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• PURPOSE: To characterize the 3-dimensional (3-D) me- 
chanical differences between normal corneas and those 
with subclinical keratoconus (SKC) or clinical kerato- 
conus (KC) using motion-tacking (MT) Brillouin mi- 
croscopy. 
• DESIGN: Prospective cross-sectional study. 
• METHODS: There were 50 eyes from 50 patients evalu- 
ated, including 20 Control eyes from 20 patients, 20 SKC 

eyes from 20 patients, and 10 stage I or II KC eyes from 

10 patients. All patients had Scheimpflug imaging for 
group classification and MT Brillouin microscopy using 
a custom-built device for mechanical evaluation. Mean 

and minimum MT Brillouin shift values were generated 

in the anterior, middle, and posterior stromal regions. Re- 
ceiver operating characteristic (ROC) curves were gener- 
ated for MT Brillouin metrics to determine the area under 
the ROC curve (AUROC), sensitivity, and specificity for 
each variable at each location. 
• RESULTS: There were no significant differences be- 
tween groups for age, sex, or mean keratometry. There 
were significant differences between control, SKC, and 

KC groups for all MT Brillouin metrics, with greatest dif- 
ferences in anterior min ( � 43–57 MHz, P < .001) and 

Mean ( � 34–37 MHz, P < .001), middle min ( � 44–69 

MHz, P < .001) and Mean ( � 39–54 MHz, P < .001), 
and least differences in posterior min ( � 15–22 MHz, P 

< .001) and Mean ( � 20–32 MHz, P < .001). Ante- 
rior min values fully separated both SKC and KC groups 
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from controls (AUC = 1.0 for each), while anterior mean 

(AUC = 0.98, 1.0), middle mean (AUC = 0.96, 1.0), 
and middle min (AUC = 0.94, 1.0) performed better 
than posterior mean (AUC = 0.81, 0.95) or posterior 
min (AUC = 0.78, 0.88). 
• CONCLUSIONS: MT Brillouin microscopy identified 3- 
dimensional differences between controls eyes and those 
with subclinical or early-stage keratoconus. Differences 
were most pronounced in the anterior stroma and least 
pronounced in the posterior stroma, indicating relevant 
axial mechanical differences in eyes with SKC. 

NOTE: Publication of this article is sponsored by the 
American Ophthalmological Society. 
(Am J Ophthalmol 2025;278: 305–316. ©
2025 The Author(s). Published by Elsevier Inc. 
This is an open access article under the CC BY-NC-ND 

license ( http://creativecommons.org/licenses/by-nc- 
nd/4.0/ )) 

K  

 

 

i  

a  

i  

w  

c  

c
T  

u  

r  

n  

i  

m  

v
 

t  

0002-9394/$36.00 
© 2025 THE AUTHOR(S).

THIS IS AN OPEN ACCESS ARTICLE U
(HTTP://CREATIVECOMMONS.https://doi.org/10.1016/j.ajo.2025.06.027 
 

eratoconus causes progressive corneal
warpage that can severely impact quality of life. 1

Disease prevalence is significantly higher than
nitially reported, 2 with varying geographic estimates
pproaching 1%–5%. 3–6 Corneal mechanical weakening
s widely recognized as the root cause of keratoconus, 7–9

ith well-characterized deviations from normal corneal
ollagen structure 10–14 and axially anisotropic mechani-
al profile 15–17 in advanced keratoconus specimens. 18–21 

here remains, however, a clinically relevant gap in our
nderstanding of the subclinical disease phase, of primary
elevance in refractive surgery screening, 22 , 23 and thus a
eed for direct, noninvasive, corneal biomechanical data

n vivo to identify the earliest corneal alterations before
orphologic presentations become clearly manifest and

ision loss occurs. 24 , 25 

Roberts and Dupps 8 proposed that corneal decompensa-
ion is initiated by focal, rather than generalized, biome-
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NDER THE CC BY-NC-ND LICENSE

ORG/LICENSES/BY-NC-ND/4.0/)
305

http://crossmark.crossref.org/dialog/?doi=10.1016/j.ajo.2025.06.027&domain=pdf
http://AJO.com
mailto:randlej@ccf.org
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.ajo.2025.06.027


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

w  

r  

s  

i  

t  

c  

s  

m  

i  

r  

r  

(  

i  

(  

u  

P  

p  

e  

S  

e  

g  

h  

t  

t  

u  

c  

t  

d  

2  

t  

c  

A  

d  

r  

a  

g  

s  

c

•  

M  

t  

p  

h  

t  

t  

s

w  

s
i  

s  
chanical weakening. In their theory, a localized reduction
in corneal elastic modulus leads to increased focal strain and
stress redistribution, resulting in progressive focal thinning
and asymmetric curvature changes that worsen with disease
progression. Identifying focal mechanical alteration has
proven challenging, however, as current clinically avail-
able devices measure only global changes in corneal tis-
sue stiffness. 26–29 Further, these devices cannot inform on
relevant alterations in depth-dependent mechanical pro-
files. 15 , 21 , 30 , 31 

Brillouin microscopy has emerged as a novel approach
for corneal mechanical analysis. 30 , 32 , 33 Brillouin scatter-
ing, described in 1922, 34 arises from the interaction be-
tween electromagnetic waves (photons) and acoustic vi-
brations (phonons) within a material, resulting in inelas-
tic scattering of the incident light, mediated by the ma-
terial’s properties. This shift in scattered light frequency,
i.e., the Brillouin shift, is therefore directly related to the
material’s elastic modulus at the probed acoustic frequency.
Brillouin microscopy is a noncontact, nonperturbative, all-
optical imaging process independent of corneal geometric
parameters that provides a high-resolution 3-dimensional
(3-D) mapping of corneal mechanics. 35 Recently, motion-
tracking (MT) Brillouin microscopy has demonstrated the
ability to differentiate early 36 and subclinical keratoconus
(SKC) 37 from normal corneas using anterior Brillouin shift
values, particularly the minimum value, which represents
the point of maximal focal weakening. 

Given the known differences found between normal and
advanced keratoconic corneas in axial mechanical gradient
and the predicted but currently unknown alterations at the
subclinical stage, the purpose of this study was to character-
ize the 3-D mechanical differences between normal corneas
and those with subclinical or clinical keratoconus (KC) us-
ing motion-tacking Brillouin microscopy. 38 

METHODS 

This study was performed as part of an ongoing prospec-
tive study conducted at the Cleveland Clinic Cole Eye
Institute, registered at clinicaltrials.gov (NCT04598932),
and approved by the Cleveland Clinic Institutional Review
Board (IRB# 20-355). The study adhered to the Declara-
tion of Helsinki, and all patients provided written informed
consent for study inclusion. Patients recruited for this arm
of the study were evaluated between September 2021 and
October 2024. 

Study inclusion criteria included patients aged 18 to 55
that belonged to one of 3 groups as determined by routine
clinical exam and corneal imaging: (1) patients with bi-
laterally normal corneas, who served as the control group
(Controls); (2) patients with SKC in the study eye; (3) pa-
tients with stage I or II keratoconus (KC) in the study eye.
Only one eye was included per patient. All patients under-
306 AMERICAN JOURNAL OF OPHT
ent a complete ocular examination that included best cor-
ected distance visual acuity (CDVA), manifest refraction,
lit lamp biomicroscopy, and corneal imaging performed us-
ng Scheimpflug tomography (Pentacam HR; Oculus Op-
ikgeräte GmbH, Germany) and anterior segment optical
oherence tomography (AS-OCT, Avanti RTVue XR ver-
ion 2018.1.1.63; Optovue) in addition to MT Brillouin
icroscopic corneal imaging. Representative Scheimpflug

maging for each group is included as Supplementary mate-
ial. For this study, only basic Scheimpflug parameters were
ecorded and evaluated, including the mean keratometry
K mean) and maximum keratometry (K max) from ax-
al anterior curvature maps, and the thinnest corneal point
TCP) value from pachymetry maps. Group classifications
tilized the same criteria as reported in our prior studies. 36 , 37

atients included in the control group were consecutive
atients who presented for laser vision correction (LVC)
valuation, had bilaterally normal slit lamp examinations,
cheimpflug imaging, and anterior-segment optical coher-
nce tomography (OCT) imaging, were determined to be
ood candidates for all LVC procedures, and consented to
aving MT Brillouin measurements performed preopera-
ively. The SKC cohort was comprised of consecutive pa-
ients who presented for LVC or corneal cross-linking eval-
ation and were found to have highly asymmetric kerato-
onus with clinical disease in the fellow eye or were de-
ermined to be keratoconus suspects in both eyes but who
id not meet criteria for clinical disease in either eye, with
0/20 or better CDVA. We used the term “subclinical” for
his group despite the lack of a consensus for defining sub-
linical KC. 39 Keratoconus stage was classified using the
msler-Krumeich classification system. 40 , 41 As there are to

ate no specific morphologic metrics or criteria that accu-
ately differentiate normal control eyes from eyes with SKC
t the earliest stages, we did not rely on numeric values for
roup classification. Exclusion criteria included prior ocular
urgery, inadequate corneal imaging or corneal scarring that
ould impact MT Brillouin imaging. 

BRILLOUIN IMAGING FOR CORNEAL MECHANICAL

EASUREMENTS: Brillouin scattering arises from the in-
eraction between incident light and intrinsic microscopic
honons (mechanical waves) within the sample due to in-
erent density/pressure fluctuation ( Figure 1 ). Because of
his interaction, Brillouin scattered light carries informa-
ion of longitudinal modulus M’ in the form of a frequency
hift �νB , 42 according to: 

�νB = 2 nV 

λ
= 2 n 

λ

√ 

M′ 

ρ

here λ is the probing laser wavelength, n is the corre-
ponding refractive index, V is the speed of sound, and ρ

s the density. Although refractive index and density vary
patially in the cornea, the ratio ρ/ n2 has been shown to
HALMOLOGY OCTOBER 2025



FIGURE 1. Principle of Brillouin light scattering. The interac- 
tion between incident photons ( yellow lines ) and tissue phonons 
causes light to be scattered and shifted in frequency ( green lines ) 
with loss (Stokes) or gain (anti-Stokes) of energy. The shift 
in frequency is known as the Brillouin shift. (Image adapted 
from: Hammoud B, Schumacher JS, Zhang H, et al. Brillouin 

microscopy for focal biomechanical measurements in normal 
and keratoconic corneas: a narrative review. Surv Ophthalmol. 
2025 Jun 11:S0039-6257(25)00099-2. PMID: 40513991). 

 

 

 

 

 

 

 

 

 

 

 

 

i  

c  

t  

i  

v  

h

•  

S  

s  

p  

c  

t  

f  

t  

r  

�  

t  

a  

c  

a  

m  

s  

s  

a  

T  

a  

r  

d  

o  

l  

a  

m  

Z
 

t  

p  

fi  

a  

a  

T  

o  

a  

i  

m  

f  

r  

t  

p  

T  

s  

a  

S  

s
 

i  
remain approximately constant. 43 Thus, from a spectro-
scopic measurement of the Brillouin frequency shift �νB ,
the longitudinal modulus of the corneal material at high
probing frequency ( ∼GHz) can be retrieved. To interpret
Brillouin signatures mechanically in a solid material such
as the cornea, the longitudinal modulus describes the ra-
tio of uniaxial stress to the uniaxial strain; the probing fre-
quency determines the timescale of the mechanical relax-
ation processes to which the technique is sensitive. Thus,
Brillouin longitudinal modulus probes the material’s resis-
tance to deformation, but not in the same conditions as the
traditional mechanical tests yielding Young’s/Shear moduli
VOL. 278 3-D CORNEAL MECHANICAL CHARACTERIZ
n quasi-static conditions, which provide the familiar con-
ept of stiffness. However, strong empirical correlations be-
ween the 2 moduli have been found in several materials
ncluding in the cornea. 44 The resulting Brillouin modulus
alues are lower where corneal tissue is softer (weaker) and
igher where corneal tissue is stiffer (stronger). 

MOTION TRACKING BRILLOUIN CORNEAL IMAGING

ETUP AND METRICS: MT Brillouin imaging has been de-
cribed in detail in our prior publications. 36–38 The imaging
rocess is fully noncontact and nonperturbative. Briefly, the
ore technology is based on Brillouin confocal microscopy;
hus, the system presents to the patient as a clinical con-
ocal microscope. Each measurement assesses the proper-
ies of a single point in the cornea by performing high-
esolution spectral analysis to measure the frequency shift
νB at that point ( Figure 1 ). The system performs a mo-

orized Z-scan ( ∼5 seconds) to provide depth information
t each lateral location chosen by the operator. For each
ornea, approximately 40 locations were measured within
n 8 mm diameter circle, with a typical imaging time of 20
inutes or less per patient. The MT-Brillouin microscopy

ystem consists of a custom-built confocal Brillouin micro-
cope, a custom-built OCT device for axial tracking, and
 single-lens imaging system for in-plane pupil tracking.
he objective lens has a working distance of 43.4 mm with
 12.7 mm aperture. A small green LED bead placed di-
ectly above the objective lens functions for visual fixation
uring scanning. The human interface is mounted on an
phthalmic slit lamp frame, enabling point of interest se-
ection in 3 dimensions manually via joystick. The over-
ll optical laser power was controlled to meet the require-
ents of American National Standards Institute (ANSI
136.1-2007). 
The scan range was set to be longer than the corneal

hickness to image the entire corneal depth to account for
otential patient movement during the scan ( Figure 2 ). To
lter out the corneal region from this Brillouin profile with
ir and the aqueous humor, linear fitting of the large slope
nd the mean value of the aqueous humor created 2 lines.
he cross-section of these 2 lines was regarded as the end
f the cornea, reducing the positioning error caused by edge
rtifact. After determining the end of the cornea, the start-
ng point (anterior) was set with the thickness information
easured from the OCT profile. Linear fitting was also per-

ormed on the plateau, similar to that on the large slope, to
econstruct the Brillouin profile before 3D analysis. With
he linear fitting of the plateau and the slope, the Brillouin
rofile was rebuilt with points with an interval of 15 µm.
he plateau region was treated as the points between the

tart of the cornea and the cross-section of the 2 fitting lines
s reported in prior work. 36–38 Representative 2-D MTB
hift Maps derived from plateau data from each group are
hown in Figure 3 . 

Metrics extracted from the Brillouin profile for this study
ncluded the average Brillouin shift of the anterior, mid-
ATION USING MT-BRILLOUIN MICROSCOPY 307



FIGURE 2. Procedure of filtering out the corneal region and resampling for 3D analysis. (A) Motion-corrected Brillouin profile of 
an axial scan covering the air, cornea, and the aqueous humor (using refractive index = 1.376). (B) Corneal region determination 

by linear fitting and OCT thickness. (C) Corneal thickness measured by an OCT profile. (D) Resampling with evenly spaced data 
points and sectioning for 3D analysis. 
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dle, and posterior cornea, divided into equal thirds. Primary
variables included mean Brillouin shift (mean), represent-
ing the average of 2-D values in a given region, and mini-
mum Brillouin shift (min), representing the lowest (softest,
weakest) single-point Brillouin shift measured within each
region. 

• STATISTICAL METHODS: Statistical analysis was per-
formed using SPSS version 29 (IBM). Chi-squared test
was used to compare categorical variables between differ-
ent groups. For continuous variables, normality was assessed
using the Shapiro-Wilk test. Normally distributed variables
were then compared using analysis of variance (ANOVA),
whereas non-normally distributed variables were compared
using the Kruskal–Wallis test. Bonferroni correction of mul-
tiple t-tests was performed for pairwise comparisons, and
all P -values were adjusted accordingly. 45 , 46 Areas under the
Receiver operating characteristic (AUROC) curves were
calculated to compare the ability of various MT Brillouin
metrics to distinguish between Controls, SKC, and KC
eyes. Statistical significance was determined at an alpha
level of 0.05 for all tests. 

Previous literature has established that Brillouin metrics
were normally distributed, 35–37 , 47 which justified a power
308 AMERICAN JOURNAL OF OPHT
nalysis based on the post-hoc t-test comparisons. In terms
f standard deviations, our prior studies found max stan-
ard deviations of 0.015 and 0.018 GHz, 36 , 37 while Shao
nd Seiler found a standard deviation of 0.012 GHz. 35 , 47

or this power calculation, we used 0.018 GHz as a prelim-
nary assumption of the variability of the various metrics of
nterest. As a result, the study was planned to detect a true
ifference in the metric of interest between any 2 groups of
t least ∼0.024 GHz with a probability (power) of 0.8, with
 family Type I error probability of 0.05 (with Bonferroni
orrection) for 3 multiple comparisons. 

RESULTS 

here were 50 eyes from 50 patients evaluated in this analy-
is, including 20 eyes from 20 control patients, 20 eyes from
0 patients with SKC, and 10 eyes from 10 patients with
C. Patient demographics are shown in Table 1 . No sig-
ificant differences between control and SKC groups were

ound in age, sex, K mean, or K max, while SKC eyes had
45 µm thinner corneas at the TCP. The KC group had
HALMOLOGY OCTOBER 2025



FIGURE 3. Representative en face MT Brillouin maps from control, subclinical KC, and KC groups (3 separate patients/group 
shown). Numeric values shown in the Brillouin maps are in GHz and display average values for each sector generated from the 
anterior Plateau region. MT-Brillouin Min shift value and location is highlighted in each scan ( black box ). Control eyes display 
minimal variation in MT Brillouin shift values across the central cornea, while the SKC and KC eyes have lower Brillouin shift 
values overall, display focally lower Brillouin shift values at the minimum point, and show greater MT Brillouin Shift variation 

across the cornea. There is overlap in mechanical profiles between the most affected and least affected SKC and KC eyes ( bottom 

row ). 
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significantly steeper K max and thinner TCP as compared
to both the control and SKC groups. 

• REGIONAL MT BRILLOUIN SHIFT DATA COMPARISONS:

Brillouin shift metrics by corneal depth are shown in
Table 2 . There were significant differences for all Brillouin
shift metrics at all depths, with the greatest differences
between control and SKC/KC groups found in the ante-
rior and middle stromal regions. Figure 4 shows the aver-
age Mean and Min Brillouin shift values by region. There
was greatest group separation in the anterior stroma and
least separation in the posterior stroma. Differences be-
tween Mean and Min values for each group were lowest in
VOL. 278 3-D CORNEAL MECHANICAL CHARACTERIZ
he anterior stroma and increased by depth. As shown in
igure 5 , there is notable mechanical weakening focality in
he anterior stroma in both SKC and KC eyes, with less ob-
ious focality in the middle stroma and minimal focality in
he posterior stroma. 

RECEIVER OPERATING CHARACTERISTIC (ROC)

URVES: Tables 3 and 4 show the AUROC values for
ubclinical and KC eyes, respectively. All metrics per-
ormed better at differentiating KC than SKC eyes from
ontrols. There was complete separation between control
nd SKC groups for anterior min values, while posterior
ATION USING MT-BRILLOUIN MICROSCOPY 309



TABLE 1. Patient Demographics for Control, Subclinical Keratoconus, and Keratoconus Groups 

Variable Control (n = 20) SKC (n = 20) KC (n = 10) 

P 

ANOVA Control vs SKC Control vs KC SKC vs KC 

Age (years) 33.5 ± 6.3 

(24–45) 

32.8 ± 6.9 

(22–45) 

29.2 ± 8.2 

(19–45) 

.270 1.000 .349 .561 

Sex (% male) 60 45 70 .381 a 1.000 1.000 .588 

K mean (D) 44.3 ± 1.4 

(41.4–46.5) 

44.6 ± 1.2 

(42.5–46.3) 

45.4 ± 3.15 

(41.4–52.4) 

.315 1.000 .402 1.000 

K max (D) 45.4 ± 1.2 

(42.0–47.3) 

45.8 ± 1.7 

(42.9–49.1) 

54.0 ± 5.9 

(46.2–66.1) 

< .001 1.000 < .001 < .001 

TCP ( µm) 566.8 ± 25.8 

(525.0–614.0) 

520.2 ± 26.4 

(483.0–578.0) 

476.4 ± 46.7 

(405.0–551.0) 

< .001 < .001 < .001 .002 

SKC = subclinical keratoconus; KC = Keratoconus; D = diopters; K mean = mean keratometry; K max = maximum keratometry; 

TCP = thinnest corneal pachymetry. 
a Chi-squared test. 

TABLE 2. Motion-Tracking Brillouin Metrics for Anterior, Middle, and Posterior Stroma by Group 

Variable Controls (n = 20) SKC (n = 20) KC (n = 10) 

P 

ANOVA Control vs SKC Control vs KC SKC vs KC 

Anterior mean 

(GHz) 

5.715 ± 0.013 

(5.695–5.741) 

5.681 ± 0.014 

(5.658–5.704) 

5.678 ± 0.014 

(5.650–5.693) 

< .001 < .001 < .001 1.000 

Anterior min 

(GHz) 

5.699 ± 0.013 

(5.683–5.727) 

5.656 ± 0.015 

(5.628–5.681) 

5.642 ± 0.018 

(5.605–5.660) 

< .001 < .001 < .001 .062 

Middle mean 

(GHz) 

5.645 ± 0.017 

(5.625–5.684) 

5.606 ± 0.019 

(5.575–5.648) 

5.591 ± 0.021 

(5.552–5.614) 

< .001 < .001 < .001 .153 

Middle min 

(GHz) 

5.606 ± 0.021 

(5.568–5.640) 

5.562 ± 0.021 

(5.531–5.618) 

5.537 ± 0.025 

(5.493–5.564) 

< .001 < .001 < .001 .013 

Posterior mean 

(GHz) 

5.408 ± 0.016 

(5.369–5.435) 

5.388 ± 0.021 

(5.354–5.448) 

5.376 ± 0.009 

(5.362–5.391) 

< .001 .002 < .001 .215 

Posterior min 

(GHz) 

5.367 ± 0.019 

(5.312–5.390) 

5.352 ± 0.022 

(5.300–5.408) 

5.345 ± 0.011 

(5.329–5.365) 

< .001 .011 .001 .717 

Min = minimum; SKC = subclinical keratoconus; KC = keratoconus. 

TABLE 3. Receiver Operating Characteristic Curve Data for Brillouin Shift 
Values: Controls vs Subclinical Keratoconus 

Controls vs SKC 

Variable AUC 95% CI Cut-off Sensitivity (%) Specificity (%) 

Anterior min a 1.000 1.000–1.000 5.681 100 100 

Anterior mean b .975 0.925–1.000 5.704 100 85 

Middle mean b .960 0.879–1.000 5.624 90 100 

Middle min a .935 0.836–0.995 5.574 85 95 

Posterior mean b .812 0.655–0.939 5.396 75 80 

Posterior min a .782 0.601–0.927 5.363 75 80 

SKC = subclinical keratoconus; AUC = area under the receiver operating char- 

acteristic curve; CI = confidence interval. 
a Minimum Brillouin shifts. 
b Mean Brillouin shifts. 

310 AMERICAN JOURNAL OF OPHTHALMOLOGY OCTOBER 2025



FIGURE 4. Composite image showing comparative Brillouin shift Mean and Min values for each group in the anterior ( left ), middle 
( middle ), and posterior ( right ) stromal layers. The bar gaphs show MT Brillouin mean and min values for each group. In the anterior 
region, mean and min values are significantly lower for SKC and KC groups compared to controls, and there is a greater difference 
between mean and min values for SKC and KC eyes. In the middle and posterior stroma, there is wider variance between mean and 
min values in control eyes and progressively less separation between groups by depth. 

TABLE 4. Receiver Operating Characteristic Curve Data for Brillouin Shift Values: Controls vs Keratoconus 

Controls vs KC 

Variable AUC 95% CI Cut-off Sensitivity (%) Specificity (%) 

Anterior min a 1.000 1.000 – 1.000 5.659 100 100 

Anterior mean b 1.000 1.000 – 1.000 5.693 100 100 

Middle mean b 1.000 1.000 – 1.000 5.614 100 100 

Middle min a 1.000 1.000 – 1.000 5.564 100 100 

Posterior mean b .945 0.847 – 1.000 5.387 90 90 

Posterior min a .875 0.722 – 1.000 5.365 100 80 

KC = keratoconus; AUC = area under the receiver operating characteristic curve; CI = confidence interval. 
a Minimum Brillouin shifts. 
b Mean Brillouin shifts. 
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mean and min performed worst at differentiating both SKC
and KC from control eyes ( Figure 6 ). 

DISCUSSION 

MT Brillouin microscopy demonstrated significant depth-
dependent (axial) mechanical differences in control, sub-
clinical KC, and KC groups, with greatest corneal stiffness
in the anterior stroma in all groups. There were signifi-
cant differences between groups in MT Brillouin shift mean
and minimum values at all depths; greatest group differ-
ences, however, were found in the anterior stroma, with the
VOL. 278 3-D CORNEAL MECHANICAL CHARACTERIZ
mallest differences in the posterior stroma. While depth-
ependent (axial) differences between normal and kerato-
onic corneas have been demonstrated, this study is the first
o characterize 3-D mechanical profiles and identify local-
zed mechanical differences in SKC. These mechanical dif-
erences are likely driven by localized corneal collagen mi-
roarchitecture degradation during disease development. 

COLLAGEN MICROARCHITECTURE IN THE NORMAL

ORNEA: Three-dimensional collagen structure imparts
xially anisotropic mechanical properties in normal
orneas. 11 , 13 , 14 , 17 Posterior corneal collagen fibers predom-
nantly traverse the cornea along vertical and horizontal
eridians, 48 , 49 a configuration proposed to counterbal-
ATION USING MT-BRILLOUIN MICROSCOPY 311



FIGURE 5. Representative en face MT Brillouin maps from control subclinical KC, and KC groups (1 patient/group) showing 
anterior, middle, and stromal layer maps. Color scales are relative for each layer for comparison. In the control eye, there is minimal 
variation in the anterior region centrally, with greater variance across the cornea in deeper layers. There is obvious focal weakening 
visible in SKC and KC eyes in the anterior layer, with progressively less pronounced focal weakening notable in the middle stroma, 
and minimal findings in the posterior stroma. 
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ance forces exerted by extraocular rectus muscles. 11 , 49 

In contrast, anterior corneal collagen fibers exhibit an
isotropic fiber arrangement 11 , 50 with significant fiber in-
terweaving. 20 , 51 Transverse collagen fibers interconnect
the anterior lamella together and to Bowman’s layer, 14 a
process largely confined to the anterior-most 120 µm. 20 , 52 

In the periphery, central fibers at all depths appear to
fuse with circumcorneal collagen fiber annulus around
the limbal region to provide added resistance to corneal
deformation near the limbus. 10 These anisotropic collagen
features correspond to a pronounced axial mechanical gra-
dient, with greatest corneal stiffness in the anterior third
of the cornea 13 , 15 , 17 and lowest cohesive tensile strength
centrally. 53 , 54 
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MICROARCHITECTURAL ALTERATIONS IN THE KERA-

OCONIC CORNEA: Keratoconic corneas exhibit marked
ifferences from normal corneal anatomy and mechan-
cs. 18–21 These changes include collagen fiber thickness, dis-
ribution, and orientation, 19 with significantly less anterior
amellar interweaving and altered transverse bridging fiber
haracteristics 14 , 20 primarily isolated within the cone re-
ion. 21 In advanced keratoconus, transverse bridging fibers
re absent in the cone region but remain present peripher-
lly. 20 

Initial mechanical alterations in ectatic corneas are pri-
arily attributed to interfibrillar fiber slippage, which likely

ccurs, at least in part, due to the absence or degrada-
ion of bridging fibers. 18 , 19 , 55–57 These changes occur cen-
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FIGURE 6. Receiver operating characteristic (ROC) curves showing select values for control eyes versus eyes with subclinical 
keratoconus. Anterior min Brillouin shift values fully differentiated groups, with progressively less group separation using mean 

or min shift values in deeper layers. Posterior stromal metrics performed worse than middle and anterior stromal metrics in group 
differentiation. 
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trally/paracentrally, while peripherally, fiber density and
distribution resemble normal collagen architecture. 51 , 58 In
ex vivo analyses, these collagen fiber alterations correspond
to significantly reduced mechanical strength in the ad-
vanced keratoconic cornea 7 and significantly lower mod-
ulus than normal corneas at all depths. 21 

• AXIAL MECHANICAL DIFFERENCES BETWEEN NORMAL

AND KERATOCONIC CORNEAS: Our findings support prior
work by De Stefano and colleagues in which 

31 the authors
demonstrated a significant reduction in axial mechanical
properties in keratoconus eyes in vivo and identified a rel-
ative deficit in anterior stromal stiffness only compared
to normal corneas. Focal transverse fiber loss, as demon-
strated by Morishige and colleagues, 20 could explain fo-
cal mechanical alterations in subclinical/early keratoconic
corneas. These microarchitectural changes occur in the an-
terior stroma and have been predicted to impact local tissue
mechanics. 13 , 20 , 31 

Prior Brillouin microscopy work has demonstrated an ax-
ial gradient in longitudinal elastic modulus 30 , 9 with the
highest modulus values in the anterior stroma decreas-
ing posteriorly. Keratoconic corneas exhibited significantly
VOL. 278 3-D CORNEAL MECHANICAL CHARACTERIZ
ower Brillouin shift than controls in the anterior stroma
ithin the cone region and a steeper decrease posteri-
rly, with peripheral corneal measurements outside the
one region comparable to those of controls. 9 , 59 Our prior
ork 

36–38 has alluded to this gradient in early and subclin-
cal KC eyes as well through demonstration of the anterior
lateau region, beyond which corneal stiffness decreases sig-
ificantly. This study, however, is the first to confirm lay-
red regional differences in greater detail and find relative
ayered differences between normal and keratoconic eyes at
he earliest (subclinical) disease stages. 

AXIAL MECHANICAL DIFFERENCES IN SUBCLINICAL

ERATOCONIC CORNEAS: As shown in Figure 3 , there is
ittle lateral variability across the central cornea in control
yes but pronounced differences in subclinical and kera-
oconic eyes. Focal mechanical weakening was most pro-
ounced in the anterior cornea, with progressively greater
echanical profile overlap between controls and kerato-

onic eyes (SKC and KC) in the middle and posterior stro-
al layers, as highlighted in Figure 5 and in the depth-

ependent AUROC values ( Tables 3 and 4 ). These findings
ay be explained by anatomical differences in the anterior
ATION USING MT-BRILLOUIN MICROSCOPY 313
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cornea that maintain corneal shape and limit local swelling
as compared to less compact deeper layers. 52 

Within the keratoconic groups (SKC and KC), there is
apparent mechanical overlap between the most affected
subclinical and least affected KC eyes ( Figure 3 ). While
our current sample size is insufficient to draw significant
conclusions, these findings align with predictions by Roy
and Dupps, 57 where finite element modeling simulations
predicted that focal corneal steepening increases exponen-
tially (nonlinearly) as a function of decreasing elastic mod-
ulus beyond a certain mechanical threshold. Thus, mechan-
ical alterations in keratoconus may become less pronounced
than clinical findings in later disease stages. 

In this and prior work 

36 , 37 we found that focal mechan-
ical alterations (i.e., anterior MT Brillouin shift minimum
values) were most robust at discriminating between normal
and subclinical KC, with additional metrics effectively sep-
arating controls and early KC eyes. This suggests that ini-
tial mechanical alterations from normal are focal in nature
and expand in cross-sectional area and depth as disease ad-
vances. This provides additional support for the theory of
biomechanical decompensation proposed by Roberts and
Dupps. 8 We found the strongest correlations between the
Brillouin minimum shift value location with the TCP and
maximum steepening on tangential curvature maps. 36 More
precise localization of this focal alteration is the focus of fu-
ture work. 

The observations from this study further demonstrate the
limited role of posterior corneal alterations in early kerato-
conus development. 31 , 60 It seems unlikely that primary me-
chanical alterations initiate in posterior layers and progress
anteriorly; rather, our data and prior work 

20 , 31 suggest that
anterior mechanical alterations occur first and propagate
posteriorly with disease progression. 

• LIMITATIONS: As the first effort to evaluate the ability of
MT Brillouin microscopy to characterize depth-dependent
(axial) differences between normal and keratoconus spec-
trum corneas, this study has limitations. The device used
in this project is a custom-built Brillouin microscope not
approved by the Food and Drug Administration nor com-
mercially available for use. Overall acquisition time remains
long, limiting the device’s current viability for routine clin-
ical practice. Our sample size is relatively small; however,
this study was appropriately powered to identify relevant
differences between study populations. Based on our prior
work, we chose to focus on 2 Brillouin shift metrics, mean

Funding/Support: Supported in part by an unrestricted departmental grant 
(New York, NY, USA) Cleveland Clinic, from Research to Prevent Blindn
P30 EY025585 . 

Financial disclosures: JBR, HZ, BNS, BH, and BALD have no financia
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nd min values, to evaluate differences between groups. A
arger sample size will be needed to inform about subtler rel-
vant regional variations that may exist. We chose to divide
he corneal stroma into 3 regions of equal thickness; how-
ver, there may be more refined ways to subdivide corneal
tromal anatomy to better highlight regional differences.
his is the topic for future research. Subclinical eyes were

dentified and imaged at presentation only and were not
ollowed over time to differentiate eyes that progressed to
lear disease from those that did not. Finally, for this study,
e evaluated eyes categorized into 3 distinct groups based
n clinical morphology: normal, subclinical KC, and KC.
t seems plausible, however, that a less rigidly defined me-
hanical spectrum exists. 

CONCLUSION 

T Brillouin microscopy has, for the first time, demon-
trated axial mechanical differences between normal
orneas and eyes with subclinical or early-stage kerato-
onus. Most pronounced differences were found in the ante-
ior cornea, providing further evidence that mechanical al-
erations in keratoconus do not initiate posteriorly; rather,
hese alterations initiate anteriorly and propagate posteri-
rly with disease progression. This has relevant implications
n disease identification through screening and future treat-
ent development. 
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