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Abstract. The architectures of HQML systems leverage the integration of 
quantum encoding of features with classical optimizations, making them operational 
within the limits of NISQ devices. In this paper, we provide a systematic review of 
the literature on HQML between 2018 and 2026, including landmark papers from 
2014. Following a PRISMA-inspired approach, 1,247 articles were screened, resulting 
in 40 key articles for comprehensive assessment. We focus on VQAs, QNNs, and 
PQCs utilized for classification and optimization tasks in the healthcare and finance 
industries. Several unresolved technical challenges, such as the barren plateau issue and 
the burden of data encoding, are addressed. The results show that hybrid approaches 
exhibit consistent benefits in low-data and class-imbalanced scenarios: increases in 
accuracy by 0.3% to 2.5% on small medical datasets and equally effective yet data-
frugal performance compared to XGBoost for detecting financial fraud. Our study has 
highlighted five crucial areas that require further research, with the lack of standard 
benchmarks and learning curve analysis being the most significant.

Keywords: hybrid quantum-classical algorithms, machine learning, variational 
quantum algorithms, quantum neural networks, parameterized quantum circuits, NISQ 
devices
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Аннотация.  HQML жүйелерінің архитектуралары кванттық сипатта-
маларды кодтауды классикалық оңтайландырулармен біріктіру арқылы NISQ 
құрылғылары шегінде жұмыс істеуге мүмкіндік береді. Осы мақалада біз 2014 
жылдан бастап 2026 жылға дейінгі HQML жөніндегі әдебиеттерге жүйелі шолу 
жасаймыз. PRISMA-ға негізделген тәсіл бойынша 1 247 мақала іріктеліп, жан-
жақты бағалау үшін 40 негізгі мақала таңдалды. Біз денсаулық сақтау және 
қаржы салаларындағы жіктеу мен оңтайландыру тапсырмаларында қолданы-
латын VQAs, QNNs және PQCs-ге назар аударамыз. Баррен-плато мәселесі мен 
деректерді кодтау ауыртпалығы сияқты бірнеше шешілмеген техникалық қиын-
дықтар қарастырылған. Нәтижелер гибридті тәсілдердің аз деректер мен сынып-
тардың теңгерімсіздігі жағдайларында тұрақты артықшылықтар көрсететінін 
көрсетеді: шағын медициналық деректер жиынтығында дәлдік 0,3%-дан 2,5%-ға 
дейін өседі және қаржылық алаяқтықты анықтауда XGBoost-пен салыстырғанда 
бірдей тиімді әрі деректерді үнемді пайдаланады. Біздің зерттеуіміз әрі қарай 
зерттеуді қажет ететін бес маңызды бағытты анықтады, олардың ішінде стан-
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дартты бенчмарктердің және үйрену қисығын талдаудың жоқтығы ең маңызды-
сы болып табылады.

Түйінді сөздер: гибридті кванттық-классикалық алгоритмдер, машина-
лық оқыту, вариациялық кванттық алгоритмдер, кванттық нейрондық желілер, 
параметрленген кванттық тізбектер, NISQ құрылғылары
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Аннотация. Архитектуры систем HQML основываются на интеграции 
квантового кодирования признаков с классическими методами оптимизации, что 
позволяет использовать их в рамках ограничений устройств NISQ. В данной ста-
тье мы представляем систематический обзор литературы по HQML за период с 
2018 по 2026 год, включая знаковые работы, опубликованные с 2014 года. В со-
ответствии с подходом, основанным на рекомендациях PRISMA, было проанали-
зировано 1 247 статей, в результате чего для всесторонней оценки было отобрано 
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40 ключевых работ. Мы сосредоточиваемся на VQA, QNN и PQC, используе-
мых для задач классификации и оптимизации в сфере здравоохранения и финан-
сов. Рассматриваются несколько нерешенных технических проблем, таких как 
проблема «бесплодного плато» и нагрузка, связанная с кодированием данных. 
Результаты показывают, что гибридные подходы демонстрируют стабильные 
преимущества в условиях недостатка данных и дисбаланса классов: повыше-
ние точности на 0,3–2,5 % на небольших медицинских наборах данных и столь 
же эффективную, но экономную с точки зрения данных производительность по 
сравнению с XGBoost при обнаружении финансового мошенничества. В нашем 
исследовании выделено пять ключевых областей, требующих дальнейших ис-
следований, причем наиболее значимыми из них являются отсутствие стандарт-
ных тестов и анализ кривой обучения.

Ключевые слова: гибридные квантово-классические алгоритмы, машин-
ное обучение, вариационные квантовые алгоритмы, квантовые нейронные сети, 
параметризованные квантовые схемы, устройства NISQ
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Introduction.
Between 2012 and 2024, the number of parameters used by the state-of-the-art 

machine learning (ML) models grew by around six orders of magnitude, rising from 60 
million parameters used by AlexNet to 1.8 trillion parameters allegedly implemented in 
GPT-4 (Semianalysis, 2023). Classical processors face basic physical limits tied to the 
process of semiconductor miniaturization and the von Neumann bottleneck (Biamonte 
et al., 2017). On the other hand, quantum computing presents an alternative computing 
paradigm based on leveraging the properties of superposition, entanglement, and 
interference to represent exponentially more information statewise in each physical bit 
than classical systems (Lloyd, 1996). Contemporary quantum devices are limited by the 
Noisy Intermediate-Scale Quantum (NISQ) limitations of single qubit-gate fidelities 
between 99.0–99.9%, coherence times up to tens of microseconds, and errors due to 
quantum gates and leakage effects (Preskill, 2018). Thus, the gap between theoretical 
possibility and technological reality led to the development of hybrid quantum-classical 
architectures, utilizing parameterized quantum circuits (PQCs) alongside classical ML 
training schemes for utilizing quantum feature spaces under NISQ limitations (Cerezo 
et al., 2021).

To date, there is no review in the literature that systematically synthesizes 
information from multiple types of HQML algorithms (Bharti et al., 2022) or provides 
comprehensive descriptive accounts without critically analyzing the evidential bases 
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of any asserted quantum advantages or quantifying the impacts of the barren plateau 
problem and data encoding overhead. This lack of systematic analyses limits our 
capacity for identifying potentially near-term deployable HQML architectures.

This research paper intends to fill this void by conducting a PRISMA-based 
systematic analysis of 40 core HQML papers published between 2018 and 2026. In 
this research, the target subject area is the ecosystem of hybrid quantum-classical 
algorithms. The study covers the architectural principles, performance benchmarking 
and applications of variational quantum algorithms (VQAs) and quantum neural 
networks (QNNs). The research question is whether HQML models using quantum 
feature space can perform comparably well or better on classification and optimization 
tasks involving high-dimensional datasets in low-data settings compared to classical 
models.

The four research objectives of the paper include: (1) systematic characterization 
of VQAs, QNNs, and PQCs; (2) quantitative synthesis of performance benchmarking 
results; (3) evaluation of principal challenges, namely, barren plateaus, sensitivity to 
noise, and data encoding; and (4) exploration of underdeveloped application areas, 
including fintech fraud detection and medicine.

Materials and methods.
	The premise chosen for structuring the literature review was the following: 

hybrid quantum-classical methods show superiority over conventional classical 
approaches in specific high-dimensional applications by being more parameter efficient 
and expressive. In order to explore that statement, the PRISMA methodology was 
modified to reflect the peculiarities of the computer science and quantum computing 
fields.

The search focused on works published between 2018 and 2026. However, 
foundational papers by Farhi et al. (2014) and Peruzzo et al. (2014) were included as 
they established the essential QAOA and VQE algorithms.

Scopus, arXiv, IEEE Xplore, ACM Digital Library, Nature, Elsevier, Springer, 
and Google Scholar were selected as the primary databases, supplemented by data 
from Google Quantum AI, Xanadu, and IBM. Search terms included «barren plateau,» 
«NISQ,» «parameterized quantum circuit,» «Quantum Neural Networks,» «hybrid 
quantum classical,» and «Variational Quantum Algorithms.» To ensure no significant 
studies were missed, reference snowballing was applied, using terms like «quantum 
fraud detection» as a starting point to trace additional citations.

Inclusion criteria were strictly applied: eligible papers had to be peer-reviewed 
or recognized preprints, written in Russian or English, and provide an implementation of 
at least one hybrid ML approach with dataset-based experimental analysis. Conversely, 
studies were excluded if they were purely theoretical, focused solely on hardware 
engineering without algorithmic contributions, or lacked classical components.

Fig. 1 illustrates the screening process. The initial pool of 1,247 publications 
was reduced to 894 after removing duplicates. Title and abstract screening identified 
218 sources for full-text review. Following an evaluation of their methodology and 
empirical clarity, 87 papers were selected, eventually resulting in a core selection of 40 
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papers for data extraction.

Fig. 1. Key steps in reviewing and synthesizing literature on hybrid quantum-classical algorithms.

Table 1. Distribution of selected papers by topic area and application domain.
Category / Topic Area Papers Key References Years
Variational Quantum Algorithms 
(VQE, QAOA, VQC)

6 Cerezo et al., 2021; Farhi et al., 2014; Peruzzo 
et al., 2014; Harrigan et al., 2021

2014–2023

Quantum Neural Networks & 
PQCs

6 Schuld & Killoran, 2019; Cong et al., 2019; 
Henderson et al., 2020; Mari et al., 2020

2019–2024

Hybrid Architectures & Data 
Encoding

4 Havlicek et al., 2019; Sim et al., 2019; Mitarai 
et al., 2018; Wierichs et al., 2022

2018–2022

Healthcare & Medical Imaging 6 Fan et al., 2024; Lusnig et al., 2024; Li et al., 
2024; Radhi et al., 2025; Ait Mehdi et al., 2024

2024–2025

Finance & Fraud Detection 5 Grossi et al., 2022; Ubale et al., 2025; Cardaioli 
et al., 2025; Innan et al., 2024; Kyriienko 2022

2022–2025

Classification & Pattern 
Recognition

4 Long et al., 2025; Tudisco et al., 2025; Liu et 
al., 2021; Gomes et al., 2023

2021–2025

Frameworks: Qiskit, PennyLane, 
TFQ

2 Bergholm et al., 2022; Broughton et al., 2020 2020–2022

Barren Plateaus & Trainability 4 McClean et al., 2018; Wang et al., 2021; 
Arrasmith et al., 2021; Larocca et al., 2024

2018–2024

Challenges, NISQ, Quantum 
Advantage

3 Preskill 2018; Bharti et al., 2022; Cerezo et al., 
2024

2018–2024

For these core papers, we identified the hardware or simulators used, application 
domains, datasets, algorithm architectures, qubit counts, and performance metrics such 
as accuracy, F1-score, and parameter savings. Table 1 provides a topical classification 
of this set. This focus on robust quantitative measurements enabled a direct comparison 
between hybrid and classical approaches.

There are two major limitations to consider. The first is publication bias, as 
unsuccessful experiments or proprietary benchmarks are rarely shared in academic 
literature. The second relates to the rapid evolution of the field, where qubit counts and 
error rates change so quickly, they require constant re-evaluation.

Literature Review
Quantum computational theory implies that one qubit exists in a superposition 

of two basis states described as follows:
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   (1)

where  is a quantum state vector; α and β denote complex probability 
amplitudes;  and  represent orthonormal computational basis states. The 
normalization condition states that:

(2)                             

where |α|² and |β|² denote probabilities of observing the results equal to 0 and 
1, correspondingly. 

A register of n qubits can simultaneously encode an exponentially large number 
of basis states compared to classical n-bit registers:

(3)                                

where N is the total number of basis states encoded by the register, and n is the 
number of qubits.

Quantum entanglement enables circuits to represent exponentially large 
probability distributions using only n physical qubits. This set of characteristics served 
as grounds for the emergence of the hybrid approach due not only to elegant theory 
but also as a necessity for engineering as modern IBM quantum processors (Eagle, 127 
qubits; Falcon, 27 qubits; Heron) suffer from gate errors that restrict effective circuit 
depth to O(100) gates after which noise dominates the computation process (Bharti et 
al., 2022). Hybrid architecture aims at shifting optimization and data preprocessing 
tasks to classical hardware, keeping quantum circuits as subroutines when quantum 
feature space provides certain advantages.

The development of hybrid approach could be traced through three distinct 
phases. Foundational stage (2014–2018) is marked by the introduction of variational 
quantum eigensolver (VQE) (Peruzzo et al., 2014) and quantum approximate 
optimization algorithm (QAOA) (Farhi et al., 2014) aimed to solve problems of 
quantum chemistry and combinatorial optimization. Expansion stage (2019–2021) 
focused on machine learning applications driven by quantum feature spaces for support 
vector machines (SVMs) (Havlíček et al., 2019), quantum transfer learning (Mari et al., 
2020), and the first survey dedicated to variational quantum algorithms (VQA) (Cerezo 
et al., 2021). Starting from 2022, a new stage of maturation is being achieved focusing 
on domain-specific applications, theoretical limitations identification (Larocca et al., 
2024), and extensive use of simulators.

Contributions of Variational Quantum Algorithms: Trainability Problem
VQAs form the predominant family of quantum-classical machine learning 

algorithms. The VQA ansatz produces a parameterized quantum state 
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(4)

where U(θ) is the parameterized unitary matrix,  is the parameterized 
quantum state,  is the all-zero initialized state, and θ is the vector of parameterized 
rotation angles. A classical optimizer updates θ in pursuit of minimizing the cost 
function:

(5)    

where H is the hermitian operator representing the objective Hamiltonian, and 
 is the bra of   Optimizers such as COBYLA, SPSA, ADAM, and 

parameter-shift-based methods update the parameters in search of reduced C(θ).
Documented contributions include: (i) formulation of circuit-centric classifiers 

(Schuld et al., 2020); (ii) quantum kernel computation matching SVMs’ 5–20-qubit 
accuracy on IBM hardware (Havlicek et al., 2019); (iii) development of expressibility 
and entangling capacity as metrics for designing ansatz (Sim et al., 2019); and (iv) 
QAOA achieving approximation ratios of 0.928 at depth p = 5 on 20-variable Max-Cut 
instances, modestly exceeding quantum annealing (0.914) at a 3.7x wall-clock time 
cost (Harrigan et al., 2021).

The primary bottleneck in VQA is the barren plateau problem. McClean et al. 
(2018: 4812) proved the vanishing gradient variance of the cost function:

                                   (6)

where Var[...] is the variance of the gradient over random circuit initialization, 
∂C/∂θₖ is the derivative of C w.r.t. the k-th parameter, and n is the qubit count. Thus, 
for n = 20, the variance of gradients fall below 10⁻⁶, requiring an exponential sample 
size to overcome. Arrasmith et al. (2021) extend this result to stochastic gradient-free 
optimizers. Wang et al. (2021) prove that local Pauli noise causes analogous vanishing 
gradients when the circuit depth increases linearly with the number of qubits. Larocca 
et al. (2024) summarize prior work and explain barren plateaus by expressibility of 
ansatz, deep randomly constructed circuits, global cost functions, and entanglement.

Potential solutions proposed range from use of local cost functions, problem-
inspired ansatzes, and layer-wise training. These approaches have shown empirical 
improvements on small 4–12 qubit systems yet provide no theoretical guarantees of 
scalability. Anschuetz and Kiani (2022) additionally prove that VQA loss surfaces 
abound in saddle-points and local minima. Critically, Cerezo et al. (2024) identify 
a fundamental paradox whereby any ansatz proven to be free from the BP problem 
becomes classically simulable, indicating that overcoming the BP problem may come 
at the cost of quantum supremacy itself. 

Quantum Neural Networks and Kernel Methods
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In brief, quantum neural networks (QNNs) represent parameterized quantum 
circuits that can reproduce deep-layer learning structures. Typically, QNNs consist of 
an encoding layer, multiple layers of rotations and entanglements, and a measurement 
layer. Mitarai et al. (2018) devised a general method known as the parameter-
shift rule to compute the exact gradient in an analytical manner to perform end-to-
end differentiable training on quantum hardware. Recently, Wierichs et al. (2022) 
generalized the parameter-shift rule to work on any class of gates.

To alleviate the depth constraint associated with NISQ hardware, Cong et 
al. (2019) developed quantum convolutional neural networks (QCNNs) published 
in Nature Physics. QCNNs use hierarchical local gates to provide an exponential 
decrease in the circuit depth while offering a built-in immunity to barren plateaus. 
Henderson et al. (2020) reached 97.4% binary classification accuracy with a 4-qubit 
Quanvolutional processing technique. Also, Fan et al. (2024) achieved 98.5% binary 
classification accuracy for EuroSAT dataset with a hybrid CNN consisting of 4–8 qubits 
in PennyLane. Additionally, Zaman et al. (2024) conducted a modern cross-comparison 
study to empirically validate those different algorithmic choices, especially those 
related to circuit depth and encoding methods, affect the performance and trainability 
of hybrid QNNs.

Quantum kernel methods (Schuld et al., 2019) utilize quantum feature mapping 
to define a similarity measure:

                                                                          (7)

where k(x, x′) is the calculated kernel value representing the similarity between 
the two data points; φ(x), φ(x′) are the quantum feature maps of the data points; 

 is their overlap computed via multiple runs of the quantum circuit; 
and |…|^2 provides a numerical result in [0, 1]. Havlíček et al. (2019) successfully 
implemented the method on 5-qubit ZZFeatureMap. On the other hand, Liu et al. (2021) 
rigorously proved that designing datasets where quantum kernel-based approaches 
outperform all classical algorithms is rather difficult.

The recent study from Mari et al. (2020) demonstrates the viability of the 
quantum transfer learning approach by obtaining nearly 94% accuracy on the 
Hymenoptera classification task with a pretrained ResNet-50 as a feature extractor 
along with a 4-qubit PQC.

Domain-Specific Applications
One area where HQML has gained popularity as a research topic is healthcare 

due to large-sized data sets in medical applications as well as critical diagnostic 
outcomes. Radhi et al. (2025) provided a systematic review of 28 articles published 
between 2018 and 2024, finding QSVM, QCNN, and hybrid approaches as dominant 
approaches in classifying brain tumors, detecting skin lesions, and identifying patients 
with COVID-19 infection. A hybrid HQNN with federated learning delivered higher 
AUC for diagnosis of hepatic steatosis using a model of 5 qubits and 20 data-reuploading 
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layers for processing 100 features (Lusnig et al., 2024). A hybrid quantum-classical 
CNN (QCCNN) reached 97.7% accuracy when classifying breast cancer using WDBC 
data set (Li et al., 2024). Gomes et al. (2023) employed a combination of discrete 
variational autoencoder and a restricted quantum Boltzmann machine deployed in the 
D-Wave quantum computer to design 2,331 new chemical molecules in the ChEMBL 
database.

In finance, Grossi et al. (2022) provided the first study demonstrating the 
application of end-to-end QSVM-based classifier for detection of financial fraud. It 
was concluded that quantum computing provides a complementary rather than superior 
approach to exploring the feature space. In their study, Ubale et al. (2025) introduced 
a hybrid model with a classical LSTM and variational quantum circuit trained using 
the parameter-shift method. The proposed solution delivered improved F1 and recall 
on detecting fraud on credit card transactions with computation time of 45-65 seconds 
per training epoch. Finally, Cardaioli et al. (2025) benchmarked QSVM, VQC, and 
HQNN vs logistic regression, random forest, and XGBoost on IBM AML data set. 
Results show similar accuracy to XGBoost but with the benefit of having to use much 
smaller training sets.

When working with the standard benchmark datasets, Long et al. (2025) 
reported 99.1% accuracy of QSVM on binary MNIST task. In case of the Iris database 
(150 records), VQC reaches 95-98% accuracy. A methodology drawback of almost 
all benchmark studies concerns the restriction regarding qubit number leading to 
training quantum models with dimensionality-reduced inputs (using PCA to reduce 
the dimensionality down to 4–16 features).

Simulation Frameworks
Three software packages stand out in the field of experimental HQML research. 

The PennyLane (Bergholm et al., 2022) library, developed by Xanadu, implements 
automatic differentiation of quantum circuits through the parameter-shift rule for 
PyTorch, TensorFlow, and JAX frameworks. Its default.qubit simulator consistently 
executes circuits involving 20–24 qubits while the lightning.qubit GPU-based plugin 
provides 5–10× higher performance for circuits above 15 qubits. Of the analyzed 
papers, 24 works (60%) use PennyLane. Qiskit Machine Learning (IBM) provides 
implementations of QSVM, VQC, and QNN algorithms, can simulate a statevector 
up to 30 qubits and was used in 12 studies (30%). Finally, the TensorFlow Quantum 
(Broughton et al., 2020) framework, combining Google’s Cirq framework with Keras, 
accounted for the last four publications (10%).

Barriers to Practical Application
Five critical technical barriers emerge from an analysis of existing research. 

First, the barren plateau paradox [Eq. (6)]. As shown by Cerezo et al. (2024), provably 
trainable quantum circuit architectures become classically simulatable, leaving 
little room for optimism regarding scalable advantages of variational QML with 
contemporary design principles. Second, quantum data loading: loading n classical data 
points into a quantum state takes O(n) time, thereby preventing any speedups for large 
datasets. While amplitude encoding provides theoretically unlimited speedup, it either 
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requires quantum RAM (which cannot be built yet) or state preparation procedures that 
go well beyond the capabilities of NISQ computers. While angle encoding is feasible, 
it imposes a severe restriction on the expressive power of the feature space. This is 
another issue often ignored by authors who report speedups.

Third, the effects of ambient noise and decoherence make it difficult to obtain 
reliable results using real hardware. Techniques like Zero-Noise Extrapolation and 
Probabilistic Error Cancellation (Arrasmith et al., 2021) partially mitigate gate errors 
but come at the expense of exponentially increasing the necessary number of runs, 
thereby eliminating the computational advantage.

Fourth, classical statevector simulation becomes computationally intractable 
beyond 50 qubits, fixing the practical validation ceiling at approximately 24-30 qubits 
on standard hardware and forcing validation exclusively on miniaturized problem 
instances.

Fifth, the general lack of benchmarking standardization poses a critical barrier 
to reproducibility. In contrast to classical machine learning, HQML does not have 
a universally recognized set of benchmarks. Papers frequently employ disparate 
preprocessing procedures, varying hardware specifications and optimizations 
hyperparameters. Moreover, most publications report the peak performance of a 
particular random initialization without conducting further statistical analyses.

Results and discussion.
In the sample of 40 articles, the method breakdown is as follows: PQC-based 

QNNs and VQC classifiers are mentioned in 18 publications (45% of all applied machine 
learning research); QSVMs and quantum kernel methods are used in 10 papers (25%); 
hybrid QAOAs are discussed in 6 publications (15%); generative quantum models 
(QGANs, QVAEs) are referenced in 6 articles (15%). Publication periods include six 
articles (15%) in 2020–2021, fourteen articles (35%) in 2022–2023, and twenty articles 
(50%) in 2024–2026, implying the rapid acceleration of research outputs supported 
by better hardware availability and more advanced framework development. Table 2 
includes 19 representative articles among the reviewed corpus.

The results from quantitatively validated metrics, as shown in Fig. 2, consistently 
demonstrate performance enhancements within specific domains but not exceeding 
particular thresholds. Small but measurable improvements in accuracy between +0.3% 
and +2.5% over classical algorithms are found for small medical and image datasets 
(under 5,000 instances), conducted under the condition of strict hardware restrictions 
to just four physical qubits. Hybrid architectures prove to have significantly higher 
recall and F1-scores in extremely imbalanced classification problems (fraud detection, 
rare disease identification) compared to conventional models, while showing generally 
similar (but not better) performance to XGBoost models on comprehensive datasets. 
The most promising quantum advantages are likely to manifest themselves in one 
of three conditions: (1) when problems are inherently quantum in nature (molecular 
simulations); (2) when the data regime is extremely small, so that classical models 
may suffer from serious overfitting issues; and (3) in classification scenarios where 
quantum kernels can create separation planes impossible to be achieved through 
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efficient classical feature spaces (Schuld et al., 2019; Liu et al., 2021).
Table 2. Summary of representative hybrid QC-ML studies (19 of 40 reviewed).

Author(s) Year Algorithm Application Dataset Qubits Performance Framework

Cerezo et al. 2021 VQAs (Survey) General ML N/A N/A Comprehensive review Multiple

Havlicek et al. 2019 QSVM, QKE Classification Custom 5-20 Competitive w/ classical Qiskit

Mari et al. 2020 Hybrid TL Image Classif. Hymenoptera 4 ~94% accuracy PennyLane

Henderson 
et al.

2020 Quanvolution Image Classif. MNIST 4 97.4% vs 97.1% TFQ/
PennyLane

Grossi et al. 2022 QSVM + Ensemble Fraud Detect. Real card data 5-15 Improved precision Qiskit

Wang et al. 2021 Noise-induced Barren 
Plateaus

VQA training Synthetic 4-16 Gradient analysis Cirq

Larocca et al. 2024 BP Review VQA training Multiple Various Theoretical proof Multiple

Ubale et al. 2025 Hybrid QLSTM Fraud Detect. Credit card 4-8 Improved F1/Recall PennyLane

Fan et al. 2024 HQCCNN Image Classif. EuroSAT+
MNIST

4-8 98.5% accuracy PennyLane

Lusnig et al. 2024 HQNN + FedL Liver diagnosis Biopsy images 5 Improved AUC PennyLane

Li et al. 2024 QCCNN + TransLearn Breast cancer WDBC dataset 4 97.7% vs 97.1% PennyLane

Long et al. 2025 QCQ-CNN MNIST classif. MNIST 4 99.1% accuracy PennyLane

Tudisco et al. 2025 Multi-VQC QNN Healthcare 
classif.

3 UCI datasets 4-6 Outperforms SVM PennyLane

Cardaioli et al. 2025 QSVM+VQC+HQNN AML Fraud IBM AML 4-8 Comparable to 
XGBoost

PennyLane

Gomes et al. 2023 DVAE + RBM Drug discovery ChEMBL D-Wave 2331 new structures D-Wave

Anschuetz & 
Kiani

2022 VQA Landscape ML optimization Synthetic 6-12 Local minima proof Cirq

Ait Mehdi 
et al.

2024 Hybrid TL + QNN Skin cancer ISIC 4 86.94% vs 84.49% PennyLane

Schuld et al. 2020 Circuit-centric Classification Synthetic 4-10 Theor. framework PennyLane

Zaman et al. 2024 Hybrid QNN Comparison MNIST 4-12 Depth analysis PennyLane

Fig. 2. Comparative performance benchmark of hybrid quantum-classical architectures against classical 
baselines.

These research gaps have been noted to have direct implications in terms of 
methodology: (1) the need for proper comparison to state-of-the-art classical models 
(XGBoost, LightGBM) and not simplistic baseline comparisons (logistic regression); 
(2) the lack of rigorous statistical evaluation of the variability of the models in question
due to randomness in model initialization and data splitting techniques; (3) inadequate
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investigation of encoding techniques and their impact on performance in classifying 
data in financial transactions; (4) the lack of studies into HQML models for fintech 
fraud detection using standardized open-source data sets; and (5) learning-curve 
analysis for the performance of hybrid and classical models as a function of increasing 
size of the training data set.

The resolution of research gaps (4) and (5) provides the main reason behind 
pursuing further experiments to continue the research. Previous studies used proprietary 
or simulated datasets, and did not include learning curve evaluations (Grossi et al., 
2022; Ubale et al., 2025). In the upcoming experiments, the publicly available Kaggle 
credit card fraud detection dataset will be used to compare QSVM and VQC against 
rigorous baselines.

Conclusion.
This systematic review provides an analysis of 40 essential sources regarding 

hybrid quantum-classical ML architectures during the period from 2018 to 2026. All 
four research objectives are met, including developing a taxonomic classification of 
HQML architectures, synthesizing numerical metrics on the performance of different 
models, evaluating the available evidence on the quantum advantage, and outlining 
five specific research gaps.

Hypothesis validity: As shown in the results section, hybrid QC-ML models 
outperform classical counterparts in situations of limited training data and unbalanced 
classes, achieving 0.3 to 2.5 percentage point increases in accuracy on small medical 
datasets and parity on benchmarks for detecting financial fraud in terms of being 
equally efficient with significantly lower data requirements. Thus, the reviewed 
empirical evidence confirms the initial hypothesis of quantum advantage in certain 
conditions. The specific characterization can be defined as offering parameter efficiency 
in constrained scenarios rather than general quantum supremacy.

The most widely adopted paradigm among HQML architectures is based on 
VQAs, while the barren plateau problem (Cerezo et al., 2024) poses serious concerns 
about scalability of variational approaches in NISQ computing. In turn, QNNs have 
proven to be competitive when compared to classical neural networks in terms of 
medical imaging and fraudulent activities detection tasks. Finally, the potential of 
using quantum transfer learning in combination with PennyLane simulations without 
any need for physical hardware is highlighted.

To scale up the deployment of HQML architectures, it is necessary to meet 
three technical requirements, including quantum error correction for hybrid circuits 
deeper than O(100) gates, having sufficient number of qubits for processing higher-
dimensional features without substantial dimensionality reduction, and defining 
community standards for benchmarking and comparing different techniques 
statistically. The experimental methodology used here serves as a basis for evaluating 
QSVM and VQC architectures in imbalanced low-data scenario of credit card fraud 
detection using simulation frameworks on common computational resources.
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