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Carotid plaque is a biomarker of generalized atherosclerosis, and may
predict ischemic stroke. Carotid intima-media thickness (C-IMT)
measurement with ultrasonography imaging could capture the condition of
carotid plaque. However, manual measurement of C-IMT is observer-
dependent, resulting in observer bias and low reproducibility. In this study,
we develop artificial intelligence (Al) framework that could automatically
measure the C-IMT, and compared it with C-IMT measured by board of
expert. This is a retrospective study done in Dr. Moewardi General Hospital,
Surakarta, Indonesia. Carotid B-mode ultrasonography images were
measured by panel of expert and by Al. After annotation process on
Neurabot platform, Al could detect region of interest (ROI), and would do
segmentation on the area to measure C-IMT autonomously. Dependent
T-test was used to evaluate validity, and Cronbach’s alpha was used to find
the reliability of C-IMT measured by panel of expert and Al. There was
strong correlation (r=0.874; p=0.014) on dependent t-test for C-IMT
measured by Al with C-IMT measured by board of expert. The internal
consistency reliability coefficients (Cronbach’s alpha) were 0.938 and 0.909,
for pretest and posttest, respectively. We also analyzed the test-retest
reliability by comparing pretest and posttest score with dependent t-test, and
we observed strong correlation with r=0.871 (p=0.000). Al developed on
Neurabot platform are valid and reliable to measure C-IMT.
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1. INTRODUCTION

Stroke is the third leading cause of death and the first leading cause of disability globally. World
Health Organization (WHO) estimates that stroke causes 6.7 million deaths annually [1]. In Indonesia, there
are 550,000 new stroke cases every year. Almost 70% of stroke cases are classified as ischemic stroke, a type
of stroke caused by infarction of artery in the brain, spinal cord, or retina. Early identification of stroke risk
factors is substantial in order to reduce morbidity and mortality associated with stroke [2]-[4].

Several conventional risk factors of ischemic stroke have been extensively studied, which include
age, gender, hyperlipidemia, hypertension, diabetes mellitus, smoking, alcohol consumption, family history
of stroke, and lack of physical activity [5]. One of risk factor of ischemic stroke that have been studied
recently is carotid plague. Carotid plaque, irrespective to their location, increase the risk of anterior
circulation infarction [6]. Carotid plaque is also hypothesized as biomarker of generalized atherosclerosis,
and may become the source of thrombo-emboli, both may cause ischemic stroke [7]. Study by Gupta et al.
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was able to combined the assessment of carotid plaque and traditional risk factors to predict stroke incident,
further highlight the role of routine carotid assessment on stroke risk evaluation [8].

Risk of stroke is increasing not only on the presence of carotid plaque [9]. Increased carotid
intima-media thickness (C-IMT), an early sign of atherosclerosis, also increased the risk of stroke, regardless
of carotid plaque presence [10]. B-mode carotid ultrasound is a cheap, noninvasive imaging modality that
could capture the condition of the carotid artery lumen by measuring C-IMT and carotid plaque area.
However, measurement of C-IMT in daily practice is currently observer-dependent, resulting in observer bias
and low reproducibility [11].

Artificial intelligence (Al) has the potential to be applied to various field of study, including in
medicine [12]. Al could recognize complex pattern in an image and providing quantitative data, which might
be useful for radiological image evaluation [13]. The purpose of this study is to develop artificial intelligence
framework that could automatically recognizing the carotid artery, segmenting the wall of the carotid artery,
tracing the contours of the intima, media layer and adventitia layer, and measure the C-IMT to reduce the
bias previously stated. Then, we compared C-IMT data measured by Al with C-IMT measured by board of
expert.

2. RESEARCH METHOD
2.1. Patients and study design

This was a retrospective study done in Dr. Moewardi General Hospital, Surakarta, Indonesia.
All patients in neurology clinic between January 2018 and June 2021 that had carotid B-mode
ultrasonography were enrolled in this study. In this study, we classified patients into stroke and non-stroke
patient, based on criteria from American Heart Association/American Stroke Association (AHA/ASA) 2018.
Data of stroke conventional risk factor, i.e., age, sex, body mass index, smoking and alcohol consumption,
also history of hypertension, diabetes, and dyslipidemia were collected from medical record. Patients with
missing data and aged <25 years were excluded from this study. To find the validity and reliability of Al,
we compared C-IMT from B-mode ultrasonography images that were measured by Al with C-IMT that were
measured by our panel of expert.

2.2. C-IMT measurement

Ultrasonography of carotid artery were performed by experienced neurologist blinded from patient
clinical data. In this study, we measured whole carotid tree, instead of only several segment of common
carotid artery to find best location that represent atherosclerosis [14]. Whole carotid tree, consisted of right
common carotid artery, bifurcation, and internal carotid artery were first identified, and the thickest segment
were selected to be measured. We also select thicker side of either near wall or far wall to be analyzed in this
study. Area where C-IMT was measured than captured to be analyzed by Al.

Images from ultrasonography study [14] then uploaded to Neurabot site (https://neurabot.ai/).
Annotation then done the in Neurabot platform by panel of expert. In this process, panel of expert are
marking the tunica intima and tunica media, and Al would learn specific marking of each layer, Annotation
could be considered of transfer of knowledge process to artificial intelligence platform. Trained Al then tried
to detect region of interest (ROI), and if it matched to area identified by panel of expert, Al will do
segmentation on the area to measure C-IMT autonomously. To obtain segmentation value, Al will calculate
automatically using binary cross (1). Furthermore, Al would scan through the segmented area and measure
pixels of the thickest area as C-IMT, and convert it to millimeter using (2) and (3). Algorithm of
measurement of C-IMT using Al could be observed on Figure 1.
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2.3. Data analysis

Data obtained was analyzed with Kolmogorov Smirnov test to determined data distribution, with
p>0.05 considered normal distribution. Dependent T-test was used to evaluate validity of C-IMT measured
by panel of expert and Al. Furthermore, Cronbach’s alpha was used to find the reliability of C-IMT measured
by panel of expert and Al. A p-value of <0.05 is considered statistically significant.
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Figure 1. Algorithm of C-IMT measurement using Al

3. RESULTS

Sixty-four B-mode ultrasonography images were collected from neurology clinic registry,
and four patients were excluded regarding missing data. A total of 60 patients C-IMT data were included in
this study. we evaluated B-mode ultrasonography of 32 (53.3%) stroke and 28 non-stroke patients. Thirty-
eight patients (63.3%) were male, and 31 (51.6%) were aged 45 to 55 years old. Patients’ demographic
characteristic on this study is presented on Table 1.

Table 1. Patients demographic

Subject characteristics Total (Percentage)
Stroke 32 (53.33%)
Non-stroke 28 (46.67%)
Age (years)

- 25-35 3 (5%)

- 35-45 9 (15%)

- 45-55 31 (51.67%)

- >55 17 (28.33%)
Gender

- Male 38 (63.33%)

- Female 22 (36.67%)
Body mass index (kg/m?)

- <185 4 (6.67%)

- 18.5-24.9 37 (61.67%)

- 25-29.9 13 (21.67%)

- 230 6 (10%)
Smoking

- Yes 36 (60%)

- No 24 (40%)
Alcohol consumption

- Yes 4 (6.67%)

- No 56 (93.33%)
Hypertension

- Yes 42 (70%)

- No 18 (30%)
Diabetes mellitus

- Yes 39 (65%)

- No 21 (35%)
Dyslipidemia

- Yes 38 (63.33%)

- No 22 (36.67%)

Kolmogorov-Smirnov test on both C-IMT measured by board of expert and Al found all data were
normally distributed. We discovered p=0.115 and p=0.063 (p>0.05) for IMT measured by board of expert
and Al, respectively. To analyzed Al validity, we compare C-IMT measured by Al with C-IMT measured by
board of expert with dependent T-test, and we found strong correlation (r=0.874; p=0.014).
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The internal consistency reliability coefficients (Cronbach’s alpha) were 0.938 and 0.909, for pretest
and posttest, respectively. We also analyzed the test-retest reliability by comparing pretest and posttest score
with dependent t-test. We observed strong correlation with r=0.871 (p=0.000).

4. DISCUSSION

Atherosclerosis on carotid artery contributes fundamentally on incidence of ischemic stroke [15].
Identification of carotid plaque with radiologic modality is important to prevent stroke in patient with
multiple risk factors [16]. Digital subtraction angiography (DSA) is considered the gold standard to identify
and classify the severity of carotid plaque [17]. However, DSA is an invasive and high-cost imaging modality
with risk of complication and radiation exposure, making its role in routine imaging workup is rather limited
[18]. Magnetic resonance imaging, could also be used for stratifying stroke risk. A meta-analysis study by
Gupta et al. showed that intraplaque hemorrhage, lipid-rich necrotic core, and thinning/rupture of fibrous cap
observed in magnetic resonance imaging (MRI) study of carotid plaque is correlated with incidence of
ischemic stroke and transient ischemic attack (TIA). Although MRI is safe and could provide detailed images
of soft tissues, its limited availability and high cost make it not widely used to assess carotid plaque [8].
Ultrasonography, on another hand, has lower cost and relatively safer since it does not use ionizing radiation
to produce images, thus it becomes first choice for carotid plaque screening [19]. Scanning of carotid artery
using ultrasonography should be done circumferentially from anterior to posterior angle on common carotid
artery, bulbs, and internal carotid artery [20]. Plaque that could be seen should be assessed for its location,
thickness, and echo-density. C-IMT is also an important to be measured as it reflects the burden of
atherosclerosis and is an independent risk factor of cerebrovascular accident [21], [22]. However,
ultrasonography has its own limitation. Ultrasonography produce a relatively lower quality image and it is
dependent on operator’s skill and experience to assess abnormalities [21].

Utilization of Al is growing rapidly in the field of medicine [23]. Al and machine learning were
optimized to detect several abnormalities on radiological images, i.e., tuberculous pleural effusion, breast
cancer, and diabetic retinopathy [24]-[26]. Al could recognize complex pattern, and using its algorithm,
interpret radiologic images. Its ability to provide quantitative, rather than qualitative data, and makes Al more
valuable. Huge amounts of images could be assessed rapidly by Al, which potentially could help radiologist
to prioritized images suspected with abnormality. In this study, we use convolutional neural network (CNN)
algorithm, a learning base algorithm that could extract information from data, self-process and self-thought
its own system, and could produce desired outcome. However, further evaluation is needed to ensure Al
ability to measure specific characteristic. In this study, we developed algorithm to measure C-IMT thickness
automatically by recognizing marking of tunica intima and tunica media [27], [28]. Several studies also use
similar principal to measure tissue thickness. A study by Gupta et al. also use marking to measure
myometrial layer thickness for detection of uterine cancer [29]. After recognize the marker of each layer, our
Al scan through the layer to find thickest part and measure pixels of C-IMT. Thickness data in pixels then
converted to millimeter to be compared with measurement done by panel of expert.

When C-IMT thickness measured by board of expert and by Al were compared, we observed strong
correlation with r=0.874 (p=0.014). This finding indicates that Al we developed is reliable to measure
C-IMT. This finding is similar to other studies evaluating C-IMT with Al using different approach.
Biswas et al. also use Al to measure atherosclerotic wall thickness and plaque burden on carotid ultrasound
using two-stage Al model. From the images taken, they segregated common carotid artery from other
arteries, and then segmented the far wall region. This study also does further evaluation of total plaque area
to evaluate risk for cardiovascular and stroke risk [30]. To evaluate the internal consistency reliability
coefficients, we with Cronbach’s alpha analysis and found coefficient of 0.938 and 0.909, on pretest and
posttest respectively. Strong correlation between pretest and posttest was also found with r=0.871 (p=0.000).
This finding indicates that our platform could produce a reliable result and could be further developed to be
utilized in daily practice.

In this study, we create an algorithm to automatically measure C-IMT. This might be useful to both
patient and clinicians since it is a safe, non-invasive, cheap, and repeatable method of assessment. Although
showing big potential to measure C-IMT precisely, further study with bigger number of samples is needed to
ensure its validity and reliability. In algorithm we developed, we did not proceed images which ROI was
failed to be detected. Analysis of factors contributed to detection failure is needed to enhanced its capability.
There are several approaches of Al to measure C-IMT with variable validity and reliability, thus a meta-
analysis and systematic review are needed to standardized protocol and guideline for Al utilization on C-IMT
evaluation. When our algorithm can be easily replicated and achieve the same or similar results in the future
as this original study, it gives greater validity to the findings and those results can be generalized to the larger
population. Pattern recognition on Al also could also be expanded to evaluate other characteristic of plaque,
for instance, neovascularization, intraplaque hemorrhage, and plaque volume. Al also could be used to
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stratified risk of stroke or cardiovascular event by incorporating risk factors data (i.e., hypertension, diabetes,
dyslipidemia, and body mass index (BMI) to statistical analysis.

5. CONCLUSION

Al could detect ROI and would do segmentation on the area to measure C-IMT autonomously. Our
Al could automatically recognize the carotid artery, segment the wall of the carotid artery, trace the contours
of the intima, media layer and adventitia layer, and measure the C-IMT. Al developed on Neurabot platform
are valid and reliable to measure C-IMT, that potentially could reduce bias and provide faster images
interpretation. Further study with bigger number of samples is still needed to ensure the validity and
reliability of our algorithm.

REFERENCES

[1] WHO, “The Top 10 Cause Death,” World Health Organization. 2020. [Online]. Available: who.int/the-top-10-cause-of-death.
(accesed May 3, 2022).

[2] Kemenkes RI, “2018 Indonesia Basic Health Research (Riskesdas) Report, (in Indonesia: Laporan Hasil Riset Kesehatan Dasar
(Riskesdas) Indonesia tahun 2018).” pp- 1-614, 2018. [Online]. Awvailable:
https://dinkes.babelprov.go.id/sites/default/files/dokumen/bank_data/20181228 - Laporan Riskesdas 2018 Nasional-1.pdf.
(accesed May 18, 2022).

[3] R.L. Sacco et al., “An Updated Definition of Stroke for the 21st Century,” Stroke, vol. 44, no. 7, pp. 2064-2089, Jul. 2013, doi:
10.1161/STR.0b013e318296aeca.

[4] G. Fekadu, L. Chelkeba, and A. Kebede, “Risk factors, clinical presentations and predictors of stroke among adult patients
admitted to stroke unit of Jimma university medical center, south west Ethiopia: prospective observational study,” BMC
Neurology, vol. 19, no. 1, p. 187, Dec. 2019, doi: 10.1186/s12883-019-1409-0.

[5] S. Licher et al., “Lifetime risk and multimorbidity of non-communicable diseases and disease-free life expectancy in the general
population: A population-based cohort study,” PLOS Medicine, vol. 16, no. 2, p. el002741, Feb. 2019, doi:
10.1371/journal.pmed.1002741.

[6] M. C. Caughey, Y. Qiao, B. G. Windham, R. F. Gottesman, T. H. Mosley, and B. A. Wasserman, “Carotid Intima-Media
Thickness and Silent Brain Infarctions in a Biracial Cohort: The Atherosclerosis Risk in Communities (ARIC) Study,” American
Journal of Hypertension, vol. 31, no. 8, pp. 869-875, Jul. 2018, doi: 10.1093/ajh/hpy022.

[71 M. Hollander et al., “Carotid Plaques Increase the Risk of Stroke and Subtypes of Cerebral Infarction in Asymptomatic Elderly,”
Circulation, vol. 105, no. 24, pp. 2872-2877, Jun. 2002, doi: 10.1161/01.CIR.0000018650.58984.75.

[8] A. Gupta et al., “Carotid Plaque MRI and Stroke Risk,” Stroke, vol. 44, no. 11, pp. 3071-3077, Nov. 2013, doi:
10.1161/STROKEAHA.113.002551.

[9]1 J. E. Siegler, J. M. Thon, J. H. Woo, D. Do, S. R. Messé, and B. Cucchiara, “Prevalence of Nonstenotic Carotid Plaque in Stroke
Due to Atrial Fibrillation Compared to Embolic Stroke of Undetermined Source,” Journal of Stroke and Cerebrovascular
Diseases, vol. 28, no. 10, p. 104289, Oct. 2019, doi: 10.1016/j.jstrokecerebrovasdis.2019.07.005.

[10] M. Rosvall, L. Janzon, G. Berglund, G. Engstrom, and B. Hedblad, “Incidence of stroke is related to carotid IMT even in the
absence of plaque,” Atherosclerosis, vol. 179, no. 2, pp. 325-331, Apr. 2005, doi: 10.1016/j.atherosclerosis.2004.10.015.

[11] K. Potter et al., “Carotid intima-medial thickness measured on multiple ultrasound frames: evaluation of a DICOM-based
software system,” Cardiovascular Ultrasound, vol. 5, no. 1, p. 29, Dec. 2007, doi: 10.1186/1476-7120-5-29.

[12] K. Basu, R. Sinha, A. Ong, and T. Basu, “Attificial intelligence: How is it changing medical sciences and its future?,” Indian
Journal of Dermatology, vol. 65, no. 5, p. 365, 2020, doi: 10.4103/ijd.lJD_421_20.

[13] A. Hosny, C. Parmar, J. Quackenbush, L. H. Schwartz, and H. J. W. L. Aerts, “Aurtificial intelligence in radiology,” Nature
Reviews Cancer, vol. 18, no. 8, pp. 500-510, Aug. 2018, doi: 10.1038/s41568-018-0016-5.

[14] A. Ravani et al., “Assessment and Relevance of Carotid Intima-Media Thickness (C-IMT) in Primary and Secondary
Cardiovascular Prevention,” Current Pharmaceutical Design, vol. 21, no. 9, pp. 1164-1171, Jan. 2015, doi:
10.2174/1381612820666141013121545.

[15] C. Finn et al., “The Association between Carotid Artery Atherosclerosis and Silent Brain Infarction: A Systematic Review and
Meta-analysis,” Journal of Stroke and Cerebrovascular Diseases, vol. 26, no. 7, pp. 1594-1601, Jul. 2017, doi:
10.1016/j.jstrokecerebrovasdis.2017.02.028.

[16] L. Saba et al., “Imaging biomarkers of vulnerable carotid plaques for stroke risk prediction and their potential clinical
implications,” The Lancet Neurology, vol. 18, no. 6, pp. 559-572, Jun. 2019, doi: 10.1016/S1474-4422(19)30035-3.

[17] J. Cai, D. Wu, Y. Mo, A. Wang, S. Hu, and L. Ren, “Comparison of extracranial artery stenosis and cerebral blood flow, assessed
by quantitative magnetic resonance, using digital subtraction angiography as the reference standard,” Medicine, vol. 95, no. 46, p.
€5370, Nov. 2016, doi: 10.1097/MD.0000000000005370.

[18] Z. Wang et al., “Assessment of carotid atherosclerotic disease using three-dimensional cardiovascular magnetic resonance vessel
wall imaging: comparison with digital subtraction angiography,” Journal of Cardiovascular Magnetic Resonance, vol. 22, no. 1,
p. 18, Dec. 2020, doi: 10.1186/s12968-020-0604-x.

[19] A. Saxena, E. Y. K. Ng, and S. T. Lim, “Imaging modalities to diagnose carotid artery stenosis: progress and prospect,”
BioMedical Engineering OnLine, vol. 18, no. 1, p. 66, Dec. 2019, doi: 10.1186/s12938-019-0685-7.

[20] W. Lee, “General principles of carotid Doppler ultrasonography,” Ultrasonography, vol. 33, no. 1, pp. 11-17, Dec. 2013, doi:
10.14366/usg.13018.

[21] T. H. Park, “Evaluation of Carotid Plaque Using Ultrasound Imaging,” Journal of Cardiovascular Ultrasound, vol. 24, no. 2, p.
91, 2016, doi: 10.4250/jcu.2016.24.2.91.

[22] C. S. G. Murray, T. Nahar, H. Kalashyan, H. Becher, and N. C. Nanda, “Ultrasound assessment of carotid arteries: Current
concepts, methodologies, diagnostic criteria, and technological advancements,” Echocardiography, vol. 35, no. 12, pp. 2079—
2091, Dec. 2018, doi: 10.1111/echo.14197.

[23] A. Bohr and K. Memarzadeh, “The rise of artificial intelligence in healthcare applications,” in Artificial Intelligence in

Int J Public Health Sci, Vol. 12, No. 2, June 2023: 840-845



Int J Public Health Sci ISSN: 2252-8806 a 845

[24]
[25]
[26]

[27]

[28]

[29]

[30]

Healthcare, Elsevier, 2020, pp. 25-60. doi: 10.1016/B978-0-12-818438-7.00002-2.

Z. Ren, Y. Hu, and L. Xu, “Identifying tuberculous pleural effusion using artificial intelligence machine learning algorithms,”
Respiratory Research, vol. 20, no. 1, p. 220, Dec. 2019, doi: 10.1186/s12931-019-1197-5.

A. Grzybowski et al., “Atrtificial intelligence for diabetic retinopathy screening: a review,” Eye, vol. 34, no. 3, pp. 451-460, Mar.
2020, doi: 10.1038/s41433-019-0566-0.

A. Rodriguez-Ruiz et al., “Detection of Breast Cancer with Mammography: Effect of an Artificial Intelligence Support System,”
Radiology, vol. 290, no. 2, pp. 305-314, Feb. 2019, doi: 10.1148/radiol.2018181371.

A. Karimi, S. M. Rahmati, T. Sera, S. Kudo, and M. Navidbakhsh, “A Combination of Constitutive Damage Model and Artificial
Neural Networks to Characterize the Mechanical Properties of the Healthy and Atherosclerotic Human Coronary Arteries,”
Artificial Organs, vol. 41, no. 9, pp. E103-E117, Sep. 2017, doi: 10.1111/aor.12855.

K. Kalyan, B. Jakhia, R. D. Lele, M. Joshi, and A. Chowdhary, “Artificial Neural Network Application in the Diagnosis of Disease
Conditions with Liver Ultrasound Images,” Advances in Bioinformatics, vol. 2014, pp. 1-14, Sep. 2014, doi: 10.1155/2014/708279.

S. Gupta, A. Vargas, G. Saulnier, J. Newell, C. Faaborg-Andersen, and R. S. Kelley, “Uterine bioimpedance combined with
artificial intelligence as a means of cancer detection,” Journal of Medical Engineering & Technology, vol. 45, no. 8, pp. 606613,
Nov. 2021, doi: 10.1080/03091902.2021.1936674.

M. Biswas et al., “Two-stage artificial intelligence model for jointly measurement of atherosclerotic wall thickness and plaque
burden in carotid ultrasound: A screening tool for cardiovascular/stroke risk assessment,” Computers in Biology and Medicine,
vol. 123, p. 103847, Aug. 2020, doi: 10.1016/j.compbiomed.2020.103847.

BIOGRAPHIES OF AUTHORS

Rivan Danuaji Bd 2 is a lecturer of Medical Faculty, Universitas Sebelas Maret,
Surakarta. He is a medical doctor and neurovascular consultant in Dr. Moewardi General
Hospital, Surakarta. He is interested in research about neurorestoration and neuroengineering,
neuroimaging, and pain  management. He can be contacted at email:
rivan.danuaji@staff.uns.ac.id.

Subandi @ B4 B8 © s a lecturer of Medical Faculty, Universitas Sebelas Maret, Surakarta. He
is a medical doctor and neuro-intervention consultant in Dr. Moewardi General Hospital,
Surakarta. He is interested in research about neurovascular, neurotrauma, and
neurointerventional management. He can be contacted at email:
dr_subandineuro@staff.uns.ac.id.

Stefanus Erdana Putra © EJ B © s a student of neurology residency program of Medical
Faculty, Universitas Sebelas Maret, Surakarta. He is interested in reseach on neurological
disease. His major interests in research are about epidemiology, neurocommunity, and
neuroimmunology. He can be contacted at email: stefanuserdanaputra@student.uns.ac.id.

Muhammad Hafizhan © Ed 12 is a student of neurology residency program of Medical
Faculty, Universitas Sebelas Maret, Surakarta. He is interested in reseach on neurological
disease. His major interests in research are about neurocommunity, neurorestoration, and
neurovascular. He can be contacted at email: hafizhanmuhammad@student.uns.ac.id.

Evaluation of cerebrovascular disease risk with carotid ... (Rivan Danuaji)


https://orcid.org/0000-0003-0370-572X
https://scholar.google.co.id/citations?user=lC4XCJ8AAAAJ&hl=id
https://www.scopus.com/authid/detail.uri?authorId=57221077899
https://publons.com/researcher/5340984/rivan-danuaji/
https://orcid.org/0000-0003-4407-117X
https://scholar.google.co.id/citations?user=wwa4PTcAAAAJ&hl=id
https://publons.com/researcher/5346095/subandi-subandi/
https://orcid.org/0000-0003-2613-0711
https://scholar.google.co.id/citations?user=b6OWHL4AAAAJ&hl=id
https://www.scopus.com/authid/detail.uri?authorId=57545221000
https://publons.com/researcher/4882147/stefanus-erdana-putra/
https://orcid.org/0000-0002-6051-5300
https://scholar.google.com/citations?user=Jwo1KZIAAAAJ&hl=id&authuser=2
https://www.scopus.com/authid/detail.uri?authorId=57658487100
https://publons.com/researcher/4882170/hafizhan-muhammad/

