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Purpose: To develop and validate a novel digital biomarker, the energy curve
of the meibomian gland (MG) edge, to assess MG uneven atrophy and aid in
diagnhosing Demodex blepharitis.

Methods: A retrospective study enrolled 76 dry eye patients (42 with Demodex
blepharitis, 34 controls). Segmentation of upper eyelid meibography images
was accomplished via a convolutional neural network (CNN)-based artifcial
intelligence (Al) model. The lower margin curve of MGs was extracted using
an active contour model (Snake) to compute a composite energy value that
integrates elastic, curvature, and smoothness energies. Clinical parameters,
including non-invasive tear breakup time (NIBUT), lid margin score, and
Meiboscore, were evaluated.

Results: The Demodex group showed shorter NIBUT (median: 2.84 vs. 5.18 s,
p < 0.001) and higher lid margin scores (median: 2 vs. 1, p = 0.002) and
Meiboscores (median: 1 vs. 1, p = 0.009). The Demodex group also exhibited
signifcantly higher energy curve values than controls (median: 32.44 vs. 11.20, p
< 0.001), refecting pronounced uneven gland atrophy. Meanwhile, MG density
signifcantly infuenced energy curve values (p = 0.010). After adjusting for MG
density, the energy curve demonstrated strong diagnostic accuracy (AUC =
0.897, sensitivity 78.6%, specifcity 91.2%).

Conclusion: The energy curve quantifes structural irregularities in MGs caused
by Demodex infestation, serving as a non-invasive biomarker for early diagnosis.
Its integration with meibography enhances clinical workfows, particularly in
resource-limited settings.

artifcial intelligence, Demodex blepharitis, digital biomarker, energy curve, uneven
atrophy

1 Introduction

Demodex mites are among the most common human parasites, including only two
species: Demodex folliculorum and Demodex brevis. Demodex folliculorum is mostly parasitic
on eyelash follicles, while D. brevis predominantly inhabits sebaceous glands and meibomian
glands (MGs). Demodex folliculorum was frst identifed in human hosts in 1841, with
subsequent confrmation of its presence within the MG ducts in 1875 (1). Furthermore, the
prevalence of Demodex infestation demonstrated a signifcant upward trend with advancing
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age, peaking in the ¥Ffh and sixth decades of life. Te infection
rate among children is low, at only 13% among those aged 3-
15. In contrast, epidemiological data show that the infection
rate among people aged 31-50 is 69%, and it approaches
95%-100% in individuals over 70 years (Elston and Elston, 2014;
Cheng et al., 2015; Bitton and Aumond, 2021).

Ocular Demodex infestation represents a highly prevalent yet
overlooked cause of ocular surface infammation that contributes
to multiple ocular surface disorders, including blepharitis,
meibomian gland dysfunction (MGD), recurrent chalazia, and
keratoconjunctivitis (Kim et al., 2011; Akkucuk et al., 2023;
Yan et al, 2020). Demodex infestation contributes to ocular
surface disease mainly through the following mechanisms.
Te mites can obstruct the sebaceous gland or the MG ducts
through mechanical blockage. Demodex mites can also serve
as microbial vectors, contributing to the occurrence of disease.
Studies have confrmed that D. folliculorum can carry a variety of
pathogens such as bacteria, fungi and viruses. Moreover, the mite’s
cytoskeleton may serve as a foreign body to trigger a granulomatous
reaction, similar to the pathogenesis of chalazion, or stimulate
infammatory and immune responses (Rabensteiner et al., 2019;
Cheng et al., 2015; Deng et al., 2024).

MGD secondary to Demodex infestation arises from mechanical
ductal occlusion and subsequent infammatory cascades, and a
higher density of Demodex infestation exhibits a positive correlation
with the degree of structural and functional deterioration in
MGs (Yeu and Koetting, 2025). Liang et al. (2018) demonstrated
that D. brevis was associated with severe MGD, characterized
by the loss of more than one-third of the MGs in a young
patient population. Studies demonstrated that Demodex infestation
altered MGs microstructure, including acinar dimensions, fbrosis
severity, and meibum refectivity, with more pronounced efects
observed in patients with MGD (4). Moreover, MGs morphological
change, mainly including MGs loss or dropout, is associated with
the function of MGs (Ding et al., 2024). Clinically, we have
observed uneven atrophy of MGs in patients with mite infection.
Yin and Gong (2015) also confrmed that uneven atrophy of
the MGs did exist, and the nasal segment dropout contributed
more signifcantly than other dropout regions to the development
of MGD. Our previous study also demonstrated that Demodex
mite infestation could cause uneven gland atrophy and proposed
some novel parameters to evaluate uneven atrophy of MGs
(Liu et al., 2022; Yu et al., 2022). However, current research on
uneven MG atrophy remains limited. Tere is a lack of efective
parameters to accurately assess uneven MGs atrophy in very severe
or very mild MGs atrophy. T e relationship between uneven gland
atrophy and the function of MGs remains unclear. Furthermore, the
mechanism of uneven atrophy of MGs caused by Demodex mites is
not clear, and further research is needed to explore this.

Te energy of a curve is a mathematical tool employed
to quantify the shape and characteristics of a curve. A wide
range of felds have extensively utilized it, such as computer-
aided design (CAD), computer graphics, image processing,
and diferential geometry. Its applications in medicine are
extensive and signifcant, particularly in the felds of image
segmentation (Pamela and Kashyap, 2016) and dual-energy
computed tomography (CT) (Lu et al., 2021). By analyzing the
attenuation characteristics of rays or tissues, it provides a powerful
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tool for lesion detection, disease assessment, and monitoring of
therapeutic efcacy.

T e uneven atrophy of MGs can be refected in the undulations
of the ftted curve of the gland’s lower margin. Tis links the
unevenness to the curve’s morphology. T erefore, we extracted the
lower margin curve of the MG and analyzed it using curve energy.
Tis allowed us to investigate whether the characteristics of uneven
MG atrophy could serve as an auxiliary diagnostic tool.

2 Materials and methods
2.1 Participants

We conducted a retrospective study and recruited patients
diagnosed with dry eye at the Eye Hospital, Wenzhou Medical
University, from February 2024 to April 2024. A total of 76 patients
were included in this study, all of whom accepted a comprehensive
and meticulous examination by professional ophthalmologists using
aslit lamp and were diagnosed with dry eye syndrome. Moreover, all
patients underwent eyelash epilation for microscopic examination
to detect Demodex mite infestation. Of these patients, 42 were
diagnosed with Demodex blepharitis, while 34 were found to be free
from mite infection. Exclusion criteria encompassed prior ocular
trauma/surgery, active ocular surface infammation, contact lens
use within 14 days, tear flm-altering medications, and systemic
conditions afecting ocular surface homeostasis. To minimize
research errors, patients with near-complete atrophy of the MGs
were not included. Data from only the right eye was included in the
analysis. T is study adhered to the Declaration of Helsinki principles
and received approval from the Research Ethics Committee of the
Aliated Eye Hospital of Wenzhou Medical University (approval
number: 2023-022-K-120).

2.2 Diagnosis of Demodex blepharitis

T e etiological diagnosis of Demodex mites relies on laboratory
examination (Lin et al., 2024). For microscopic examination,
three eyelashes are taken from each eyelid, preferably those with
cylindrical dandruf or those with inverted or misaligned eyelashes.

Epilated eyelashes were aligned longitudinally on glass slides,
fxed with a coverslip, and subjected to light microscopy for mite
quantifcation. Adding 20 L of cedar oil and 100% ethanol or 0.25%
sodium fuorescein solution to the slide can enhance the visibility of
the mites (Branch, 2018).

T e diagnosis of Demodex blepharitis is based on the following
criteria (Branch, 2018): (Rabensteiner et al., 2019) Chronic or
subacute course in both eyes, with symptoms such as redness,
itching, and foreign body sensation, or accompanied by recurrent
and refractory chalazion; (Elston and Elston, 2014); Abnormal
eyelashes with cylindrical dandruf (which have diagnostic
value), and probably accompanied by lid margin congestion and
hypertrophy; (Cheng et al., 2015); Positive detection of Demodex
mites. A defnitive diagnosis of Demodex blepharitis can be made
if all three criteria are met. However, without clinical symptoms or
signs, the presence of Demodex mites alone can not be diagnosed as
Demodex blepharitis.
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2.3 Ocular surface evaluation

All patients received comprehensive ocular surface evaluations
performed by professional ophthalmologists. Te objective
assessments included tear meniscus height (TMH), non-invasive
breakup time (NIBUT), corneal fuorescein staining (CFS), lid
margin abnormality score, and Meiboscore. Additionally, all
patients flled out the Ocular Surface Disease Index (OSDI)
questionnaire, providing detailed insights into their symptoms.
Te TMH was measured by Keratograph 5M (K5M; Oculus,
Wetzlar, Germany), which also enabled automated analysis of
NIBUT. CFS was assessed following the application of fuorescein
dye. Lid margin abnormalities were evaluated using the Baylor
grading scheme, which includes parameters such as anterior or
posterior displacement of the mucocutaneous junction, vascular
engorgement, obstruction of MG orifces, and irregularity of
the lid margin. Meibography images were obtained, and scoring
was performed based on the extent of MG dropout. Te OSDI
questionnaire was used to comprehensively assess the impact of
ocular surface disease on patients’ quality of life by evaluating the
frequency and severity of dry eye symptoms, their infuence on daily
activities, and the discomfort experienced in specifc environments.

2.4 Image acquisition and meibomian
gland segmentation

Meibography images were captured by Keratograph 5M (K5M;
Oculus, Wetzlar, Germany). Images that were blurred and had
indistinct structures would be excluded. Prior to this, our team
had already developed an Al model for MG extraction based
on Convolutional Neural Networks (CNN) (Dai QL et al., 2021).
T e model demonstrated a high performance with an intersection
over union (loU) of 0.9077% and 100% repeatability. It could
efectively segment MGs and the tarsus from meibography images,
and generate segmented images of individual glands and the
tarsus. Additionally, it enabled the precise calculation of various
morphological parameters, including MG density (Zhang et al.,
2022) and vagueness.

2.5 Energy curve

T e edge curve of the MG was extracted using the Snake model
(Active Contour Model, ACM) based on the segmented glands. Te
Snake model evolved an initial contour within the image iteratively
until it conformed to the target boundary (Figure 1). T is process
was driven by the minimization of the curve energy, which could be
represented as:

E =.,rEinternaI + Eimage + Econstraubt ds

In this equation, Ejnerma = @IV (S)|? +nlv”(s)|? represents the
internal energy of the curve, @ controls the elasticity of the curve,
and n governs the smoothness of curvature. Ejpage = = [UI(X,Y)],
I(x,y) denotes the image grayscale value, while the gradient Ol
attracts the Snake curve towards the boundary of the MG. Te
curve evolves continuously through gradient descent, and when the
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energy function reaches its minimum value, the resulting curve
corresponds to the lower margin curve of the MG.

Informed by the principles of the Snake model, we introduced
a method to quantitatively evaluate the unevenness of MG atrophy
through the calculation of curve energy. Tis approach involves
modifying the energy terms to extract the internal energy value of
the curve. T e expression is as follows:

Etotal :J-Eelasticity + Ecurvature + Esmoothness ds

In this equation, Egagicity denotes the elastic energy:

a .
Eelasticity[_.ﬂv (S)Zl ds

Ecurvature FEPresents the curvature energy:

B
Ecurvature = [IK(S) ds

Emoothness Signifes the smoothness energy:

v .
Esmoothness = [_ﬂV (S)2| ds

L = Xmax — Xmin indicates the horizontal span of the curve. a, B, y are
the weighting factors, each with a default value of 1. k(x) represents
the curvature, calculated as follows:

ly" (0l
A+ 00))*

K(X) =

Te elastic energy quantifes the local elastic variations of the
curve, while the curvature energy refects the overall degree of
bending. Te smoothness energy signifes the curve’s smoothness
characteristics.

In this study, the three principal weighting factors of the Snake
model were set to a=0.1, =1.0, and y=0.1. Tis parameter
confguration provided favorable contour ftting and boundary
smoothness in the experimental images. Te parameter selection
was based on considerations of edge strength, target complexity,
model stability, and empirical observations. T e convergence criteria
were defned as a maximum contour point displacement of less than
0.5 pixels or a total energy change below 107, with the maximum
number of iterations set to 5000. Among these parameters, y
exhibited a signifcant infuence on the energy value and the contour
adherence to object boundaries. B controlled the smoothness of the
contour, while o regulated the contraction tendency of the curve.
T ese three parameters must be jointly adjusted to achieve optimal
performance.

2.6 Statistical analysis

Data analysis was performed with SPSS (version 25.0). Te
Kolmogorov-Smirnov test was employed to evaluate the normality
of all datasets. Diferences between patients with Demodex
blepharitis and negative control subjects were evaluated using either
the independent samples t-test or the Mann-Whitney U test. A
two-sided p < 0.05 was considered statistically signifcant.
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FIGURE 1

Meibomian gland segmentation and curve extraction.

TABLE 1 Basic characteristics and clinical parameters.

TABLE 2 Curve energy values.

Clinical Demodex Control Energy Demodex Control p
characteristics | group group indices group group
Age 37.238 + 11.603 33.500 0.758 Curve Energy 32.444 11.195 <0.001
(22.750,48.250) (21.063,56.394) (5.251,19.260)
TMH 0.220(0.190,0.250) | 0.215(0.190,0243)  0.416 Curve Energy "t | 32,068 10.410 <0.001
(20.618,56.115) (4.649,18.600)
NIBUT 2.840 (2.00,3.015) 5.175(2.680,10.273) | <0.001
CFS 0(0,2) 0(0,1.25) 0.737
Lid margin score 2(13) 1(0,2) 0.002 corrective index. Table 2 shows the comparison of the curve energy
values and the corrective index between the two groups, revealing
Meiboscore 12 1@y 0.009 signifcant diferences (all p < 0.001).
osDI 22.920 8.330(2.000,39.205) = 0.071
(13.540,39.585) . . .
3.3 Meibomian gland morphological
parameters
Considering that the fuctuation of the curve may be infuenced
3 Results

3.1 Ocular surface examination

In this study, the examination information of 76 patients
was collected. Of these, 42 were diagnosed with Demodex
blepharitis, and 34 patients with dry eye disease but without
Demodex blepharitis were enrolled as the control group. Te
basic characteristics and clinical parameters of the participants
are shown in Table 1. No signifcant diference was found in
TMH, CFS, or OSDI between the two groups. However, signifcant
diferences were observed in NIBUT, lid margin score, and
meiboscore between the two groups (all p < 0.05).

3.2 Curve energy

We calculated the curve energy values for both the MG and
the tarsus margin. According to the research objective, the MG
curve energy value was defned as the raw value. T en, we corrected
this raw value considering the infuence of tarsus morphology on
MG morphology. T e diference, obtained by subtracting the tarsus
margin curve energy value from the raw value, was used as a
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by the parameters of the MGs, we employed multivariate regression
analysis to investigate the impact of various parameters. T e results
are shown in Table 3. Our analysis revealed that among these
parameters, MG density has a signifcant impact on curve energy
and corrected values (p < 0.05). So, we adjusted the raw values
by incorporating this key factor. Specifcally, we divided the above
curve energy by the density to ensure the accuracy and reliability of
the results.

3.4 Receiver operating characteristic
curves

Following the multivariate regression analysis, Receiver
Operating Characteristic (ROC) curves were constructed to evaluate
and compare the diagnostic capabilities of various energy indicators
for Demodex blepharitis, as depicted in Figure 2. Table 4 presents
the area under the curve (AUC) values along with the sensitivity and
specifcity analyses. T e ROC results indicate that the energy curve-
related indices exhibit high diagnostic accuracy and a strong ability
to distinguish the Demodex group from the control group. Notably,
the two density-adjusted indices, Curve Energy/Density and Curve
Energy ©"Y/Density, achieve a sensitivity of 78.6% (95% CI:
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TABLE 3 Multivariate linear regression.

Clinical characteristics

Curve energy

10.3389/fcell.2025.1627327

Curve energy °oect

CoeFcient CoeFcient

NIBUT -0.878 0.195 -0.906 0.182
Lid margin score -1.015 0.691 -1.000 0.696
Meiboscore 3.373 0.491 3.417 0.486
MG number 0.888 0.379 0.886 0.380
Average MG area 0.004 0.379 0.004 0.386
MG density -212.706 0.010 -211.329 0.011
MG vagueness -0.699 0.136 -0.698 0.137

FIGURE 2

ROC curves diferentiate the Demodex blepharitis group from the normal control group.

69.3%-87.8%) and a specifcity of 91.2% (95% CI: 84.8%-97.6%) at
the optimal threshold. With an AUC of 0.897 (95% CI: 0.829-0.965),
they outperform Curve Energy (AUC = 0.863) and Curve
Energy < (AUC = 0.866), demonstrating efectiveness and
reliability in diagnosis.

4 Discussion

Demodex infestation induces a spectrum of ocular pathologies,
including lash folliculitis, glandular duct distortion, and focal
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meibocyte apoptosis, collectively contributing to destabilization
of the ocular surface. Current evidence establishes Demodex as an
etiological factor in various anterior segment disorders, including
chronic blepharitis, conjunctivitis, and MGD (7, 21). Although
previous studies have identifed blepharitis as a potential risk
factor for MG damage, the specifc morphological alterations
associated with Demodex blepharitis remain poorly characterized.
Current literature predominantly focuses on infammatory
markers and clinical symptoms, with limited data quantifying
glandular structural changes through advanced imaging modalities
(Deng et al., 2024; Sun et al., 2022)
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TABLE 4 The AUC and the analysis of sensitivity and specifcity.

10.3389/fcell.2025.1627327

Energy indices AUC (95%Cl) Sensitivity (95%Cl) Specifcity (95%Cl) Cut-of value  Youden index
Curve Energy 0.863(0.78300.942) | 81.0% (72.1%0189.8%) 79.4% (70.3%0188.5%) 19.707 0.604
Curve Energy et 0.866 (0.788010.945) | 81.0% (72.1%(189.8%) 79.4% (70.3%[188.5%) 19.315 0.604
Curve Energy/Density 0.897 (0.82910.965) | 78.6% (69.3%187.8%) 91.2% (84.8%097.6%) 85.173 0.698
Curve Energy ©"™/Density | 0.897 (0.82900.965) | 78.6% (69.3%187.8%) 91.2% (84.8%0197.6%) 82.797 0.698

In this study, we recruited patients with or without Demodex
infestation, utilizing a quantitative analysis system powered by Al
to evaluate and compare the morphological alterations of MGs.
Te relationship between ocular surface examination and MG
morphology was also analyzed. Our study found that compared to
the control group, the Demodex group exhibited signifcantly lower
NIBUT. T e shortened non-invasive TBUT indicates compromised
tear flm stability and heightened ocular surface vulnerability,
making the ocular surface more susceptible to external stimuli,
which can cause discomfort. No statistically signifcant variation
was observed in TMH, CFS and OSDI between the Demodex group
and the normal control group. However, previous studies verifed
that the ocular discomfort and OSDI score were signifcantly higher
in Demodex infested MGD patients, compared with Demodex-
negative MGD patients. It is speculated that Demodex infection may
be an important factor in causing or exacerbating damage to the
ocular surface and MGs (Yan et al., 2020; Pan and Chen, 2021).
Liu et al. (2022) have reported that the ocular Demodex-positive
group demonstrated a signifcant elevation in OSDI scores, meibum
quality and tear fIm instability compared to the ocular Demodex-
free group. Our results do not fully align with those reported in their
studies. We surmised that the probable cause was that our subjects
represented earlier-stage disease where clinical signs are subtler, and
this aligns with Sun et al. s fnding that symptom severity correlates
with patient age (Sun et al., 2022).

In terms of MG morphology, we found that the changes of
the MG morphology in the upper eyelid are more substantially
connected with MGD than those in the lower eyelid in our
previous study, as other previous studies have shown that the
upper eyelid provides clearer and higher-quality images compared
to the lower eyelid, minimizing uneven focus and demonstrating
stronger correlations with clinical indicators (Deng et al., 2021;
Swiderska et al., 2022). Terefore, this study only recruited
participants with upper eyelid involvement. In this study, the
lid margin score and meiboscore were signifcantly higher in
the Demodex group than in the normal control group. Tese
fndings align with prior studies reporting elevated lid margin
infammation and gland atrophy in Demodex blepharitis which
is attributed to mite-induced mechanical damage and bacterial
vector efects (Yan et al, 2020; Liu et al, 2022). However,
conventional metrics such as MG height, width, tortuosity, and
density have not adequately captured the overall features of uneven
MG morphological changes in prior research (Zhang et al., 2022;
Wei et al, 2024). As Arita et al. (2014) demonstrated, these
parameters only assess static gland attributes, not distribution
patterns, where central glands show signifcant shortening without
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changes in width (\Wei et al., 2024). Similarly, Zhang et al. (2022)
demonstrated that global MG density correlates strongly with MGD
severity but may overlook regional pathology patterns. It was
observed that the distribution of MG dropout exhibits increased
unevenness among patients afected by Demodex mite infestation.
Several parameters are introduced to measure data discreteness,
such as variance, standard deviation, or the total variation-based
uneven index (Liu et al, 2022; Yu et al., 2022). Te Uneven
index based on total variation, is a novel index to evaluate the
overall features of MG atrophy, which refers to the addition of
the absolute value of the diference in the height of each adjacent
pair of glands in the meibography images and can be used as a
quantitative measure of the unevenness of MG atrophy. However, the
computational complexity of this metric limits its practical utility in
time-constrained clinical settings.

To address these limitations, we introduced the index of Al
based Energy Curve in a diferent part of meibography. Several
Al models for MG analysis (Li et al., 2024) have already been
proposed. Although ResNet-based methods (Saha et al., 2022) excel
at meiboscore grading, they cannot quantify spatial heterogeneity
- the key innovation of our metric. Tis capability echoes Khan
et al.'s GAN approach (Khan et al., 2021) for boundary enhancement
but provides clinically actionable quantifcation. T e energy curve
quantifes uneven atrophy by using the two-dimensional curvature
energy of the glandular margin, surpassing the limitations of
traditional static metrics such as length and width. It enables
rapid, non-invasive, and equipment-agnostic application, but it also
imposes stringent requirements on the quality of meibography
images. T e analysis involves three types of metrics: the raw curve
energy value, the tarsal margin corrected value, and the density
normalized energy indices. Te raw value directly quantifes the
absolute curvature of the MG margin but is confounded by the
intrinsic morphology of the tarsal. T is interference can be mitigated
by correcting the tarsal margin. Dividing these indices by gland
density further removes scale efects arising from variable gland
counts, yielding more reliable results.

In this study, a statistically signifcant diference was observed in
energy curve indices between the Demodex group and the normal
control, with the uneven atrophy in the Demodex group being more
severe than that in the normal control. T is fnding lef us with one
hint that the Energy Curve could distinguish between Demodex
infestation patients and DED patients. We hypothesized that the
observed relationship may be explained by two distinct pathways:
(Rabensteiner etal., 2019): Demodex infestation can directly damage
MGs through mechanical obstruction and infammatory cascades,
leading to measurable morphological changes; (Elston and Elston,
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2014); pre-existing gland dysfunction may create a favorable
microenvironment for mite proliferation. Tis bidirectional
relationship highlights the importance of comprehensive clinical
evaluation, rather than relying solely on isolated parameters for
diagnosis.

In current practice, identifying Demodex infections typically
relies on clinical symptoms and the presence of cylindrical dandruf
on eyelashes. Subsequently, confrmation of Demodex infestation
is achieved through positive fndings from light microscopic
examination of eyelashes or confocal microscopy. Sometimes we
do not pay attention to the condition of eyelashes, and only do a
dry eye examination, which will easily lead to a missed diagnosis.
Meibography, a non-invasive imaging technique, enables real-time
visualization of MG morphology and is widely integrated into dry
eye diagnostic workfows. We are the frst to utilize meibography
to calculate the Energy Curve to evaluate the morphological
unevenness of MGs. However, we found that the calculation result
of the Energy Curve may be infuenced by the MG density.
We attempted to use MG density to correct the Energy Curve.
Notably, the normalized Energy Curve index demonstrated robust
diagnostic performance (AUC = 0.897), highlighting its potential
for clinical implementation. Its simplifed visualization facilitates
rapid screening by non-specialists and also aids clinicians in making
more accurate diagnostic and treatment decisions. By identifying
irregular atrophy of the MGs, the energy curve can provide guidance
for targeted interventions and monitor treatment efcacy over time.
However, it is worth noting that similar MG morphological changes
can occasionally be caused by other diseases in clinical practice.
T erefore, this index should be used as a supplementary tool to
direct Demodex detection or additional clinical assessments, rather
than a replacement. Combining the energy curve biomarker with
other diagnostic tools can enhance diagnostic specifcity and provide
a more comprehensive evaluation.

Tere were several limitations in this study. First, we did
not include the parameters from the lower eyelid, which may
introduce selection bias given known topographic diferences in
MG morphology between eyelids. Future research should expand
morphological assessments to include lower eyelid meibography,
addressing potential topographic variability in gland dropout
patterns. Concurrently, we will expand the sample size by including
more subjects to enhance the representativeness and generalizability
of the study results. Second, under the present inspection conditions,
we can not precisely count the number of Demodex mites within
each eyelash follicle. T erefore, we were unable to determine the
relationship between glandular atrophy and Demodex quantity in
individual glands. Future investigations should focus on elucidating
the relationship between Demodex mite burden and both clinical
manifestations and structural alterations in MG architecture,
particularly in early-stage cohorts. Lastly, the cross-sectional nature
of this study limits its ability to establish causal relationships. Future
longitudinal studies could provide more robust evidence by tracking
changes in MG parameters and clinical symptoms over time in
a cohort of patients with Demodex blepharitis. Furthermore, we
will also explore more refned representations of edge energy. For
example, we will integrate multi - scale edge information, enhance
sensitivity to curvature, and design adaptive weighting mechanisms
for complex boundary shapes. Tis will further improve the
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accuracy of quantitative analysis and its practical value in clinical
applications.

5 Conclusion

To quantify the irregular atrophy of MGs caused by Demodex
infestation, we developed the energy curve metric. Asa non-invasive
biomarker, it’s rapid and easy to perform, making it suitable for
early diagnosis, especially in settings with limited resources. Te
introduction of the energy curve also ofers a novel approach for
future research into the mechanisms of MG uneven atrophy.
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