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Abstract. The relaxation and contraction of the sphincter and dilator muscles of 
the iris play a critical role in vision, yet little is known about the biomechanical 
properties of these muscles. This study aimed to determine the elastic properties 
of the iris as a function of its anatomy and intraocular pressure. A high-resolution 
phase-sensitive OCE system was employed to detect acoustic radiation force 
induced propagation of elastic waves in the porcine iris in situ. Experiments were 
conducted at four different intraocular pressures (5, 10, 20, and 30 mmHg) with 
mechanical excitation at 1 kHz. We found that there was no significant difference 
in the wave speed at the different intraocular pressures. The results show that the 
stiffness of the iris was significantly higher in the semi-azimuthal orientation 
(mean wave speed of 2.5 m/s) than in the radial orientation (mean wave speed of 
1.5 m/s). These measurements provide essential insights into the elastic 
properties of the iris, and they can be used for the characterization of eye 
conditions. © 2021 Journal of Biomedical Photonics & Engineering. 
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1 Introduction 
The iris is located between the sclera and the pupil in the 
eye and is physically protected by the cornea. The 
movements of the iris (contraction and dilation) are 
supported by its structure, which is shaped by sphincter 
(for contraction) and dilator muscles (for dilation). The iris 
sphincter is in the pupillary circle, controlling 
accommodation and the amount of light reaching the 
retina. The exterior surface is divided into two different 
portions by the collarette. The collarette is the zone where 
the sphincter and the dilator muscles overlap [1–3]. The 
iris possesses two layers, the stroma, which contains most 
of the vascular tissue and is connected to the sphincter and 
dilator muscles, and the posterior, which is the pigmented 
layer mainly composed of melanocytes and 
fibroblasts [4, 5]. The iris can suffer several lesions and 
can be altered by diseases such as glaucoma, uveitis, 
cancer, and physical trauma [5–7]. These lesions can cause 
severe morphological changes to the iris structure and 
modify its biomechanical properties [8, 9]. The iris 

structure can also be altered by drugs which can modify 
the normal miosis and mydriasis of the iris [10]. In addition 
to abnormal morphological changes, the iris also 
undergoes natural variations due to its function in the eye 
(contraction and expansion) [11]. Several studies have 
shown interest in determining the biomechanical 
properties of the iris, under different conditions (in vivo or 
ex vivo) using animal models [12–14] or human 
volunteers [11], using different techniques such as Atomic 
Force Microscopy (AFM) [15], Optical Coherence 
Tomography (OCT) [9], and Optical Coherence 
Elastography (OCE) [11, 14, 16]. Although AFM showed 
a high capacity to determine the stiffness of the iris, it had 
several limitations. In AFM, the iris was dissected from the 
eye, limiting the capacity to study diverse areas of the iris 
and increasing the degradation of this tissue due to its 
exposure. Also, during the scanning process, the AFM tip 
adhered to the tissue, reducing the accuracy of indentation 
measurements [15]. On the other hand, OCE and OCT 
have the capacity to determine the biomechanical 
properties of the iris in its natural state inside the eye.  
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Dynamic OCE has been widely used in several studies 
to map the shear or Young’s modulus of biological tissues. 
OCE can use several non-contact approaches to generate 
displacements in tissue, which is an important advantage 
when characterizing the biomechanical properties of ocular 
tissues [17–19]. In ophthalmology, OCE has been 
extensively used since it is based on a widely adopted 
imaging modality, OCT, which is also non-contact, high-
resolution, and highly sensitive to motion [20, 21]. Thus, 
OCE is rapidly gaining popularity for assessing tissue 
biomechanical properties [22, 23]. OCE can describe the 
biomechanical differences among the different tissues of the 
same organs, such as the detailed description of the 
biomechanical properties of the inner structure of the 
eye [20, 24–26], including the iris [11, 16]. However, these 
studies have not investigated the effects of intraocular 
pressure (IOP) changes on the stiffness of the iris. These 
changes of IOP might cause variations in the iris structure 
and elasticity, which is related to diseases such as 
glaucoma [27–29]. Also, prior studies have reported the 
existence of rotational and translational movements of the 
iris during changes of IOP inside the eye. These movements 
could cause variations in the biomechanical properties of the 
iris [9]. To our knowledge, previous OCE methods used to 
analyze the iris biomechanics did not investigate possible 
stiffness variations caused by IOP changes [11, 16]. The aim 
of this work was to demonstrate the elastic properties of the 
iris using an animal model (porcine eyes) at different IOPs. 
Here, we demonstrate that the anatomical segments of the 
iris possess a significant difference in their biomechanical 
properties, suggesting their different roles during the iris 
contraction and expansion and their possible function in 
case of an abnormal deformation. 

2 Materials and Methods 

2.1 Biological sample preparation 
Nine porcine eyes were used in this study (Sioux-Preme 
Packing Co., Sioux City, IA, USA). All eyes were used 
during the first 24 h after enucleation. All external tissues 
(fat and muscles) were manually removed, and whole eye-
globes were placed in a custom holder. All samples were 
analyzed in situ using a closed-loop IOP control system 
simulating conditions of 5, 10, 20, and 30 mmHg of IOP 
for each sample [30]. To achieve the artificial IOP control, 
the micro-infusion pump and pressure transducer were 
connected via tubing, which was then connected to a 
needle that cannulated the porcine eye-globe. For each eye 
sample, one additional measurement was conducted before 
applying the artificial IOPs. Thus, this instance of OCE 
measurement was undertaken at the intraocular fluid 
pressure inside the eye-globe. The eyes were constantly 
hydrated using 1X PBS before and after each OCE 
imaging session at every IOP condition. 

2.2 OCE system setup and measurement 
The schematic of the experimental acquisition setup, 
which is mainly composed of a phase-sensitive spectral 
domain OCT (SD-OCT) system and an excitation source, 

is shown in Fig. 1(a). The SD-OCT system used a 
superluminescent diode light source (Broadlighter S840-I-
B-20, Superlum, Cobh Cross, Ireland) with a ~49 nm 
bandwidth and ~840 nm of central wavelength. In air, the 
lateral resolution of the OCT beam was ~8 µm, the axial 
resolution was ~9 µm, and the axial sampling resolution of 
the system was ~3 µm/pixel. For this particular study, the 
A-line acquisition speed was set to 50 kHz (temporal 
resolution Δt = 20 µs) [31].  
 

	
Fig. 1 (a) Schematic representation of the OCE scan setup, 
including the IOP control and an SD-OCT system.  
(b) Diagram of the scanned region using the immersion 
ultrasound transducer (inclined at ~45°) focused on the 
selected area of the iris. 

The Acoustic Radiation Force (ARF) excitation used 
in this work was generated using an ultrasound 
immersion transducer with a central frequency of 
3.5 MHz and a focal length of ~19 mm (V382-SU, 
Olympus Corp., Japan) connected to a waveform 
generator (DG4162, RIGOL Tech, China) and an RF 
signal amplifier (1040L, Electronics & Innovation Ltd., 
NY, USA). A custom 3D printed cone was attached to 
the transducer and filled with ultrasound gel (McKesson 
Ultrasound Gel Pink, Richmond, VA) to couple the ARF 
to the eye-globe. The acoustic beam was focused on the 
iris inside the eye, and the transducer was inclined at an 
angle of ~45° with respect to the OCT beam. The 
transducer sent an acoustic pulse that was synchronized 
with the OCT frame trigger for M-B mode imaging  
[32–34]. The acoustic excitation pulse was sent in a train 
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of pulses using a frequency of 1 kHz. The OCT beam was 
steered with a pair of galvanometer-mounted mirrors for 
2D OCE acquisition. The 2D-OCE scanning on the iris 
was performed in two directions, radial (X-axis) and 
orthogonal oriented direction with respect to the radial 
direction (Y-axis). The Y-axis covers a section of the 
azimuthal orientation of the iris (i.e., near azimuthal), and 
hence, it will be referred to as semi-azimuthal in this 
paper (shown in Fig. 1(b)). The ARF-induced elastic 
waves were tracked during N = 251 A-line repetitions 
(~5 ms) in a line for Y-axis (7.7 mm) and X-axis 
(3.1 mm) (Fig. 1(b)). The ARF excitation was focused in 
the middle of the OCE field of view. Four measurements 
were performed for each sample at each IOP. The wave 
speed was quantified from the axial particle velocity, !!, 
based on the depth dependent phase (φ) difference of two 
consecutive complex value A-lines for a given position 
(#", $") [35] using the following equation:  

!!(&, () = ∆φ(&, () #!
$%&∆(	, (1) 

where - was the refractive index of the sample (in this 
study, the refractive index of the cornea - = 1.376 was 
used) [24, 36], ∆(  was the temporal resolution, and 
∆φ(&, () = φ(&, ( + ∆() − φ(&, (), and λ" was the central 
wavelength of the OCT system. The temporal phase 
change was used to extract temporal displacement changes 
(∆6!(&, () = 	∆φ(&, () #!

$%& ) along depth, resulting in a 
spatiotemporal image for each M-B mode OCT image. 
Subsequently, the elastic wave velocity was determined by 
computing the slope of the spatiotemporal images of the 
wave propagation [24]. At the scan area of interest, the 
presence of aqueous humor on the anterior surface of the 
iris forms a liquid-tissue interface while the posterior side 
of the iris rests on the lens (i.e., tissue-tissue interface) [37]. 
Here, a Scholte wave model is used to describe the elastic 
wave at the liquid-tissue interface. The velocity of shear 
wave (Cs) in an incompressible medium is related to the 
Scholte wave speed (Csch) using the equation [11, 37]: 

7)*+ = 0.846	7). (2) 

The Young’s modulus (E) was estimated using the 
equation: 

; = 	-.	
".0$1" 7)*+

2 ,  (3) 

where ρ is the density of the iris (~1250 kg/m3). All OCE 
data sets were analyzed using MATLAB R2020b 
(Mathworks, Inc., Natick, MA, USA). 

The Student’s t-test was employed to assess the 
statistical differences, if any, of the wave propagation 
speed and the iris stiffness between the semi-azimuthal 
and the radial directions. A one-way ANOVA was used 
to determine the significance of differences among the 
acquisition repetitions and the iris stiffness at the 
different IOPs. This statistical method was used in all 

measurements, and significant difference values are 
shown in the results section.  

3 Results 
The wave propagation in the porcine iris was quantified 
and compared at four artificially induced IOPs (5, 10, 20, 
and 30 mmHg) and in the eyeball with no intraocular 
pressure control. Also, we investigated the potential 
variation in the wave speed for two scan orientations: 
radial and semi-azimuthal. Figs. 2(a) and 2(f) show the 
OCT B-mode images, while the instantaneous wave 
propagation snapshots for the radial and semi-azimuthal 
scans are shown in Figs. 2(b) to 2(e) and 2(g) to 2(j), 
respectively, at the noted times after ARF excitation. For 
comparison purposes, a common excitation position was 
maintained for all samples and all IOPs for each direction. 
Fig. 2(a) shows the iris cross-section in the radial 
orientation where the transition between the dilator and 
sphincter regions is visible as a large bump near the middle 
of the OCT structural image. For all samples, two scans 
were performed in each orientation. In Figs. 2(a) and 2(f), 
the red arrows indicate the excitation positions. Hence, as 
shown by the colored patterns, in Figs. 2(b) – 2(e) and 
2(g) – 2(j), the wave propagates in both the left and right 
direction with respect to the excitation position. 

Fig. 3 is the box and whisker plots of the mean wave 
speed at IOPs of 5 mmHg, 10 mmHg, 20 mmHg, and 
30 mmHg for all eye samples. In Fig. 3, the ‘NAP’ (i.e., 
no artificial intraocular pressure) indicates the additional 
measurement taken without any artificial IOP. The top 
and bottom boundaries of the box are the 25th and 75th 
percentiles, respectively, while the median and mean are 
shown by the horizontal line and dot inside the box, 
respectively. The whiskers extend from the 1st and 3rd 
quartiles to the lowest and largest wave speeds, which are 
indicated by an ‘X’. Statistical testing by a one-way 
ANOVA showed no significant change in the wave speed 
as a function of the IOP in the radial (F(4,48) = 1.00, 
p = 0.42) or semi-azimuthal directions (F(4,72) = 0.68, 
p = 0.61). 

As discussed in the methods section, two orthogonal 
M-B mode scans, one in the radial and the other in the 
semi-azimuthal orientation, were performed at each 
repetition. In this study, the semi-azimuthal scan was 
performed in the orthogonal direction to the radial 
orientation, and hence, the scan path does not perfectly 
follow the circumferential direction concentric to the 
curvature of the iris. But with sufficiently short lateral 
scan length, the measurements are sufficiently 
representative of the iris stiffness in the azimuthal 
direction. Fig. 4 shows the mean and standard deviations 
of wave speed as a function of IOP for all eye samples. 
The wave speed in the radial direction was consistently 
lower than that of the semi-azimuthal direction 
(p < 0.001). The Young’s modulus was computed for 
both the radial and semi-azimuthal wave speed 
measurements. Table 1 shows the summary of the mean 
and standard deviations of the wave speed and Young’s 
modulus at the five IOPs.
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Fig. 2 Representative ex vivo OCT structural images of porcine iris scanned in (a) radial and (f) semi-azimuthal directions. 
The colored images in (b) to (e) and (g) to (j) show particle velocity snapshots extracted at the noted times after 1 kHz ARF 
excitation in the radial and semi-azimuthal directions, respectively. The excitation points are indicated by the red star in (a) 
and (f). In the color bar, Part. vel. refers to axial particle velocity in mm/s. 

Table 1 Inter-sample mean and standard deviation of Scholte wave speed and Young’s modulus at different IOPs (N = 9 
samples). SD stands for standard deviation. 

IOP (mmHg) 

Radial  Semi-azimuthal 

Elastic wave speed 
Mean ± SD (m/s) 

Young’s Modulus 
Mean ± SD (kPa) 

 Elastic wave speed 
Mean ± SD (m/s) 

Young’s Modulus 
Mean ± SD (kPa) 

NAP 1.56 ± 0.52 14.25 ± 8.65  2.32 ± 0.40 28.95 ± 9.22 
5 1.65 ± 0.63 16.42 ± 12.77  2.62 ± 0.63 37.95 ± 18.90 
10 1.59 ± 0.56 14.92 ± 10.19  2.65 ± 0.65 39.01 ± 18.72 
20 1.20 ± 0.42 8.45 ± 5.59  2.46 ± 0.46 32.81 ± 13.99 
30 1.61 ± 0.51 14.87 ± 9.50  2.48 ± 0.61 34.09 ± 17.62 

Mean 1.52 ± 0.53 13.78 ± 9.34  2.50 ± 0.55 34.56 ± 15.69 

 
Fig. 3 Box-whisker plot of the mean wave speed for (a) radial and (b) 
semi-azimuthal OCE measurements in porcine iris at different IOPs. 
NAP = no artificial intraocular pressure and number of eye samples. 
N = 9. The red plus (‘+’) signs indicate outliers in each data set. 

 
Fig. 4 Mean wave speed comparison between 
radial and semi-azimuthal orientation. 
NAP = no artificial intraocular pressure, and the 
number of eye samples, N = 9. 
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4 Discussion 
One of the main findings of this study was the 
demonstration that the effect of intraocular pressure on 
the wave propagation speed in the iris was not significant 
for either radial or semi-azimuthal directions (Fig. 2). 

Despite the similarity in the wave speed trends shown 
in Fig 3, it appears that the IOP effect on the speed in both 
the radial and semi-azimuthal orientations is minimal. 
From this point of view, the iris behavior is similar to the 
behavior of the crystalline lens under IOP elevation and 
can be explained by low deformation of these parts of the 
eye located inside the eye-globe [26, 38–40]. Therefore, 
hyperplastic properties of the iris and lens do not play a 
significant role in the wave propagation – in opposite to 
the cornea and sclera. Lee et al. [9] used OCT imaging to 
measure the changes in the iris deformation and then 
quantified iris biomechanical properties with numerical 
simulations based on the OCT measurements. Their 
results also showed that there was no consistent trend in 
the change with iris radial length over different IOPs for 
murine iris. However, the numerical simulation was 
produced assuming an isotropic iris and hence, does not 
reliably reflect the effect of IOP on iris anisotropy as our 
measurements show a significant degree of elastic 
anisotropy in the iris. 

The current work has shown that the elastic wave 
speed and hence, the stiffness of the iris is different in the 
radial and semi-azimuthal orientations. Firstly, the 
estimated Young’s modulus of elasticity in both 
orientations (Table 1) is comparable to the elasticity of 
most smooth muscles (i.e. 6 kPa to  2.08 MPa) [41]. 
Secondly, the higher semi-azimuthal Young’s modulus, 
as compared to the radial Young’s modulus, is in 
agreement with the findings in the previous works [41]. 
However, to the best of our knowledge, this is the first 
OCE-based measurement to demonstrate the existence of 
a significant difference in iris stiffness in the radial and 
semi-azimuthal orientations. As shown in Fig. 4, the 
wave speed in the semi-azimuthal orientation is 
consistently higher. Contrary to the assumptions in some 
prior studies [11], these results demonstrate the elastic 
anisotropy of the iris, which is intuitively attributed to the 
anatomical structure of the dilator and sphincter muscles. 
The change in the biomechanical properties of these 
muscles is a common factor for primary angle closure 
glaucoma [8, 15]. Thus, the accurate quantification of iris 
elasticity might be used as a potential biomarker of 
certain eye diseases (e.g., glaucoma) and may help to 
devise targeted treatment methods. With its high spatial 
and temporal resolutions and high displacement 
sensitivity, phase-sensitive OCE promises to be an 
excellent diagnostic tool for clinical translation to 
accurately assess the biomechanical properties of the fine 
muscle fibers of the iris. 

In the recent development of OCE-based iris stiffness 
quantification, Ye et al. [11] employed air-puff for non-
contact excitation of elastic waves in the iris. The 
excitation method avoids the use of an ultrasound gel 
between the tip of the ARF transducer and the eye-globe. 
However, unlike the ARF method in which a focused 

acoustic beam can be directed to the target tissue, the air-
puff method does not enable a localized excitation and 
thus, results in wave motion in various sections of the 
eye-globe. Moreover, the limited bandwidth afforded by 
the air puff limits the mechanical resolution and is 
heavily influenced by the boundary conditions. In earlier 
OCE-based iris stiffness studies, human [11] and  
rabbit [16] subjects were used while excised porcine 
eyeballs were employed for our study, and thus, these 
might have contributed to the difference in the wave 
speed results among the three studies. 

However, it is important to note the limitations of the 
current study. Though the semi-azimuthal and radial 
measurements provided insight into the anisotropic 
nature of the iris, more accurate elasticity 
characterization of the dilator and sphincter muscles 
could be achieved by performing full azimuthal scans in 
these two regions of the iris. In situ studies for various 
iris colors and different age groups would provide a 
broader understanding of the iris biomechanical 
properties. Although a coupling media was utilized in 
this work, previous work has shown that contact with 
ocular tissues is well tolerated for brief times even 
without topical anesthetics [42].  

The model of wave propagation used to evaluate 
Young’s modulus in the iris has significant limitations 
because of the small thickness of the iris (mean thickness 
of iris in this study was 0.527 mm), and the effect of the 
contact between the iris and the crystalline lens. While in 
the model the iris is considered as a homogeneous elastic 
half-space, such assumption is an obvious simplification 
and a comprehensive model should include the effects of 
the lens, anisotropic nature of the iris, viscosity and finite 
thickness of the iris. Future work will involve the 
development of an appropriate wave model that 
incorporates the complex iris biomechanics and 
geometry. 

5 Conclusion 
The iris is a fundamental organ in the eye with the crucial 
role of controlling the amount of light that passes through 
the lens to the retina. The anatomy of the iris controls the 
dynamics of contraction and expansion, dominating the 
biomechanical properties of this tissue structure. In this 
study, we have shown the changes of the biomechanical 
properties among the different anatomical parts of the iris, 
supporting the conclusion that the iris is an anisotropic 
tissue with different viscoelastic properties in the 
sphincter, collarette, and dilator muscles. In addition to 
these changes of the biomechanical properties, the iris is 
able to keep its shape and properties, even if the ocular 
globe is under mechanical stress (in this study, the 
mechanical stress is caused by the internal changes of IOP 
in the eye). In conclusion, our results suggest that the most 
significant changes of the biomechanical properties of the 
iris are related to its anatomical changes caused by natural 
conditions (contraction and dilation because of variation in 
the light of the environment) or abnormal modifications 
(presence of tumors, diseases, or other non-natural 
modifications). These results suggest the potential use of 
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OCE to evaluate iris biomechanical properties for disease 
detection or screening.  
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