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Quantifying Privacy Risks in Synthetic Data: A
Study on Black-Box Membership Inference

Politecnico di Torino, Torino, Italy {giacomo.fantino, marco.rondina,
antonio.vetro, juancarlos.demartin}@polito.it

Abstract. The use of synthetic data has grown steadily in recent years,
particularly to support AI research and data sharing. However, synthetic
data remains vulnerable to privacy risks such as membership inference
attacks (MIAs), where an attacker identifies whether a data record was in
the original dataset, whose recent variants increasingly exploit overfitting
in generative models to boost their accuracy. Privacy metrics have been
proposed to assess the protection offered by synthetic datasets and the
risk of information leakage. However, their ability to reflect actual risks of
MIAs remains unexplored. This study empirically evaluates the trade-offs
between utility and privacy in the generation of synthetic tabular data
leveraging a variety of black-box MIAs, providing a novel assessment
of privacy risks. Using state-of-the-art generative models, we repeatedly
generated synthetic datasets, assessed their utility, measured vulnera-
bility to black-box MIAs, and evaluated privacy using commonly used
privacy metrics. Our analysis reveals that CTGAN and CTAB-GAN+
can mitigate the risks of membership disclosure without significantly
compromising the utility of the data, while the other generators showed
weaker privacy-utility trade-offs. However, the analysis of the privacy
metrics suggests that their reliance on proximity to training data lim-
its their ability to fully measure an attacker’s exploitation capabilities.
The results observed in this study highlight the potential applicability
of the aforementioned generative models to privacy-sensitive domains,
demonstrating their ability to balance utility and privacy even under
the challenge of diverse black-box MIAs. Our analysis of privacy metrics
provides empirical evidence on the real-world privacy risks of synthetic
tabular data and call for developing new, empirically validated privacy
metrics.

Keywords: Synthetic Data · Membership Inference Attacks · Privacy.

1 Introduction

Providing access to code and data from AI/ML research studies and industrial
applications is a step forward in addressing the reproducibility crisis [15], while
also enhancing the transparency and reliability of AI system development in
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industrial applications [27]. However, although transparency, accountability and
reproducibility are fundamental aspects to achieve, compromising the privacy of
individuals is not acceptable: if personal data is used, it cannot be shared, and
even if no personal data is included in the training processes, it is still possible
to uniquely identify individuals [23].

Synthetic data offers a promising means to address this trade-off: by creating
a new anonymized dataset that has the same general statistical characteris-
tics of the original data, it is possible to train a new model and obtain results
that are consistent with the use of the original data [12]. Many generators have
emerged, most recently based on architectures such as Generative Adversarial
Networks (GAN) [14] and Variational Autoencoders (VAE) [22]. However, these
approaches are undermined by a number of attacks: using the generated syn-
thetic data and integrating it with additional information, an attacker can infer
part of the original data, including sensitive attributes.

Among these attacks, Membership Inference Attacks (MIAs) have emerged
as one of the most effective techniques, aiming to determine whether a particular
data record was part of the training dataset of the target model [20]. The ability
to infer such information is a serious threat to the privacy and fairness of an
individual, as it may disproportionately expose vulnerable groups or amplify bi-
ases in decision-making. Exposure of sensitive information about an individual’s
health could be inferred through such attacks [18]. Bias amplification could occur
in the employment sector, where sensitive details about a person’s socioeconomic
or ethical background could lead to potential biases in the hiring process [35].
Therefore, synthetic data generation that is trained on personal data or other
types of sensitive information needs to be made robust against privacy attacks.
This paper focuses on the MIA attack due to the growing research on this topic
in the last years [31] and its impact on fairness and privacy.

Existing work has evaluated synthetic data with respect to membership in-
ference attacks [21, 24, 45]; however, with the advent of new attacks [19, 3], a
comprehensive evaluation of the privacy robustness of synthetic data generators
for tabular data and privacy metrics remains absent. In this paper, we perform
an evaluation of the robustness of synthetic data generators for tabular data
against recently proposed MIAs, and analyze the extent to which commonly
used privacy metrics reflect the actual success of these attacks.

The main contribution of this study is as follows:

1. We use empirical analysis to assess the risk of using synthetic data to share
data containing sensitive information or personal data under multiple black-
box membership inference attacks.

2. We evaluate the extent to which commonly used privacy metrics accurately
reflect actual membership inference attack success.

To achieve these goals, we evaluated four state-of-the-art synthetic tabular
data generators on datasets containing personal information, measuring their
resilience to MIAs and analyzing how three privacy metrics correlate with attack
success.
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The rest of the article is structured as follows. Section 2 provides an overview
of synthetic data generation techniques (Sect. 2.1), attacks on synthetic data
(Sect. 2.2), and privacy metrics (Sect. 2.3). Section 3 presents the related work.
Section 4 introduces our research questions and the privacy metrics used for
evaluation. Section 5 describes our methodology in detail. In Section 6, we an-
alyze the results and address our research questions. In Section 7, we discuss
the limitations of our approach. Finally, Section 8 presents our conclusions and
suggests directions for future research.

2 Background

2.1 Synthetic data generation

Synthetic data is obtained through models that reproduce the statistical proper-
ties of real data [12]. While this study focuses on tabular data, similar approaches
have also been applied to other modalities such as images and audio [11]. Typi-
cal motivations for generating synthetic data include the removal of personal or
sensitive information [12], data augmentation in data-scarce contexts [28], and
fairness enhancement in machine learning applications [4].

Synthetic data generation methods can be broadly categorized by their un-
derlying mechanisms [12]. Three main classes can be distinguished: Probability-
based, where synthetic data is generated by estimating and sampling from a
data distribution; Randomized, which involves generating samples through per-
turbation or interpolation; and Network-based, which encompasses generative
methods that utilize neural network architectures.

Simple interpolation-based techniques such as Mixup represent baseline strate-
gies. Mixup generates synthetic samples by linearly combining pairs of real in-
stances using a mixing parameter λ drawn from a beta distribution. While effec-
tive for data augmentation, such methods provide limited control over privacy
preservation or distributional fidelity.

More sophisticated network-based methods have recently gained prominence,
particularly those based on Generative Adversarial Networks (GANs) [5]. GANs
comprise two models trained in opposition: a generator and a discriminator.
During the learning phase, the generator learns to mimic the training data dis-
tribution, while the discriminator attempts to distinguish real from synthetic
samples. Through this adversarial process, the generator is optimized to pro-
duce synthetic data that are increasingly indistinguishable from real data.

Another prominent family of generative models are Variational Autoencoders
(VAEs) [22], which learn probabilistic latent representations of the input data.
A VAE consists of an encoder that maps data to a latent space and a decoder
that reconstructs new samples by sampling from this latent representation.

These architectures were initially designed for continuous domains such as
image and audio synthesis [11, 36]. When applied to tabular data, however, their
performance may degrade due to the presence of categorical variables and com-
plex feature dependencies [41]. To address these challenges, specialized models
have been proposed.
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CTGAN is a state-of-the-art GAN-based generator for tabular data [41]. It
employs a preprocessing stage based on a Variational Gaussian Mixture Model
(VGM) to normalize continuous variables and applies one-hot encoding to cate-
gorical columns. A conditional vector guides the generator toward learning mi-
nority categories in unbalanced features.

TVAE, proposed by the same authors, adopts the same preprocessing pipeline
but replaces the GAN architecture with a VAE, enabling probabilistic sampling
while maintaining compatibility with tabular structures [41].

CTAB-GAN+ extends CTGAN with domain-specific improvements [44]. Con-
tinuous features are min–max scaled for better VGM compatibility, long-tailed
distributions are log-transformed to prevent unrealistic values, and mixed-column
strategies handle highly unbalanced or sparse features. These refinements yield
more stable and realistic tabular data generation, particularly in datasets con-
taining heterogeneous variable types.

2.2 Attacks

With the growing adoption of generative AI across domains, adversarial methods
have emerged to extract sensitive information from trained models [25]. Among
these, the Membership Inference Attacks (MIAs) are one of the most studied, as
they directly target the confidentiality of training data. In this type of attack,
an adversary aims to determine whether a specific data sample was part of a
model’s training data [37].

Existing surveys classify MIAs according to the type of target model and the
nature of the data [31]. Early work focused on discriminative models [37], while
subsequent work extended MIAs to generative models such as GANs [17]. This
evolution led to increasingly sophisticated attack strategies designed to enhance
attack performance [19, 6, 3].

MIAs can be broadly divided into two families: black box and white box set-
tings. In the white-box scenario, the attacker can inspect model parameters or
architectures, whereas in the black-box case, only the synthetic data is observ-
able. While both settings are relevant and capture different threat models, this
study focuses on the black-box scenario, which naturally arises in many realistic
data-sharing and publishing use cases where only synthetic datasets are released
and the underlying generative model remains inaccessible.

Formally, the MIA can be expressed as a function A(x|G), estimating the
probability that sample x belongs to the training set underlying the synthetic
dataset G [6]. Assuming that the synthetic dataset closely resembles the distri-
bution of the real data, this probability can be derived from the learned density,
denoted as PG(x). The resulting formulation, where membership is inferred from
the synthetic data distribution, is known as a distribution-based MIA.

In practice, this remains challenging because estimating the distribution
may require many samples, which the attacker may not have. To address this,
distance-based MIA infers membership by assuming that real samples close to
synthetic records are more likely to originate from the training data [6]. Let
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d(x, x′), denote a distance function between x and its nearest synthetic neighbor
x′ ∈ G, then:

A(x|G) = min
x′∈G

d(x, x′) (1)

The Monte Carlo-based MIA improves upon distance-based MIAs by consid-
ering multiple synthetic samples instead of just one [19]. Its key insight is that an
overfitted generator tends to repeatedly produce samples near real training in-
stances. Only distances below a threshold ϵ are considered, ensuring that outliers
are excluded from the analysis.

A more recent variant, DOMIAS (Detecting Overfitting for Membership In-
ference Attacks against Synthetic Data) [3] assumes limited access to a subset
of training data, denoted as R. The key idea is to compare the likelihood of a
sample x under the synthetic data distribution G and the known training subset
R. This is done by computing the ratio:

A(x|G) =
pG(x)

pR(x)
(2)

A high ratio suggests that the synthetic data generator has overfitted to x,
making it more likely that x was part of the training set.

Another line of work, shadow modeling, involves the attacker training a sur-
rogate generator locally using the released synthetic data [17]. This surrogate
allows the use of white-box inference methods: high discriminator confidence in
the shadow model indicates a stronger likelihood of membership.

2.3 Privacy metrics

Synthetic data privacy metrics provide quantitative proxies to assess how effec-
tively synthetic datasets balance privacy and utility. They aim to capture po-
tential privacy leakage risks, especially under adversarial settings such as mem-
bership and attribute inference attacks [39]. We focus on three widely adopted
metrics—Distance to Closest Record (DCR) [29], Nearest Neighbor Distance
Ratio (NNDR) [26], and Privacy loss [42]—chosen for their prevalence in both
academic and industrial practice [32, 43, 42]. Newly proposed metrics are outside
the present scope and reserved for future work.

The DCR measures the Euclidean distance between each synthetic sample
and its nearest neighbor in the original training data. A high concentration of
synthetic samples with DCR values close to zero suggests potential information
leakage, as these samples closely resemble individual training records. On the
other hand, NNDR evaluates the ratio between the distances of a synthetic
sample to its closest and second-closest real neighbors. A NNDR value close to
zero indicates that the nearest neighbor is significantly closer than the second,
implying that the synthetic sample may inadvertently reveal details about a
specific training instance. In contrast, when the NNDR value is close to 1 both
distances are similar, thus the sample likely resides in a densely populated region
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of the feature space, thereby mitigating identifiability risks [26]. To prevent any
feature from dominating the computed distances, all variables are normalized
prior to measurement for both metrics.

A direct comparison between the synthetic and training sets alone fails to
capture the broader distributional context in which samples are embedded. To
address this limitation, metrics such as DCR and NNDR are computed using not
only the training data but also a holdout set: a dataset drawn from the same
distribution as the training data but excluded from the training process [33].
By comparing synthetic samples to both the training and holdout sets, one can
assess whether proximity to the training data is exceptional or expected given
the overall data distribution. If synthetic samples are similarly close to both sets,
it suggests that they preserve general statistical properties without overfitting to
specific training records. This adjustment makes DCR and NNDR more robust
indicators of potential overfitting.

While these two metrics have been widely adopted, studies have highlighted
their limitations, noting the lack of strong theoretical grounding and the chal-
lenges they face in capturing privacy risks for outliers or minority groups [13].
As they remain the most commonly used indicators in both academic and in-
dustrial settings, evaluating these limitations empirically is therefore crucial to
understand how well such metrics reflect actual privacy risks.

The Privacy Loss metric quantifies how much a generative model exposes
information about its training data [42]. It measures the difference in an at-
tacker’s ability to distinguish between samples that were part of the training
set and those that were not. If the attacker cannot make this distinction, both
accuracies are approximately 0.5, resulting in zero privacy loss. Conversely, if
the model is overfitted, the accuracy on training samples will be considerably
higher, leading to a high privacy loss. In our study, this attacker is instantiated
through the Nearest Neighbor Adversarial Accuracy (NNAA) framework [42].

3 Related Work

Early research on applying MIAs to synthetic tabular data focused primarily on
distance-based approaches [21, 24, 45]. These studies reported high attack success
rates but also revealed the difficulty of achieving an optimal privacy–utility bal-
ance when using GAN-based or other generators. Parallel work explored shadow
modeling techniques, where a local model is trained to replicate the target’s
behavior. While early attempts on synthetic image data achieved limited perfor-
mance without auxiliary information [17], later studies using model predictions
improved inference accuracy [37, 30]. Further evaluations combining distance-
based and shadow-based attacks confirmed that naive MIAs were weak, but
shadow modeling substantially increased inference success, particularly when no
explicit defenses were applied [38]. These findings underscore the need for a
unified empirical framework capable of evaluating multiple MIA families under
consistent conditions.
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Building on these findings, we quantitatively assess whether the use of syn-
thetic data generators for sharing tabular data poses a risk to privacy. While
prior studies have largely focused on distance-based MIAs or shadow modeling,
our work expands this scope by incorporating newer black-box MIA attacks,
aiming to provide a more comprehensive evaluation of privacy vulnerabilities.
Our analysis takes into account a variety of synthetic data generators, three
datasets, all containing personal data, and the aforementioned black-box MIA
attacks.

Due to the high computational cost of training multiple shadow models and
given that this attack has been extensively studied in the literature, we did
not include shadow modeling in our main analysis. Its resource intensity makes
it impractical in many real-world scenarios; however, we consider it a valuable
direction for future work. Instead, we focus on the most representative black-box
MIAs and complement our attack-based evaluation with a detailed assessment
of widely adopted privacy metrics, analyzing their reliability in reflecting actual
privacy robustness.

4 Research Questions and Metrics

The Research Questions that drive the study are:

– RQ1: How do different synthetic tabular data generators perform in terms of
utility and resistance to a variety of black-box membership inference attacks:
distribution-based MIA, distance-based MIA, Monte Carlo-based MIA, and
DOMIAS?

– RQ2: Are the selected privacy metrics, Distance to Closest Record (DCR),
Nearest Neighbors Distance Ratio (NNDR) and Privacy loss, reliable for
evaluating synthetic data quality when faced with a variety of black-box
MIAs?

To address RQ1, we evaluate two complementary aspects: utility and privacy.
Utility of a synthetic dataset can be evaluated using both statistical proper-

ties of the data, i.e. measuring the difference between the trained and synthetic
data, and machine learning, which measures the difference in performance be-
tween training a model with the original data and the synthetic data [18]. Since
it has been shown a weak correlation between statistical utility metrics and an
overall absence of utility measurement [8], we focus on the machine learning
utility: we measure the difference in accuracy, F1-score and AUC-ROC when
training an XGBoost classifier [7] on synthetic data. A minimal drop in perfor-
mance implies better synthetic data. This approach provides a consistent and
reproducible basis for comparing generators using measurable downstream per-
formance. In addition, we assess the coverage of the synthetic data by comparing,
for each training record, its distance to the nearest synthetic sample and to the
nearest holdout sample. This helps reveal whether the generator misses parts of
the real distribution or places synthetic records too close to training data (a sign
of overfitting) [33].
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For privacy evaluation, we will use the black-box MIAs discussed in Section
2.2. Each attack was executed on balanced subsets consisting of 20% of training
samples (expected to be classified as members of the training set) and an equal
number of test samples (expected to be classified as non-members). The attack
success was measured using the AUC-ROC score, where values near 0.5 indicate
resistance (equivalent to random guessing) and values approaching 1.0 indicate
a privacy risk [10].

While RQ1 measures empirical robustness, RQ2 examines whether existing
privacy metrics can reliably predict this robustness. To this end, we compute
DCR and NNDR for both training and holdout data, and Privacy Loss for the
synthetic data, expecting a positive correlation between the metrics’ values and
the AUC-ROC of the attacks

Given a synthetic dataset S and the original dataset R, DCR is computed
for all synthetic samples as the distance to the closest sample in R:

minr∈Rd(s, r) (3)

On the other hand NNDR considers the ratio for all synthetic samples of the
closest and the second-closest samples in R:

d(s,NN1(R))

d(s,NN2(R))
(4)

For measuring Privacy Loss, we adopt Nearest Neighbor Adversarial Accu-
racy (NNAA) to assess an attacker’s performance on distinguishing real data
from synthetic counterparts [42]. Real samples that remain distant from syn-
thetic data are treated as true positives, while synthetic samples that remain
distant from real data are considered true negatives. NNAA is computed as
the balanced accuracy between the true positive rate and the false negative
rate; an NNAA value of 0.5 corresponds to random guessing. Privacy Loss is
then measured as the discrepancy in attacker performance between training and
holdout samples: if NNAA is close to 0.5 on both sets, the resulting difference
is near zero, indicating minimal membership leakage, while larger gaps indicate
increased leakage due to overfitting.

5 Methodology

This section details the three main phases of our methodology: data pre-processing
and splitting (Section 5.1), synthetic data generation (Section 5.2) and attack
execution (Section 5.3). Figure 1 provides an overview of the experimental work-
flow, designed to address both RQ1 (utility and resistance of synthetic data gen-
erators to black-box MIAs) and RQ2 (reliability of privacy metrics). First, the
datasets were preprocessed and split into training and test sets. The training
set was used to generate synthetic data, while the test set served as an inde-
pendent evaluation set. Finally, the synthetic data was evaluated using MIAs,
privacy metrics, and utility measures to answer the research questions. Defensive
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splitting 2: Synthetic data generation 3: Attack Execution

Dataset

#30 split
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action

RQ1

RQ1

RQ2

Fig. 1. Overview of the proposed methodology, divided into three main phases: data
preprocessing and splitting, synthetic data generation, and attack execution.

mechanisms such as Differential Privacy (DP) were intentionally excluded. Pre-
liminary exploratory tests using conservative privacy budgets for GAN-based
generators indicated a reduction in attack performance, approaching random
guessing, but at the cost of a substantial degradation in data utility. As differ-
ential privacy entails an explicit privacy–utility trade-off that depends critically
on the choice of parameters, and a systematic evaluation of this trade-off falls
outside the scope of this work, we focus on the inherent privacy–utility proper-
ties of existing generators without DP. The integration of DP-based defenses is
therefore left for future work.

5.1 Data Preprocessing and Splitting Strategy

We used the Adult [2], COMPAS [34], and Southern German Credit (hereafter
referred to as Credit) [1] datasets, which are widely adopted benchmarks in
fairness research [9] and exhibit complementary structural characteristics, vary-
ing in sample size, feature dimensionality, and balance between categorical and
numerical attributes (Table 1). Each dataset underwent preprocessing to en-
sure consistency and privacy compliance: duplicates and missing values were re-
moved, and features typically excluded in standard machine learning pipelines,
including identifiers that could link a record to an individual, were dropped. To
enhance statistical robustness and reproducibility, we generated 30 independent
train–test splits for each dataset, thereby mitigating the variability introduced
by random partitioning. For each split, 80% of the data was used to train the
generative models, while the remaining 20% served as a holdout set for evaluat-
ing both synthetic data utility and resistance to MIAs. To ensure comparability
and simulate realistic data-sharing scenarios, the synthetic dataset generated in
each run contained the same number of samples as the corresponding training
set.
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Dataset #Samples #Columns #Categorical

Adult 26,904 13 12
COMPAS 2,294 9 9
Credit 1,000 21 21

Table 1. Dataset statistics after preprocessing

5.2 Synthetic Data Generation

We employed the four synthesizers introduced in Section 2.1: Mixup, TVAE,
CTGAN, and CTAB-GAN+, using off-the-shelf implementations from publicly
available libraries and repositories. Since TVAE and GAN-based generators re-
quire model training, we tuned hyperparameters—such as number of epochs,
batch size, and discriminator steps for GANs—to ensure convergence and maxi-
mize fidelity of the generated samples. The tuning process prioritized data-utility
metrics, reflecting common practice where generative models are optimized for
downstream performance rather than explicit privacy preservation.

5.3 Attack Execution

The membership inference attacks were executed across all dataset splits to
mitigate bias arising from random partitioning, as certain training subsets may
inherently be more vulnerable to inference. Each attack received the synthetic
dataset, a subset of the training set and the test set: the attack should infer
membership with maximal accuracy. All attacks were re-implemented by the
authors, closely following the threat models and parameter choices described
in the respective original papers. Prior to execution, data were preprocessed to
ensure comparability across attacks: Min–Max scaling was applied for distance-
based MIAs to prevent feature dominance, Standard scaling for density-based
attacks to stabilize density estimation, and PCA to remove low-variance features.
The AUC-ROC metric was computed across splits to assess attack effectiveness.
Although it may not capture all aspects of attack performance, it remains the
most widely used metric in the literature for assessing MIA success, allowing
direct comparison with previous work.

For the DOMIAS attack, a subset of the training data was used as a reference
set. This reference set represents a portion of the leaked training data that the
attacker can access to infer information about the overall training distribution.
To ensure a realistic evaluation, this reference set was completely disjoint from
the subset of training data used for assessing the attack, preventing trivial mem-
bership identification. We initially set the reference set to 10% of the training
data and later examined the impact of increasing its size.

Complementary to the attack analysis, the utility and privacy metrics were
computed for each split to quantify the trade-off between data utility and MIAs
resistance. For the privacy metrics, we reused the test sets as holdout sets to
account for the data distribution. After computing the distances, following the
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methodology of Platzer and Reutter [33], for each synthetic sample we deter-
mined whether the closer sample was in the training or holdout set. We then
calculated the ratio of samples closer to the training data: as the value gets closer
to 1 the probability of information leakage increases.

Since the Monte Carlo–based MIA requires a value for the threshold param-
eter ϵ, we have used the median heuristic proposed by Hilprecht et al. [19]: it
computes ϵ as the median of the minimum distances between the samples in the
training and test sets and the synthetic samples, ensuring stable and reproducible
attack behavior across splits.

Finally, Kernel Density Estimation (KDE) was used to approximate the dis-
tribution of both synthetic and real data. A grid search over multiple splits
identified an exponential kernel with a bandwidth of 0.05 as optimal for mod-
eling the distribution. The same configuration was used for DOMIAS, following
prior evidence that it provides robust estimation under limited sample sizes.

6 Results and Discussion

In this section, we present the results addressing the research questions defined
in Section 4. Specifically, in Section 6.1 we examine the outcomes of MIAs to
assess the resilience of different synthetic data generators, considering both their
privacy protection and the utility of the data produced. Subsequently, Section
6.2 investigates the relationship between the computed privacy metrics and the
corresponding AUC-ROC values of the attacks, to determine whether such met-
rics can reliably predict a generator’s resistance to black-box MIAs. All code and
datasets are available for reproducibility.1

6.1 Utility and Resistance against black-box MIAs (RQ1)

This subsection addresses RQ1 by jointly analyzing the utility of the synthetic
data and its resistance to black-box MIAs. We compare the AUC-ROC values of
different attacks across generators and datasets, summarizing the distributions
over 30 iterations of synthetic data generation.

Figure 2 shows the AUC-ROC distribution for each attack, with respect to
the datasets and the generators. Mixup consistently yields the highest AUC-ROC
values across attacks and datasets, reaching 0.8 on the Credit dataset, indicating
strong vulnerability to MIAs likely due to its interpolation-based generation
strategy. In contrast, TVAE, CTGAN, and CTAB-GAN+ exhibit near-optimal
resistance, with AUC-ROC values below 0.6 across all attacks and datasets.
Since an AUC-ROC of 0.5 corresponds to random guessing, values around 0.8
reflect strong separability between members and non-members, whereas values
only moderately above 0.5 indicate a limited attacker advantage [10]. DOMIAS
and Monte Carlo achieve only marginal gains against these generators, further
confirming their robustness even against recent and more sophisticated MIAs.
1 Source codes and data are available at: https://github.com/giacomofantino/Synthetic-

Data-Privacy
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Fig. 2. AUC-ROC scores for each Membership Inference Attack across different
datasets and synthetic data generators.

These findings are broadly consistent with prior observations on distance-
based MIAs for tabular data [21, 45], reinforcing their validity across different
settings. A direct comparison with [24] is less straightforward due to methodolog-
ical differences (e.g., their use of a fixed synthetic sample size independent of the
real dataset), but the overall trend of low attack performance against GAN-based
generators is comparable. Our work extends these studies by systematically eval-
uating a wider range of black-box MIAs, including more recent attacks such as
DOMIAS and Monte Carlo. Crucially, we show that generators previously re-
garded as strong (TVAE, CTGAN, CTAB-GAN+) retain their robustness even
under these novel attacks. Finally, the consistently low AUC-ROC values across
generators validate our decision to exclude differential privacy: given the already
strong resilience of these models, adding DP would likely degrade utility without
offering meaningful privacy gains.

Attack performance also varies with dataset characteristics. Mixup remains
highly vulnerable across all datasets, though its AUC-ROC values are slightly
lower for COMPAS and Adult than for Credit. CTGAN, CTAB-GAN+, and
TVAE maintain low AUC-ROC values overall, but Credit and COMPAS display
greater variance, consistent with prior findings that smaller training datasets
increase susceptibility to information leakage.

The utility evaluation, shown in Figure 3, reveals distinct trade-offs across
generators. Mixup consistently achieves the smallest differences in all three met-
rics, with values clustered just below zero, suggesting that classifiers trained
on Mixup-generated data closely replicate the performance obtained on real
data. However, this high utility comes at the cost of substantial privacy risk, as
confirmed by the attack results. GAN-based generators show mild performance
degradation, particularly on the Credit dataset, where CTGAN and CTAB-
GAN+ display noticeable declines in AUC-ROC. Conversely, CTGAN performs
well on COMPAS, achieving high utility with positive metric differences, while
CTAB-GAN+ tends to underperform on this dataset. TVAE represents an in-
termediate case, showing moderate differences across metrics and datasets.
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Fig. 3. Differences in utility metrics (Accuracy, F1-score, and AUC) across datasets
and synthetic data generators.

Dataset complexity also affects utility stability. The Credit dataset exhibits
the largest utility discrepancies across generators, indicating that its heteroge-
neous feature space challenges synthetic data generation. In contrast, the Adult
dataset yields more consistent utility results, with smaller performance gaps,
suggesting its structure is more conducive to accurate synthetic reproduction.

As outlined in Section 5.1, the DOMIAS attack was initially provided with
10% of the training data as a reference set. We then tested larger subsets to verify
whether additional reference samples improved attack success. Consistent with
the original findings [3], Figure 4 shows no significant improvement beyond 10%,
apart from a minor increase in attack performance for Mixup on the COMPAS
dataset.

0.1 0.2 0.3
0.5

0.6

0.7

AU
C 

RO
C

adult

0.1 0.2 0.3
Reference Size

0.5

0.6

0.7

credit

0.1 0.2 0.3
0.5

0.6

0.7
compas

Mixup TVAE CTGAN CTAB-GAN+

Fig. 4. DOMIAS performance as a function of the percentage of training data available,
evaluated across different datasets and synthetic data generators.

To further analyze generator behavior, we examined the spatial relationship
between real and synthetic samples by comparing, for each training record, the
difference in distance to its closest synthetic sample versus its closest test sample.
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As shown in Figure 5, for the Credit dataset, Mixup produces synthetic samples
that lie extremely close to the training data, confirming excessive proximity
and potential leakage. In contrast, for COMPAS and partially for Adult, TVAE
generates samples that remain consistently distant from the training distribution,
indicating only partial coverage of the data space and a loss of information. This
behavior reflects a known limitation of VAEs on tabular data: their tendency
toward over-pruning (posterior collapse) [40]. The regularization term in the
ELBO loss can dominate training, forcing the latent distribution to approximate
a fixed prior (typically a unit Gaussian) and reducing dependence on the input
data [16]. Consequently, TVAE maintains reasonable predictive utility but omits
underrepresented data regions, reducing the fidelity and completeness of the
generated samples.

Overall, CTGAN and CTAB-GAN+ achieve the best balance between utility
and privacy, making them suitable for privacy-sensitive scenarios where minor
utility degradation is acceptable. Mixup provides high utility but poor privacy
protection, while TVAE, despite competitive performance, fails to fully recon-
struct the training data distribution in COMPAS. Among the attacks, Monte
Carlo and DOMIAS, though recently proposed, did not outperform traditional
distance-based MIAs. In most cases, the distance-based attack remained the
most effective, suggesting that direct overfitting exploitation continues to be the
dominant threat to tabular synthetic data privacy.

CTGAN and CTAB-GAN+ emerge as promising candidates for applications
requiring both acceptable predictive utility and protection against diverse
black-box MIAs. They demonstrate a balanced trade-off between utility and
privacy, offering practical solutions for generating synthetic data that can
be shared without compromising the confidentiality of personal information

6.2 Reliability of Privacy Metrics Under Black-Box MIAs (RQ2)

To answer RQ2, we assess whether the selected privacy metrics (DCR, NNDR,
and Privacy Loss) correlate with the success of black-box MIAs, thereby evaluat-
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ing their validity as indicators of privacy risk. We hypothesize that higher metric
values should correspond to stronger MIA performance. Since each dataset split
produces one value per metric and multiple AUC-ROC scores—one for each at-
tack—we compute the average AUC-ROC across all attacks. This aggregation
provides a holistic view of the relationship between privacy metrics and attack
effectiveness, avoiding overemphasis on any single attack variant.
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Fig. 6. Comparison of privacy metric values and MIA AUC-ROC scores across different
datasets.

Figure 6 plots the metric values against the averaged AUC-ROC scores for
all datasets. A general positive trend emerges: higher DCR, NNDR, and Privacy
Loss values tend to coincide with stronger MIA performance, suggesting that
these metrics partially capture underlying vulnerability patterns.

However, TVAE exhibits anomalous behavior on the COMPAS dataset, yield-
ing comparatively high NNDR and Privacy Loss values while maintaining low
AUC-ROC scores. This suggests that proximity-based metrics may not reli-
ably quantify privacy risk under conditions such as latent-space underfitting,
since they capture only geometric closeness without considering how an attacker
could exploit this proximity to infer membership. In fact, the underfitting phe-
nomenon discussed in Section 6.1—posterior collapse—led TVAE to generate
synthetic samples that covered only a subset of the original feature space. This
restricted coverage likely triggered proximity-based metrics to signal higher risk,
even though it did not translate into stronger attack performance as reflected
by AUC-ROC. By contrast, Mixup consistently records higher privacy metric
values, aligned with its poor resistance to MIAs, whereas CTGAN and CTAB-
GAN+ display lower metric outputs and reduced attack success. This alignment
supports the expected relationship between metric magnitude and empirical vul-
nerability

Dataset-specific trends also emerge. In both the COMPAS and Credit datasets,
the privacy metrics exhibit a wide spread of values across the metric axis, yet
the corresponding AUC-ROC scores remain relatively stable, suggesting a re-

100 Fantino et al.



duced effectiveness in detecting privacy leakage. This pattern suggests that in
datasets with fewer samples, proximity-based metrics may fluctuate more due
to local density variations, without reflecting a proportional change in actual
attack success.

Overall, the findings demonstrate that while DCR, NNDR, and Privacy Loss
capture broad vulnerability trends, they fail to fully characterize leakage in mod-
els with uneven data coverage or latent-space collapse. Complementing these
metrics with distributional or adversarially informed measures would improve
the reliability and comprehensiveness of privacy validation frameworks for syn-
thetic data.

The analysis indicates that DCR, NNDR, and Privacy Loss provide a par-
tial but incomplete picture of privacy robustness under black-box MIAs.
While these metrics capture general vulnerability trends, their limita-
tions—exemplified by the anomalous behavior of TVAE—highlight that
proximity-based measures alone cannot fully represent the multifaceted na-
ture of privacy leakage. This finding suggests the need for more comprehen-
sive, empirically validated metrics that account for model architecture, data
coverage, and attack strategy diversity.

7 Threats to validity

In this section we discuss the potential threats to validity that may influence the
interpretation, reliability, or generalizability of our findings.

Internal validity: A potential threat lies in uncontrolled factors that might
influence the outcomes, such as the choice of datasets or random initialization of
models. To overcome this, we employed multiple, diverse datasets and repeated
experiments across 30 random train/test splits to reduce bias. To ensure con-
sistency and replicability of results, we have made the codebase fully replicable,
allowing others to verify the experimental setup and results 1. This reduces the
likelihood of errors or biases affecting the results.

External validity: Although the datasets are diverse in structure and domain,
they all represent socio-economic decision-making datasets and may not fully
capture the variability of real-world applications. In addition, our study focuses
on three widely-used deep tabular data generators, and the observed trends
may not directly transfer to other synthesis approaches. Similarly, while the
considered attacks and privacy metrics represent the current state of the art,
they might not encompass all possible adversarial strategies or future privacy
assessment techniques. Consequently, the generalizability of the results to unseen
domains or emerging attack paradigms may be limited.

Construct validity: Our evaluation primarily relies on AUC-ROC, chosen for
its widespread use in MIA literature and comparability with prior work, though
it may not capture nuances such as class imbalance. Utility is evaluated using
a single downstream model (XGBoost), reflecting a task-specific notion of util-
ity; therefore, the observed privacy–utility trade-offs may differ for other down-
stream models. Conversely, privacy is assessed using record-level metrics and
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MIAs, which do not explicitly account for domain-specific harm from disclosure.
For RQ2, we average AUC-ROC across attacks to obtain an attack-agnostic
view, potentially obscuring differences among attack types. Finally, we do not
consider group-level disclosure risks, which may persist even when record-level
membership inference is limited.

Conclusion Validity: The statistical significance of the observed differences
among attacks and generators could be influenced by the limited number of ex-
perimental runs. To mitigate random variance and strengthen the robustness of
conclusions, we conducted multiple independent repetitions and reported aggre-
gate statistics across all runs.

8 Conclusion

This work establishes an empirical framework for quantifying privacy risks in
synthetic tabular data, providing a systematic comparison of black-box mem-
bership inference attacks and privacy metrics, grounded in fairness-related tab-
ular benchmarks and deep tabular generators, to better understand the privacy
robustness of generative models and how effectively privacy metrics capture pri-
vacy leakage.

Among the evaluated generators, CTAB-GAN+ and CTGAN demonstrated
the best balance between privacy and utility, achieving low AUC-ROC val-
ues across diverse MIAs while maintaining predictive performance. Conversely,
Mixup exhibits the highest susceptibility to MIAs, making it unsuitable for
privacy-sensitive applications, while TVAE offers strong resistance to MIA at
the cost of loss of information.

Our evaluation of the privacy metrics, DCR, NNDR, and Privacy Loss,
reveals that while they correlate with attack effectiveness, their reliance on
proximity-based assumptions limits their sensitivity to distributional coverage.
Anomalies such as TVAE’s inflated privacy scores emphasize that current met-
rics do not fully capture attacker capabilities or structural gaps in the generated
data. These findings underscore the need for improved measures that integrate
both data coverage and exploitability perspectives. Finally, our study challenges
the assumed superiority of newer MIAs, such as Monte Carlo-based attacks and
DOMIAS, which failed to outperform traditional distance-based attacks in our
experiment. Future work should focus on defining privacy metrics that incor-
porate data coverage and attacker modeling, extending this framework to other
data modalities and attack families, and analyzing the conditions under which
newer attacks may generalize more effectively.

Ultimately, this study contributes to the empirical validation of privacy prop-
erties in generative models—an essential step toward trustworthy and testable
AI systems within the broader context of software engineering research.
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