captures information that fixed-weight channel
mixing does not. In terms of computational cost, moving from the CNN-only baseline (18.2M parameters) to the
proposed fusion strategy (30.3M parameters) roughly doubles the parameter count, while inference time on a
single A100 GPU increased from 1.8 to 3.1 seconds per full-volume prediction.

The results support the central hypothesis of this study: the choice of fusion strategy has a measurable
and reproducible effect on segmentation accuracy that is separable from backbone capacity, since all eight
configurations share identical CNN and Transformer branches, training data, and optimization settings. Two
general design principles emerge. First, fusing complementary representations at multiple spatial resolutions,
rather than only at the bottleneck, allows each decoder stage to draw on locally appropriate combinations of
fine-grained and contextual information. Second, content-adaptive fusion mechanisms (cross-attention, gating)
outperform fixed-weight mechanisms (addition, concatenation) by a consistent margin, indicating that the
relative usefulness of CNN versus Transformer features varies across spatial location and tumor sub-region.

These findings should be interpreted in light of several limitations. All models were trained from random
initialization without large-scale pretraining, which may understate the performance of the Transformer branch
and fusion strategies that depend more heavily on it. Second, the ablation is restricted to encoder-side fusion;
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decoder-side fusion remains a natural extension. Third, evaluation is limited to internal 5-fold cross-validation
on BraTS 2021 rather than an independent external test set, so absolute figures should be interpreted as
internally consistent rather than directly comparable to other groups’ leaderboard results.

CONCLUSION AND SUGGESTIONS

This paper presented a controlled ablation study isolating the effect of encoder fusion strategy on 3D brain
tumor segmentation accuracy within hybrid CNN-Transformer networks. By holding backbone architecture,
training data, and optimization protocol fixed across eight configurations evaluated on BraTS 2021, we showed
that fusion design alone accounts for a consistent range of performance, from single-branch baselines through
single-point fusion to multi-scale, content-adaptive fusion. The proposed gated multi-scale cross-attention
fusion achieved the best results across all three BraTS sub-regions and both evaluation metrics, improving
mean Dice by 2.4—4.1 points over the strongest single-branch baseline while adding only 12 million parameters
— a modest computational cost for a consistent and reproducible accuracy gain.

These findings carry a practical implication for practitioners designing hybrid segmentation networks:
where the two encoder streams are fused matters as much as, and at times more than, which specific attention
or convolutional blocks each branch contains. Fusing complementary representations at multiple spatial
resolutions rather than only at the bottleneck, and doing so through content-adaptive mechanisms rather than
fixed-weight addition or concatenation, offers a reliable, architecture-agnostic route to improved accuracy that
does not require redesigning either encoder branch from scratch.

Several directions remain open. Because all eight configurations were trained from random initialization,
future work should evaluate whether the relative ranking of fusion strategies persists when the Transformer
branch is initialized from large-scale pretraining, which may narrow or widen the gap between mechanisms that
depend more heavily on the Transformer stream. The present ablation is also restricted to encoder-side fusion;
extending the same controlled methodology to decoder-side and multi-stage fusion is a natural next step.
Finally, validating the proposed gated multi-scale cross-attention fusion on independent glioma cohorts and
on segmentation benchmarks beyond BraTS 2021 would help establish whether the accuracy gains observed
here generalize across imaging protocols and institutions, and whether they translate into clinically meaningful
improvements in tumor delineation.
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