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Abstract 

Background: An appropriate sample size is essential for obtaining a precise and reli‑
able outcome of a study. In machine learning (ML), studies with inadequate samples 
suffer from overfitting of data and have a lower probability of producing true effects, 
while the increment in sample size increases the accuracy of prediction but may not 
cause a significant change after a certain sample size. Existing statistical approaches 
using standardized mean difference, effect size, and statistical power for determin‑
ing sample size are potentially biased due to miscalculations or lack of experimental 
details. This study aims to design criteria for evaluating sample size in ML studies. We 
examined the average and grand effect sizes and the performance of five ML methods 
using simulated datasets and three real datasets to derive the criteria for sample size. 
We systematically increase the sample size, starting from 16, by randomly sampling and 
examine the impact of sample size on classifiers’ performance and both effect sizes. 
Tenfold cross‑validation was used to quantify the accuracy.

Results: The results demonstrate that the effect sizes and the classification accura‑
cies increase while the variances in effect sizes shrink with the increment of samples 
when the datasets have a good discriminative power between two classes. By contrast, 
indeterminate datasets had poor effect sizes and classification accuracies, which did 
not improve by increasing sample size in both simulated and real datasets. A good 
dataset exhibited a significant difference in average and grand effect sizes. We derived 
two criteria based on the above findings to assess a decided sample size by combining 
the effect size and the ML accuracy. The sample size is considered suitable when it has 
appropriate effect sizes (≥ 0.5) and ML accuracy (≥ 80%). After an appropriate sample 
size, the increment in samples will not benefit as it will not significantly change the 
effect size and accuracy, thereby resulting in a good cost‑benefit ratio.

Conclusion: We believe that these practical criteria can be used as a reference for 
both the authors and editors to evaluate whether the selected sample size is adequate 
for a study.
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Background
An appropriate sample size is a first and most crucial step in designing a faithful and 
ethical research study [1]. Generally, scientific studies can be divided into small (or 
under-sampled) and large studies. Small studies have a lower probability of producing 
true effects because of the higher chance of type I or II error [2, 3]. Specifically, Knudson 
and Lindsey [4] reported that type II errors of zero-order correlation and partial correla-
tion increase from 7 to 21% and 29 to 85%, with sample sizes from 25 to 99. The results 
of small sample studies are particularly vulnerable to minor analytical manipulations 
that produce false-negative results [5, 6]. The winner’s curse reportedly inflates the effect 
size in small sample size studies because of random errors, selective analysis, selective 
outcomes reporting, and publication bias [7]. Thus, a sample size should be sufficiently 
large for producing scientific and statistical significance [8]. Scientists are advised to 
conduct large studies that can produce statistically true effects because of a higher statis-
tical power. The outcomes of large studies are statistically more robust than small studies 
owing to less chance of inflated effect sizes and type I errors [9]. However, the question 
of adequate sample size remains to be solved. Indeed, it is commonly accepted that large 
sample sizes are not a substitute for good hypothesis testing [10]; Friston [10] suggested 
that a minimal sample size for producing statistically significant results is 16 subjects 
with a good effect size.

In machine learning, a few studies evaluated the impact of the sample sizes on accu-
racy [11]. For instance, Vabalas [12] investigated the impact of a range of simulated 
sub-datasets (20–1000) on the performance of support vector machine (SVM) and logis-
tic regression (LR). They reported that small sample sizes resulted in higher accuracy 
(> 95%), whereas large sample sizes (100–1000) substantially decreased the accuracy 
between 60 and 70%. By contrast, Cui and Gong [13] found that the increment in sam-
ple size (ranging from 20 to 700) increased prediction accuracy using MRI data. In fact, 
Faber and Fonseca [14] demonstrated that increasing sample size beyond a range might 
not significantly improve results. Taken together, a small training sample size may exag-
gerate the accuracy of ML due to overfitting or random effects, whereas large-scale stud-
ies require more financial resources and consume more time [7, 12, 13]. Therefore, an 
adequate sample size is required for a reliable and efficient outcome of a study, but there 
is no practical guideline to evaluate the sample size, especially, under the conditions of 
ML performance.

In contrast, a sample size can be estimated statistically based on previous studies as a 
priori. For instance, the value of standard deviation, standardized mean difference, sta-
tistical power, and effect size based on previous studies can be used to determine the 
sample sizes [15–20]. However, these statistical approaches may measure inaccurate 
sample size due to inappropriate effect size calculation, the lack of experimental details, 
and publication bias [21]. An insufficient sample size has insignificant statistical power, 
which causes an adverse impact on the true effect and the reproducibility of the findings 
[22, 23]. Previous studies reported that effect size is used to calculate statistical power, 
such as a large effect size increases power while small effect size decrease power [24, 
25]. Usually, scientists use Cohen’s equations to measure an effect size consisting of the 
mean and variance of two classes [26]. However, the mean and variance between two 
classes can be calculated in two ways: (1) average values of mean and variance and (2) 
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grand values of mean and variance of data. Previous methods have not focused on the 
type of effect sizes (grand and average) and the difference between them in the sample 
size calculation and power analysis, which can adversely influence the outcomes of these 
measurements. Button [21] stated that a minor analytical manipulation could cause a 
substantial change in true effects, especially with small sample sizes. Thus, it is essential 
to accurately quantify the parameters for effect size, including the discrepancy between 
average and grand effect sizes, to measure an appropriate sample size.

In this study, we proposed that the effect sizes (average and grand) and the perfor-
mance of ML together can be used to evaluate a sample size. Specifically, we examined 
the relationship between effect sizes (average and grand) and the performances of ML 
classifiers by using simulated datasets and three real datasets to derive two criteria for 
checking a selected sample size whether it is appropriate or not.

Results
Association between effect size and ML performance by employing simulated datasets

We simulated the data by manipulating the effect size (good and poor) to examine their 
effects on the performance of classifiers with a range of sample sizes. Figure 1a and b 
illustrates that manipulation in effect size has a noticeable influence on the performance 
of classifiers. Most of the classifiers’ performance was more than 95%, when grand and 
average effect sizes were more than 0.9, except Naïve Bayes exhibited poor performance 
for small sample sizes. In addition, the variance in accuracy and both effect sizes were 

Fig. 1 (a) ML performance of simulated datasets with (b) good effect sizes across the range of sample 
sizes,(c) ML performance of simulated datasets with (d) poor effect sizes across the range of sample sizes
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large in small sample sizes, which substantially decreased with increasing the sample 
sizes. In contrast, Fig. 1c and d demonstrates that ML performance was poor (less than 
80%) when the grand and average effect sizes of the datasets were less than 0.2. In line 
with good datasets, the poor datasets also exhibited higher variance within sample sizes 
in ML accuracy (around 5% to 100%) and effect sizes (around 0.1034 to 0.1078) for small 
sample sizes.

Effect of manipulation in data quality on ML performance and effect sizes

We investigated ML performance and effect sizes by manipulating the quality of data-
sets (10%, 50%, and 100%). Figure  2 depicted that improving data quality significantly 
increased the ML performance from around 20 to 98% and effect size from about 0.1 
to 0.9. The lower quality (10%) exhibited less than 70% performance, whereas increas-
ing the quality from 50 to 100% substantially improved the accuracy by more than 70%. 
Besides, the datasets with 10% quality had smaller effect sizes around 0.2, while data-
sets with 50% and 100% quality had greater effect size around 0.55 and 0.9, respectively. 
Overall, the data quality of datasets exhibited a direct relationship with effect size and 
accuracy.

The impact of sample sizes on classifier’s accuracy and effect size: two well‑behaved 

arrhythmia and heart attack datasets

In order to understand the impact of different sample sizes (small to large) on the effect 
size and ML performance in real datasets, we used a large arrhythmia dataset that com-
prised 5000 samples. Figure 3 shows the ML performances with a 95% confidence inter-
val (a), variation in accuracies between sample sizes (b), and the average and grand effect 
sizes (c). It can be seen that the classification accuracy increases with increasing the sam-
ple numbers, irrelevant to the classifiers (Fig. 3a). When the sample number is smaller 
than 120, all classifiers except NB exhibited greater variance in accuracy (between 68 

Fig. 2 Performance of classifiers and effect sizes with different quality (10%, 50%, and 100%) of datasets. 
Note: a.u. is an arbitrary unit
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and 98%), whereas increasing the sample sizes from 120 to 2500 reduced discrepancy 
in accuracy between 85 and 99% (Fig. 3a). Moreover, the accuracy of NN and SVM had 
more than 90% performance and outperformed with all sample sizes than other clas-
sifiers. LR exhibited significant variance in accuracy throughout different sample sizes, 
whereas NB was inefficient at separating the two classes. Considering the changes 
between sample sizes, the results revealed that samples less than 120 had greater rela-
tive changes in accuracy from 42 to 1.76% (Fig.  3b). On the contrary, samples greater 
than 120 showed relatively small changes in accuracy from 2.2 to 0.04% for all classifiers. 
Regarding the effect size, grand and average effect sizes were around 0.8, which indi-
cated a good resolving power between the two classes (Fig. 3c). However, small sample 
sizes (specifically, 16, 32, and 64) depicted a higher variance in both effect sizes within a 
sample size, which shrank substantially with increasing the sample sizes.

Furthermore, Fig.  4a depicted that all classifiers had good performance (more than 
80%) with heart attack datasets throughout the sample sizes, except DT and LR because 
their performances with small sample sizes (16 and 32) were around 78 to 79%. The per-
formance of DT was poor (< 85%) compared to all classifiers throughout the different 
sample sizes. The variance within sample size was significantly higher in small sample 
sizes (between 67 and 93%), which reduced between 83 and 92% due to increasing sam-
ple sizes. Moreover, the changes in accuracy between small sample sizes (16–64) were 
2.37% to 29.6% which gradually decreased between 5.57% and 0.37% after increasing 
samples from 60 to138 (Fig. 4b). In contrast to the arrhythmia dataset, the heart attack 
data showed a significant difference between grand and average effect sizes (Fig.  4c). 

Fig. 3 ML performance (a), changes in the performance between sample sizes (b), and average and grand 
effect sizes (c) of the arrhythmia dataset. Note: a.u. is an arbitrary unit
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The average effect sizes were between 0.7 and 0.8, whereas grand effect sizes were less 
than 0.2. Besides, 16 and 32 sample sizes showed significant variance in both effect sizes 
within the sample sizes, which noticeably decreased with the increase of sample sizes.

Both datasets exhibited that increasing sample sizes improved ML performance 
(> 80%) and reduced the discrepancy among the different classifiers. The average and 
grand effect sizes were more than 0.5 in the arrhythmia dataset, whereas only the aver-
age effect size was more than 0.5 in the heart attack dataset.

The impact of sample sizes on classifier’s accuracy and effect size: an indeterminate sleep 

dataset

We used the sleep dataset with indeterminate properties to investigate the sample size 
effects. Figure 5 shows the ML performance with a 95% confidence interval (a), the rate 
of change of accuracies between the sample sizes (b), and the sample size-dependent 
average and grand effect sizes (c). The ML results showed that the sleep dataset with 
small sample sizes (16–120) had performance between 51 and 60%, whereas increasing 
sample sizes to more than 120 improved the performance from around 60 to 67%. NB 
exhibited the worst performance between 51 and 57% across all sample sizes (Fig. 5a). 
The accuracy changes between small sample sizes (16–120) were 0.73 to 14.14%, which 
gradually decreased from 7 to 0.17% with the increase of samples (120–1500, Fig. 5b). 
Overall performance of the sleep dataset was poor (less than 70%) throughout the sam-
ple sizes, which concluded that all classifiers were unable to separate the two classes. 

Fig. 4 Classifiers’ performance (a), the discrepancy in the performance between sample sizes (b), and 
average and grand effect sizes (c) of the heart attack dataset. Note: a.u. is an arbitrary unit
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Apart from ML performance, the mean average and grand effect sizes were reduced with 
increasing sample sizes from 0.35 to 0.168 and 0.14 to 0.1, and their variances in the 
effect sizes from 0.43 to 0.16 and 0.248 to 0.035, respectively (Fig. 5c). Altogether, the 
sleep dataset had less than 0.5 average and grand effect sizes, which is considered a poor 
effect size according to Cohen’s scale.

Discussion
This study examined the impact of sample numbers on the effect size and ML classi-
fiers’ performance to design criteria for evaluating an appropriate sample size by using 
simulated datasets and three real datasets with different data properties. The simulated 
results demonstrate that a dataset with good effect sizes improves ML performance 
compared to a dataset with poor effect size. Besides, data quality significantly improves 
the performance and effect size throughout the sample sizes, especially small sample 
sizes. On the other hand, the arrhythmia and heart attack datasets elicit that a well-
behaved dataset has good discriminative power between two classes due to good effect 
sizes and higher classification accuracy, while the variances in both effect sizes and ML 
performance shrink with the increment of samples. Importantly, the difference in the 
average and grand effect sizes was significantly higher in the heart attack dataset com-
pared to other datasets. By contrast, for indeterminate datasets, both effect sizes and 
classification accuracies were poor throughout the sample sizes. Due to the nature of 

Fig. 5 Manipulation in the sample sizes of the indeterminate dataset to assess effect size (a) and ML 
performance (b) with the rate of change of the accuracy (c) between sample sizes. Note: a.u. is an arbitrary 
unit
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random sampling, the effect sizes vary across the same sample size. Especially, in the 
small sample size of 16, the effect sizes and ML accuracies dramatically changed in all 
datasets. Nevertheless, the accuracies reach a plateau after a critical sample size with 
a good effect size. Based on the above findings, we derived two criteria for evaluating a 
sample size by combining the conventional statistics of effect sizes (average and grand) 
and the accuracy of machine learning approaches.

Relationship between effect sizes and ML performance under different data quality 

by using simulated datasets

We examined how good and poor effect sizes (both average and grand) affect the perfor-
mance of different classifiers. The results elicited that the good effect sizes (more than 
0.8) exhibited higher performance (> 90%), while poor effect sizes (less than 0.2) showed 
poor ML performance (< 80%). Previous studies reported that a good effect size demon-
strates a higher difference between two groups, whereas a small effect size had a trivial 
difference [27]. Similarly, machine learning techniques assessed multiple variables to 
differentiate two or more groups, such as patients from healthy controls or one disease 
from others [28, 29]. Hence, ML classifiers easily differentiate the two groups when the 
effect size is large. Besides, our results demonstrated that quality of data significantly 
improved the effect size and ML performance. Previous studies reported that small sam-
ple size studies are inappropriate for research studies because of low statistical power, 
inflated true effect, and minor analytical manipulations [21]. In this study, we manipu-
lated the quality of one of the poor classes by replacing its 10%, 30%, and 50% data with 
good data. Our simulated results elicited that poor data quality (between 10 and 30%) 
exhibited inflated poor effect sizes (from around 0.1 to 0.3) and poor ML performance 
(from about 20% to 70%), especially with small sample sizes. However, increasing the 
data quality (50% and 100%) exhibited significant improvement in effect size (> 0.5) and 
ML accuracy (> 80%). Importantly, small sample sizes with 100% quality showed good 
effect sizes (around 0.9) and the performance (around 95%), and changes between sam-
ple sizes were minute across all sample sizes (Figs. 1 and 2). Thus, our simulated results 
conclude that increasing the data quality substantially improves effect sizes and accuracy 
from small to large sample sizes. Besides, a small sample size can be appropriate for a 
study if it has good quality because it will not be affected by winner curse and minor 
analytical manipulations.

The difference in average and grand effect size calculations and its impacts on sample size 

calculation

Previous studies used effect size in power analysis and designed a few formulae for sam-
ple size calculation [24]. However, previous studies reported that the effect size calcula-
tion in these formulae was biased due to improper calculation. For example, a review 
study reported that effect size could be inflated due to small sample sizes, publication 
bias, improper study design, biased selection of parameter values for effect size calcula-
tion (such as mean and variance from different studies), and lack of experimental infor-
mation [21]. Previous research mainly focused on the aforementioned limitations of 
effect size, although no study reported the effect of the difference between average and 
grand effect sizes on sample size calculation. This is the first study that has examined the 
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discrepancy between average and grand effect sizes to calculate a suitable sample size. 
This study found that the simulated and heart attack datasets exhibited a significant dif-
ference between average and grand effect sizes compared to other datasets. Our results 
also revealed that one of the effect sizes should be greater than 0.5 to attain good ML 
accuracy. Therefore, it is essential that average and grand effect sizes of a dataset should 
be measured for an accurate calculation of sample size by avoiding any bias due to dis-
similarity between them.

Furthermore, the values for the calculation of effect size in existing methods are taken 
from previous studies, which surely carry a few potential biases such as publication bias, 
improper study design, biased selection of parameter values (mean and variance), and 
lack of experimental [21]. Importantly, a minor analytical manipulation in calculation 
could cause a substantial change in true effects [21]. The proposed criteria for effect size 
estimation use current data, which may help to avoid biases that can occur when calcu-
lating effect size based on previous studies. It is important to note that the effect size cal-
culation based on current data can help to mediate biases introduced by differences in 
study design and parameter selection between previous studies. However, if a study uses 
current data with inadequate design or parameter selection, it may negatively impact the 
effect size, as seen in the sleep datasets in this study which showed poor effect size and 
accuracy. Nonetheless, the criteria can be used to address this issue by evaluating the 
effect sizes after taking a few steps such as increasing sample size, adding parameters, 
and/or revising study design.

Sample size evaluation and two criteria

The frequently used methods for sample size determination are using the effect size or 
standardized mean difference [15, 30]. However, their effect size calculations are biased 
due to the improper selection of parameter values, such as the selection of mean from 
prior studies. In addition, average and grand effect sizes showed a significant differ-
ence in this study, which was ignored in previous approaches, and this difference can 
adversely affect the sample size calculation. Regarding ML, there is a scarcity of ML 
research for sample size determination [11]. A review study reported that a few meth-
ods, such as curve-fitting, cross-validation, and linear discriminant analysis, have been 
used to investigate sample size. Yet, the results are rather inconsistent because of some 
potential limitations, such as bias-variance tradeoffs, over-sampling, algorithms, and 
feature size [11, 31, 32]. In addition, a few methods are available to select data for train-
ing classifiers, such as sub-modular selection [33–35]. In theory, reducing the samples 
leads to a greater variance [21]. However, if the removed samples originally contributed 
to large data variance (for example, close to outlier), this may result in a smaller variance. 
Therefore, it is very difficult to establish one robust relation between sample selection 
and effect size. Given that the effect size is data-dependent, methods like the sub-modu-
lar selection can serve as a pre-process procedure before checking the sample size using 
the proposed criteria.

Furthermore, we investigated simulated (good) and two publically available datasets 
in this study: arrhythmia and heart attack. Several studies have used these datasets to 
develop efficient neural network and ML models for predicting cardiovascular dis-
eases [37–40]. For instance, Kim et al. [37] developed a novel arrhythmia classification 
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algorithm using the MIT-BIH Arrhythmia dataset, achieving an average sensitivity of 
98.00%, specificity of 97.95%, and accuracy of 98.72% in classifying six types of heart 
beats. Another study used the heart attack dataset to identify key features related to 
heart attacks with machine learning models, achieving accuracies between 81.97 and 
90.16% [39]. We used these datasets in our current study because they have strong 
discriminative power. We analyzed the effect sizes and machine learning performance 
of these datasets across different sample sizes, unlike previous studies which only 
used machine learning on the entire sample size. We found that the accuracies for 
both simulated (good) and real datasets were more than 80% owing to high average 
and grand effect sizes (≥ 0.5), except grand average of heart attack (0.2 ≤ , see Figs. 3 
and 4). This result confirmed the theoretical conclusion that an effect size of more 
than 0.5 exhibited a higher accuracy of more than 80% [10], irrelevant to the sample 
sizes. However, when data have effect sizes smaller than 0.5, it is essential to have ade-
quate samples or features as the effect size and classification accuracy increase with 
the increment of samples. Moreover, we suggested that the difference between sam-
ple sizes should be less than 10% because the rate of change in accuracy decreased 
owing to increasing sample sizes (see Figs. 3b, 4b, and 5b). The results revealed that, 
in all datasets, small sample sizes showed a greater change in ML performance which 
reduced to a minute level (such as around 0.04%) by increasing sample sizes. In con-
trast, the simulated (poor) and indeterminate dataset exhibited poor effect sizes of 
less than 0.2, whereas the ML accuracy of all classifiers was less than 80%. Overall, the 
results revealed that the increase in sample sizes significantly improved the perfor-
mance and reduced standard errors [36]. Notably, the performance of classifiers and 
effect size were stable after a critical sample size, despite the different classifiers may 
have different critical sample sizes. In addition to accuracy, we also examined other 
metrics such as AUC-ROC, precision, recall, and F1 Score to evaluate a classifier (e.g. 
logistic regression) and their results showed comparable performance (see Additional 
file 1: Supplementary Figure 1). After assessing our analytic results, we proposed two 
criteria for evaluating the study sample size.

Criteria 1: Calculate average and grand effect sizes of data. One of the effect sizes of a 
decided sample size should be equal to or more than 0.5 according to Cohen’s scale [19].

Criteria 2: ML accuracy of a decided sample size should be equal to or more than 80%. 
When multiple sample sizes are compared, the change of accuracies should be smaller 
than 10% with the increase of samples beyond a desired accuracy (e.g., accuracy ≥ 80%).

In this way, we can expect that the increment in samples after this practical sample 
size will not produce a beneficial effect as it will not significantly change the effect size 
and ML performance. The effect size alone is not robust for evaluating the sample size 
when the sample size is small. This is because the random sampling effect could result in 
large variability of effect sizes for a given sample size. Moreover, it should also be noted 
that sleep datasets in this study exhibited poor ML performance and effect size. Hence, 
there is a possibility that a dataset may not comply with two criteria because of three 
possible situations and these conditions can be fixed by taking appropriate response: (1) 
if the accuracy, but not the effect size, increases with the increment of samples, more 
samples and different features are suggested.; (2) if the increase of samples can’t improve 
either accuracy or effect size, this is mainly because the features are not representative 
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or informative. In situations like this, we would suggest that one may modify the experi-
mental design and acquire proper features; (3) if the effect size increases with the incre-
ment of samples but not passes the criteria, more samples are required. This is because 
an improvement of effect size will surely lead to a better accuracy.

Questions about generalization of this guideline and the best classifiers

Biomedicine comprises divergent data types, for instance, imaging informatics, bioin-
formatics, clinical informatics, and public health informatics [41]. This makes it a big 
challenge to generalize the results of a special datatype-classifier by comparing with oth-
ers. By contrast, the effect size is a universal and intrinsic statistical property, irrelevant 
to data types [42–45]. We, therefore, used three datasets with different statistical effect 
sizes (i.e. good and indeterminate) to make possible the comparison between different 
datatype-classifier pairs. Despite it is not possible to generalize our guideline to all bio-
medical applications, we believe these two criteria can be implemented in most settings.

Regarding the question of selecting the best classifier, it is well accepted that different 
classifiers have specific evaluation procedures [46] and may best suit different data types 
[47]. Therefore, the naive bayes requires more sample to train compared to the neural 
network in this work may be because of the data used. Similar results that Naive Bayes 
classifier outperformed the neural network classifier have been reported in different 
applications [48] (see [49] for a review). Additionally, sample size significantly influences 
the performance of classifiers, as seen in our results and in a review study that the large 
sample sizes depict relatively precise and similar accuracies among classifiers [47]. Taken 
together, both simple size and datatype affect the performance of classifiers. Therefore, 
there is no guideline for selecting a best classifier but only “trial and error”. Nevertheless, 
we reported the impacts of sample sizes on five frequently used ML classifiers as exam-
ples and proposed to consider the effect sizes for evaluating the sample size. Our results 
did show consistent patterns of accuracy across different classifiers. Further study may 
explore this best classifier issue to provide the guideline for selecting ML methods.

Conclusion
This study examined the impact of sample numbers on the effect sizes (average and 
grand) and the ML classifiers’ performance. We observed that effect sizes and the ML 
accuracies reach a plateau after certain samples. A small sample can be sufficient for a 
study when a dataset has high-quality data. Importantly, the discrepancy between aver-
age and grand effect size should be considered when calculating sample size or power 
analysis. Based on the above findings, we derived two criteria for evaluating a sample 
size by combining the conventional statistics of effect sizes (average and grand) and the 
accuracies of machine learning approaches. We believe that these criteria can be used as 
a reference to determine whether a selected sample size is adequate for both the authors 
and editors who handle these types of studies.
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Methods
Simulated data

We used Eq. 1 to generate simulated datasets to examine the relationship between the 
effect sizes (average and grand) and the performance of ML classifiers by manipulating 
effect sizes of different sample sizes (ranging from 16 to 2500) with 100 variables. Here, 
we manipulated the effect sizes of datasets by changing the mean and variance values in 
Eq. 1. Here, we chose 16 samples as the smallest sample size because previous studies 
considered 16 to 32 samples as a small sample size [10, 50]. First, the impact of poor and 
good effect sizes on ML classifiers’ accuracies was investigated by generating two kinds 
of datasets based on Cohen’s scale: poor datasets (effect sizes between 0.01 and 0.2) and 
good datasets (effect sizes between 0.5 and 1.4) [26]. Second, we used the effect size as 
an indirect index of dataset quality. We manipulated the variance of certain portion of all 
features across a range of sample sizes (between 16 and 2500) and examined their effect 
on ML performance. Thus, the data were first generated with similar variance of all fea-
tures between groups. We introduced a perturbation into the feature variance of one of 
the groups by substituting a certain portion (10%, 30%, or 50%) of features in the bad 
datasets with same amount features from good datasets (effect size > 0.5). This procedure 
can alter the variances of the substituted features and lead to a better grand effect sizes, 
indirectly reflecting the dataset quality. Because 10%, 30% and 50% are the ratio of total 
features in a sample, they are irrelevant to the sample size.

here, Ds are the simulated data, μ and σ represent mean and variance of data, whereas ε 
denotes the random noise.

Real data preparation

In order to understand the relationship between effect size and ML performance from 
small to large sample sizes, we further extended the investigation from simulated data-
sets to real datasets. We used three datasets, arrhythmia, heart attack, and sleep data-
sets, to derive criteria for determining an appropriate sample size. The first dataset, 
the heart attack data, was downloaded from the Cleveland dataset of the UCI Machine 
Learning Repository (available at http:// archi ve. ics. uci. edu/ ml/ datas ets/ Heart+ Disea 
se). This dataset, comprising 303 patients (206 men and 97 women with mean age of 
54  years) and 76 attributes, was recorded between May 1981 and September 1984. 
Because the patients are disproportionately distributed in two classes: less chance of 
heart attack (138 patients) and more chance of heart attack (165 patients), we chose only 
276 subjects’ data to balance the samples in each class (138 samples). Furthermore, it has 
been shown that 14 out of the 76 attributes are sufficient for appropriate classification 
results. Hence, we chose 14 attributes in this study.

The second dataset, arrhythmia data, was the MIT-BIH Arrhythmia dataset from Phy-
sioNet (https:// physi onet. org/ conte nt/ mitdb/). The dataset was developed to evaluate 
and design algorithms for detecting arrhythmia by the Beth Israel Hospital Arrhyth-
mia Laboratory between 1975 and 1979 [51, 52]. It contains 48 half-hour recordings of 
two-channel ECG (sampling rate = 360 Hz, bandpass filtered from 0.1 to 100 Hz). The 

(1)Ds = µ× σ + ε

http://archive.ics.uci.edu/ml/datasets/Heart+Disease
http://archive.ics.uci.edu/ml/datasets/Heart+Disease
https://physionet.org/content/mitdb/
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dataset had 109,000 beats and 188 attributes which provide information of ventricular 
and supraventricular arrhythmias, conduction abnormalities, pacemaker rhythms, and 
artifacts. At least two cardiologists manually reviewed all these beats. The dataset was 
divided into five categories to evaluate the efficacy of arrhythmia identification algo-
rithms: normal (N), supraventricular (S), ventricular (V), fusion (F), and indeterminate 
(Q) heartbeats [53]. In this study, we used two classes of heartbeats (normal and indeter-
minate heartbeats), and each category consisted of 2500 heartbeats. Because of missing 
values in the dataset, we used only the 100 attributes.

The third dataset was a sleep dataset that contained information about the factors 
affecting the sleep cycle during menstruation, such as sleep quality, waking time, sleep 
latency, headache, swollen tummy, and concentration. The dataset comprised 120 
sleep diaries, and each diary represented one woman’s sleep cycle data over a period 
of one month. The dataset was divided into two categories: women with abnormal 
and normal sleeping cycles. Overall, the dataset consisted of 3360 samples (120 dia-
ries × 28 days) with 57 continuous and categorical variables. However, we used 3000 
samples (1500 in each category) after removing missing values.

All datasets were randomly partitioned into subsets with different samples, starting 
from 16 toward the whole datasets. With different sample numbers, we measured the 
effect sizes and ML performances. We repeated this procedure 100 times to mimic 
the randomized sampling process. We chose 80% of accuracy as a threshold based on 
previous sample size calculation method, namely power analysis. In power analysis, 
power is the probability of rejecting a false null hypothesis and a sufficient sample size 
should maintain to obtain a power as high as 80% or more [54].

Calculation of average and grand effect sizes

Cohen’s formula [26] was employed to calculate the effect size of the given samples as 
follows:

Average effect size

Average mean and standard deviation across samples

(2)d =
x1 − x2

Spooled

(3)Spooled =
(n1 − 1)sd21 + (n2 − 1)sd22

ss1 + ss2 − 2

(4)µavg =

∑

x

ss
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Pooled standard deviation (PSD) based on average variance

Measurement of Cohen d by applying average pooled standard deviation and mean

Average effect size across each sample size

Grand effect size

Calculation of grand mean and standard deviation

Pooled SD by employing grand mean and variance

Compute Cohen d with grand values of the parameters

here, d is Cohen’s d effect size, Spooled is the pooled standard deviation,  sd1 and sd2 are 
the class-specific standard deviation,x1 and x2 are the values of class 1 and 2, i and j both 
are used as the index of samples and variables, vs are variable size and  ss1 and  ss2 are 

(5)
σavg =

√

√

√

√

∑

(

x − x
ss

)2

ss − 1
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√
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∑
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)

×
(
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)2
+

∑

i
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)
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(
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)2

(
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)

− 2
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√

∑
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+
∑
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∑
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the class-specific numbers of samples, respectively. Besides, avg , and g terms are used 
to describe average and grand values of the mean and variance. Usually, in the Cohen 
d’s scale, the effect size of 0.2 represents a trivial difference, while an effect size of 0.5 
or more considers a significant difference [19]. In order to get an immaculate Cohen’s 
d, x1, x2 , s1 and s2 must be deterministic; however, they are usually taken from previous 
studies [16, 19, 55]. In addition, mean and variance also show a significant discrepancy 
in the calculation of grand and average effect sizes. Therefore, the derived sample size 
is biased toward the referenced studies because of the selection of effect size (grand or 
average), different or incomplete detail of experimental design, publication bias, or small 
effect sizes [24]. Instead of using previous studies, this study retrogradely calculated the 
effect sizes with respect to the given data and also calculated grand and average effect 
sizes.

Regarding the ML algorithms, we compared five frequently used supervised ML 
methods—SVM, LR, decision tree (DT), neural network (NN), and Naïve Bayes (NB), 
to examine the effect of different sample sizes (small to large) on ML performance. We 
employed ten-fold cross-validation to quantify the accuracy.

Supplementary Information
The online version contains supplementary material available at https:// doi. org/ 10. 1186/ s12859‑ 023‑ 05156‑9.

Additional file 1. Supplementary Figure 1: Assessment of logistic regression classifier with different methods by 
using (a) arrhythmia dataset (b) sleep dataset.

Acknowledgements
Not applicable.

Author contributions
D contributed to conceive the idea, carry out the simulations, perform the analytic calculations, analysis the data, 
interpret the results, draft the manuscript and design the figures. W‑JW was involved in planning, verifying the analytical 
methods, interpreting the results, drafting the manuscript, and supervising the work. CC conceived the original idea, 
verified the analytical methods, analysed the data, interpreted the results, wrote the manuscript, and supervised the 
work. All authors provided critical feedback and helped shape the research, analysis and manuscript. All authors read and 
approved the final manuscript.

Funding
Not applicable.

Availability of data and materials
The MIT‑BIH Arrhythmia dataset analysed during the current study are available in the PhysioNet repository, https:// physi 
onet. org/ conte nt/ mitdb/. The heart attack dataset analysed during the current study are available in the UCI Machine 
Learning Repository, http:// archi ve. ics. uci. edu/ ml/ datas ets/ Heart+ Disea se. The sleep dataset used during the current 
study are available from the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
All authors gave their permission to publish research findings.

Competing interests
We wish to confirm that there are no known conflicts of interest associated with this publication and there has been no 
significant financial support for this work that could have influenced its outcome.

Received: 13 October 2022   Accepted: 23 January 2023

https://doi.org/10.1186/s12859-023-05156-9
https://physionet.org/content/mitdb/
https://physionet.org/content/mitdb/
http://archive.ics.uci.edu/ml/datasets/Heart+Disease


Page 16 of 17Rajput et al. BMC Bioinformatics           (2023) 24:48 

References
 1. Farrokhyar F, et al. Why perform a priori sample size calculation? Can J Surg. 2013;56(3):207–13.
 2. Jones SR, Carley S, Harrison M. An introduction to power and sample size estimation. Emerg Med J. 

2003;20(5):453–8.
 3. Carter EC, et al. Correcting for bias in psychology: a comparison of meta‑analytic methods. Adv Methods Pract 

Psychol Sci. 2019;2(2):115–44.
 4. Knudson DV, Lindsey C. Type I and Type II errors in correlations of various sample sizes. Compr Psychol. 2014. https:// 

doi. org/ 10. 2466/ 03. CP.3.1.
 5. Ioannidis JP. Why most discovered true associations are inflated. Epidemiology. 2008;19(5):640–8.
 6. Carp J. The secret lives of experiments: methods reporting in the fMRI literature. Neuroimage. 2012;63(1):289–300.
 7. Shaikhina T, Khovanova NA. Handling limited datasets with neural networks in medical applications: a small‑data 

approach. Artif Intell Med. 2017;75:51–63.
 8. Armstrong RA. Is there a large sample size problem? Ophthalmic Physiol Opt. 2019;39(3):129–30.
 9. Ingre M. Why small low‑powered studies are worse than large high‑powered studies and how to protect against 

“trivial” findings in research: comment on Friston (2012). Neuroimage. 2013;81:496–8.
 10. Friston K. Ten ironic rules for non‑statistical reviewers. Neuroimage. 2012;61(4):1300–10.
 11. Balki I, et al. Sample‑size determination methodologies for machine learning in medical imaging research: a system‑

atic review. Can Assoc Radiol J. 2019;70(4):344–53.
 12. Vabalas A, et al. Machine learning algorithm validation with a limited sample size. PLoS ONE. 2019;14(11):e0224365.
 13. Cui Z, Gong G. The effect of machine learning regression algorithms and sample size on individualized behavioral 

prediction with functional connectivity features. Neuroimage. 2018;178:622–37.
 14. Faber J, Fonseca LM. How sample size influences research outcomes. Dental Press J Orthod. 2014;19(4):27–9.
 15. Kirby A, Gebski V, Keech AC. Determining the sample size in a clinical trial. Med J Aust. 2002;177(5):256–7.
 16. Röhrig B, et al. Sample size calculation in clinical trials: part 13 of a series on evaluation of scientific publications. 

Dtsch Arztebl Int. 2010;107(31–32):552–6.
 17. Burmeister E, Aitken LM. Sample size: how many is enough? Aust Crit Care. 2012;25(4):271–4.
 18. Malone HE, Nicholl H, Coyne I. Fundamentals of estimating sample size. Nurse Res. 2016;23(5):21–5.
 19. Lakens D. Calculating and reporting effect sizes to facilitate cumulative science: a practical primer for t‑tests and 

ANOVAs. Front Psychol. 2013;4:863.
 20. Lin W‑J, Hsueh H‑M, Chen JJ. Power and sample size estimation in microarray studies. BMC Bioinformatics. 

2010;11(1):48.
 21. Button KS, et al. Power failure: why small sample size undermines the reliability of neuroscience. Nat Rev Neurosci. 

2013;14(5):365–76.
 22. Klein RA, et al. Many labs 2: investigating variation in replicability across samples and settings. Adv Methods Pract 

Psychol Sci. 2018;1(4):443–90.
 23. Turner BO, et al. Small sample sizes reduce the replicability of task‑based fMRI studies. Commun Biol. 2018;1:62.
 24. Schäfer T, Schwarz MA. The meaningfulness of effect sizes in psychological research: differences between sub‑

disciplines and the impact of potential biases. Front Psychol. 2019;10:813.
 25. Meyvis T, Van Osselaer SMJ. Increasing the power of your study by increasing the effect size. J Consum Res. 

2017;44(5):1157–73.
 26. Cohen J. Statistical power analysis for the behavioral sciences. 2nd ed. Hillsdale: L. Erlbaum Associates; 1988. p. 567.
 27. Sullivan GM, Feinn R. Using effect size‑or why the P value is not enough. J Grad Med Educ. 2012;4(3):279–82.
 28. Sidey‑Gibbons JAM, Sidey‑Gibbons CJ. Machine learning in medicine: a practical introduction. BMC Med Res Meth‑

odol. 2019;19(1):64.
 29. Rajkomar A, Dean J, Kohane I. Machine learning in medicine. N Engl J Med. 2019;380(14):1347–58.
 30. Noordzij M, et al. Sample size calculations. Nephron Clin Pract. 2011;118(4):c319–23.
 31. Vandewiele G, et al. Overly optimistic prediction results on imbalanced data: a case study of flaws and benefits 

when applying over‑sampling. Artif Intell Med. 2021;111:101987.
 32. Pölsterl S, et al. Survival analysis for high‑dimensional, heterogeneous medical data: exploring feature extraction as 

an alternative to feature selection. Artif Intell Med. 2016;72:1–11.
 33. Wei, K., Iyer, R., and Bilmes, J.: Submodularity in data subset selection and active learning. In: Francis, B. and David, B. 

(Eds) Proceedings of the 32nd international conference on machine learning. 2015, PMLR: proceedings of machine 
learning research. pp. 1954–1963.

 34. Bilmes, J.: Submodularity in machine learning and artificial intelligence. arXiv preprint arXiv: 2202. 00132, 2022.
 35. Balcázar, J., Dai, Y., and Watanabe, O.: A random sampling technique for training support vector machines. InAlgo‑

rithmic learning theory. 2001. Berlin: Springer Berlin Heidelberg
 36. Alonzo TA. Clinical prediction models: a practical approach to development, validation, and updating: by Ewout W. 

Steyerberg. Am J Epidemiol. 2009;170(4):528–528.
 37. Kim J, et al. Robust algorithm for arrhythmia classification in ECG using extreme learning machine. Biomed Eng 

OnLine. 2009;8(1):31.
 38. Louridi N, Douzi S, El Ouahidi B. Machine learning‑based identification of patients with a cardiovascular defect. J Big 

Data. 2021;8(1):133.
 39. Senan EM, et al. Score and correlation coefficient‑based feature selection for predicting heart failure diagnosis by 

using machine learning algorithms. Comput Math Methods Med. 2021;2021:8500314.
 40. Wu, M., et al., A Study on Arrhythmia via ECG Signal Classification Using the Convolutional Neural Network. Frontiers in 

Computational Neuroscience, 2021. 14.
 41. Luo J, et al. Big data application in biomedical research and health care: a literature review. Biomedical Informatics 

Insights. 2016;8:BII.31559.
 42. Marot G, et al. Moderated effect size and P‑value combinations for microarray meta‑analyses. Bioinformatics. 

2009;25(20):2692–9.

https://doi.org/10.2466/03.CP.3.1
https://doi.org/10.2466/03.CP.3.1
http://arxiv.org/abs/2202.00132


Page 17 of 17Rajput et al. BMC Bioinformatics           (2023) 24:48  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 43. McMorris BJ, et al. What big size you have! Using effect sizes to determine the impact of public health nursing 
interventions. Appl Clin Inform. 2013;04(03):434–44.

 44. Hajian‑Tilaki K. Sample size estimation in diagnostic test studies of biomedical informatics. J Biomed Inform. 
2014;48:193–204.

 45. Reddan MC, Lindquist MA, Wager TD. Effect size estimation in neuroimaging. JAMA Psychiat. 2017;74(3):207.
 46. Amancio DR, et al. A systematic comparison of supervised classifiers. PLoS ONE. 2014;9(4):e94137.
 47. Adam SP, Pardalos PM, Vrahatis MN. No free lunch theorem: a review. In: Ioannis PMP, Demetriou C, editors. Approxi‑

mation and optimization. Cham: Springer; 2019. p. 237.
 48. Ziemski M, et al. Beating Naive Bayes at taxonomic classification of 16S rRNA gene sequences. Front Microbiol. 2021. 

https:// doi. org/ 10. 3389/ fmicb. 2021. 644487.
 49. Langarizadeh M, Moghbeli F. Applying Naive Bayesian networks to disease prediction: a systematic review. Acta 

Inform Med. 2016;24(5):364–9.
 50. Shapiro SS, Wilk MB, Chen HJ. A comparative study of various tests for normality. J Am Stat Assoc. 

1968;63(324):1343–72.
 51. Goldberger AL, et al. PhysioBank, PhysioToolkit, and PhysioNet: components of a new research resource for complex 

physiologic signals. Circulation. 2000;101(23):E215–20.
 52. Moody GB, Mark RG. The impact of the MIT‑BIH arrhythmia database. IEEE Eng Med Biol Mag. 2001;20(3):45–50.
 53. Mark RG and Moody GB: Evaluation of Automated Arrhythmia Monitors Using an Annotated ECG DATABASE. In: 

Marchesi C (Eds) Ambulatory Monitoring: Cardiovascular system and allied applications Proceedings of a workshop 
held in Pisa, April 11–12, 1983. Sponsored by the Commission of the European Communities, as advised by the 
Committee on Medical and Public Health Research, 1984, Springer Netherlands: Dordrecht. pp. 339–357.

 54. Zhang Y, et al. Post hoc power analysis: is it an informative and meaningful analysis? General Psychiatry. 
2019;32(4):e100069.

 55. Brydges CR. Effect Size guidelines, sample size calculations, and statistical power in gerontology. Innov Aging. 2019. 
https:// doi. org/ 10. 1093/ geroni/ igz036.

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

https://doi.org/10.3389/fmicb.2021.644487
https://doi.org/10.1093/geroni/igz036

	Evaluation of a decided sample size in machine learning applications
	Abstract 
	Background: 
	Results: 
	Conclusion: 

	Background
	Results
	Association between effect size and ML performance by employing simulated datasets
	Effect of manipulation in data quality on ML performance and effect sizes
	The impact of sample sizes on classifier’s accuracy and effect size: two well-behaved arrhythmia and heart attack datasets
	The impact of sample sizes on classifier’s accuracy and effect size: an indeterminate sleep dataset

	Discussion
	Relationship between effect sizes and ML performance under different data quality by using simulated datasets
	The difference in average and grand effect size calculations and its impacts on sample size calculation
	Sample size evaluation and two criteria
	Questions about generalization of this guideline and the best classifiers

	Conclusion
	Methods
	Simulated data
	Real data preparation
	Calculation of average and grand effect sizes
	Average effect size
	Grand effect size


	Acknowledgements
	References


