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Abstract

Introduction: Characterization of ocular biomechanics is necessary to fully under-
stand the development of vitreoretinal traction, retinal tears, and detachment. Few studies have 
tried to characterize the viscoelastic properties of the vitreous and all previous studies have used 
either ex vivo human eyes or in vivo animal eyes. Our objective was to analyze, in vivo, the role of 
the vitreous in ocular biomechanics.

Material and Methods: Prospective longitudinal study that included 24 patients 
submitted to unilateral pars plana vitrectomy (PPV) for vitreous opacities or epiretinal membrane. 
Ocular biomechanics were analyzed with Oculus Corvis ST® one week before and one month af-
ter surgery. The whole eye movement (WEM) was analyzed separately as a function of posterior 
segment compression. Posterior vitreous detachment (PVD) was access with 55º optical coherence 
tomography. The fellow non-operated eyes were used as control. Non-parametric tests were used, 
and the significance level was set at 5%. 

Results: After PPV, we observed changes in biomechanics towards a softer corneal behav-
ior, namely a reduction in SP-A1 (p=0.009). However, intraocular pressure (IOP) was also lower 
(p=0.034). WEM distance decreased after vitrectomy (p=0.020). There were no significant differences 
in fellow non-operated eyes. A cross-sectional comparison before PPV showed that eyes with PVD 
at the macula also have a shorter WEM distance (p=0.047). There were no significant differences ac-
cording to the reason for PPV (vitreous opacities in 16 eyes or epiretinal membrane in 8 eyes).

Conclusion: This study shows changes in response to an air pulse after PPV, which 
suggests a role of the vitreous in ocular biomechanics. Due to lower IOP after surgery, no definite 
conclusions may be drawn regarding corneal measurements and indexes. More importantly, we 
observed changes that relate to the posterior segment of the eye, namely the vitreous. A decrease 
in WEM distance conveys a reduction in anterior-posterior deflection and reduced compression of 
the posterior segment. Lower IOP alone would produce the opposite effect. Eyes with PVD may 
also have reduced WEM. Together these findings demonstrate, for the first time in vivo, that the 
attached vitreous exerts a centripetal force on the globe. 

Keywords: Biomechanical Phenomena; Kinetics; Posterior Eye Segment; Vitreous Body; 
Vitreous Detachment.
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RESUMO

Introdução: A biomecânica ocular faz parte da fisiopatologia vítreo-retiniana, nome-
adamente da tração vítreo-retiniana, rasgaduras de retina e descolamentos de retina. Os poucos 
estudos publicados que tentaram caracterizar a biomecânica do vítreo utilizaram métodos ex vivo 
em seres humanos ou in vivo em animais. O objetivo deste estudo foi analisar, in vivo, o papel do 
vítreo na biomecânica ocular. 

Material e métodos: Estudo prospetivo longitudinal que incluiu 24 doentes com 
indicação clínica para vitrectomia pars plana (VPP) em um dos olhos por opacidades do vítreo 
associadas a amiloidose hereditária por transtirretina ou por membrana epirretiniana primária. 
A biomecânica ocular foi analisada com o Oculus Corvis ST® uma semana antes e um mês após 
a cirurgia. O movimento ocular global (MOG), como medida da compressão do segmento pos-
terior, foi analisado separadamente dos índices biomecânicos corneanos. A presença prévia de 
descolamento posterior do vítreo (DPV) foi analisada com tomografia de coerência ótica de campo 
alargado (55º). Os olhos adelfos (não-operados) foram usados como grupo de controlo. Os testes 
estatísticos utilizados foram não-paramétricos e o nível de significância foi definido em 5%. 

Resultados: Após a VPP, os índices biomecânicos da córnea alteraram no sentido de 
um comportamento menos rígido, nomeadamente a redução do SP-A1 (p=0,009). No entanto, a 
pressão intraocular (PIO) também diminuiu (p=0,034). Verificou-se uma redução da distância do 
MOG após VPP (p=0,020). Não houve diferenças nos olhos adelfos. Numa analise transversal da 
visita pré-operatória, os olhos com DPV macular também apresentaram menor distância do MOG 
(p=0,047). Não houve diferenças relativamente ao motivo para a VPP (opacidades vítreas em 16 
olhos e membrana epiretiniana em 8 olhos). 

Conclusão: Este estudo preliminar mostrou diferenças no movimento dinâmico do olho 
ao aplicar uma força externa, o que sugere que o vítreo tem um papel significativo na biomecânica 
ocular. Como a PIO foi mais baixa após a cirurgia, não é possível chegar a conclusões relativamente 
às diferenças na biomecânica corneana. O nosso achado mais importante foi a redução do MOG 
após VPP, o que pode estar relacionado com o segmento posterior e nomeadamente com o vítreo. 
Uma diminuição no MOG traduz uma redução na deflexão ântero-posterior e consequentemente 
uma redução na compressão do segmento posterior. A PIO mais baixa, isoladamente, iria ter o efeito 
oposto. Os olhos com DPV também mostraram um MOG mais reduzido. Assim, os nossos resul-
tados mostram, pela primeira vez in vivo, que o vítreo exerce uma força centrípeta no globo ocular. 

Palavras-chave: Cinética; Corpo Vítreo; Descolamento do Vítreo; Fenómenos Biome-
cânicos; Segmento Posterior do Olho.

Introduction

The vitreous humor (vitreous) is a complex tissue that 
fills the posterior segment of the eye, between the lens and 
the retina. The vitreous has developmental, optical and nu-
tritional functions.1,2 Additionally, the vitreous provides 
mechanical protection to ocular deformation, namely eye 
movements, saccades, head accelerations and decelera-
tions, and external impacts.3,4  The molecular content of the 
vitreous is well described: it is composed mainly of water 
(99%), heterotypic collagen fibrils and hyaluronan.5  More 
importantly, the supramolecular organization of those com-
ponents is responsible for transparency and it is the key to 
understand vitreous physiology and pathology.6  However, 
analyzing the supramolecular structure and studying its 
biomechanics is much more challenging, especially in vivo. 
Quoting J. Sebag in his many reports about the vitreous, “it 

is a quest to see the invisible”.
The vitreous structure is dynamic along its lifetime and 

several ocular pathologies such as retinal tears, rhegma-
togenous or tractional retinal detachment, macular edema 
and vitreous hemorrhage may be seen as vitreous related 
complications. Characterization of vitreous biomechan-
ics is therefore necessary to fully understand, prevent and 
improve the treatment of these conditions. Moreover, de-
velopments in the study of the vitreous may optimize the 
design and control of surgical instruments and techniques. 

Few studies have tried to characterize viscoelastic prop-
erties of the vitreous, but all have used either ex vivo human 
eyes or in vivo animal eyes.7-10 

Our objective was to analyze, in vivo, changes in ocular 
biomechanics, comparing eyes before and after surgical re-
moval of the vitreous. 
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Methods

Study design and participants:

Prospective longitudinal study in Centro Hospitalar 
Universitário do Porto, Porto, Portugal, that included 24 
consecutive subjects with indication for unilateral pars pla-
na vitrectomy (PPV) for primary epiretinal membrane or 
vitreous opacities. Exclusion criteria were systemic colla-
gen disorders, corneal scarring, previous cornea refractive 
surgery, intraocular surgery, previous ocular trauma, glau-
coma, or use of contact lenses, as these conditions may in-
fluence ocular and vitreous biomechanics. Exclusion crite-
ria were applied bilaterally. Subjects underwent PPV only 
or with membrane peeling (not combined with other pro-
cedures such as cataract surgery, cryotherapy, endocular 
photocoagulation or gas tamponade) by a single surgeon. 

Study protocol:

All subjects underwent a measurement of ocular bio-
mechanics in both eyes with Oculus Corvis ST, by a trained 
technician, one week before and one month after surgery. 
The Corvis ST is an ultrahigh-speed Scheimpflug camera 
that records and analyzes the anterior segment of the eye 
when an air puff is released. The cornea first flattens (A1), 
then becomes concave (HC), flattens again (A2), and then 
returns to its original contour. At the same time, the poste-
rior segment undergoes an anterior-posterior compression. 
In the moment the corneal returns to its original shape, the 
rest of the globe is still compressed, and the complete an-
terior segment is displaced posteriorly. From this displace-
ment, the whole eye movement (WEM) is calculated, as a 
reproduction of posterior segment movement. Given that 
cornea deformation equals cornea deflection plus WEM, 
the outcomes considered were timing and deflection dis-
tance, at each moment. Deformation values were not con-
sidered as they are dependent on WEM, that was analyzed 
separately. Each examination consisted of the mean of 
three measurements and only examinations with Quality 
Score “OK” were accepted.

Posterior vitreous status was assessed with 55º spectral 
domain optical coherence tomography (Heidelberg Spec-
tralis®) and defined as complete attachment, macular de-
tachment, papillary detachment, or complete detachment. 

Data analysis:

Eyes were considered the statistical unit but only the 
operated eyes (1 eye per subject) were included for analy-
sis. The fellow non-operated eyes were used only for a con-
trol longitudinal test. Descriptive statistics are shown as 
mean ± standard deviation [minimum -maximum]. Non-
parametric tests were used, and the significance level was 
set at 5%.

Ethical considerations

This study was performed accordingly to the principles 
of the Declaration of Helsinki. Moreover, all exams per-
formed are considered non-invasive. Eligible participants 
were enrolled after obtaining their acceptance and written 
informed consent for the study and for publication. The 
study was approved by our institutional review board and 
ethics committee (ID number 2021.037(029-DEFI/030-CE). 
All data was saved and shared anonymously. 

 
Results  

The indications for vitrectomy were vitreous opacities 
associated with transthyretin amyloidosis in 15 eyes and 
epiretinal membrane in 9 eyes. The mean age of the 24 in-
cluded patients was 50.6 ± 8.1 [42.6 - 66.1]. Gender distribu-
tion was 4 women / 20 men. All subjects were phakic. Re-
fractive error in ranged between -0.75D and +1.75D. There 
were no intraoperative or postoperative complications dur-
ing the follow-up.

Table 1 shows associations between age and preopera-
tive measurements. Considering eyes without PVD only, 
there was no significant association between age and WEM 
(Spearman’s rho=0.333; p=0.207). There were no significant 
differences in preoperative biomechanical measurements ac-
cording to the reason for vitrectomy as detailed in Table 2. 

Table 1. Associations between age and preoperative meas-
urements. 

Associations with age (years)

Spearman’s 
rho p-value

IOP [mmHg] 0.059 0.785

bIOP [mmHg] -0.471 0.020

Pachymetry [µm] 0.941 <0.001

A1 Time [ms] 0.059 0.785

A1 Deflection Amp. [mm] -0.294 0.163

A2 Time [ms] 0.118 0.584

A2 Deflection Amp. [mm] 0.588 0.003

HC Deflection Amp. [mm] -0.118 0.584

HC Time [ms] -0.313 0.136

Max Deflection Time [ms] 0.824 <0.001

Max Deflection Amp. [mm] -0.059 0.785

SP-A1 0.941 <0.001

SSI 0.118 0.584

Max. WEM Time [ms] 0.059 0.785

Max. WEM Distance [mm] -0.176 0.409

IOP - intraocular pressure; bIOP - biomechanical-corrected; A1 
- first applanation; (A2) second applanation; HC - moment of high-
est concavity; Max - maximum; Amp - amplitude; SP - A1 stiffness 
parameter A1; SSI - stress-strain index; WEM - whole eye move-
ment; SD - standard deviation.
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Changes after vitrectomy

Changes in biomechanical measurements before and after vitrectomy are shown in Table 3. There were no significant 
differences in the non-operated fellow eyes (p>0.501 for all variables).

Role of the Vitreous in Ocular Biomechanics

Table 2. Cross-sectional comparison of preoperative biomechanical measurements in eyes operated because of epiretinal mem-
brane or vitreous opacities.

Reason for vitrectomy

Epiretinal membrane (n=9) Vitreous opacities (n=15)
p-value

Mean SD Mean SD
Age [years] 51.395 9.173 50.125 7.630 0.830
IOP [mmHg] 15.278 1.839 15.100 1.466 1.000
bIOP [mmHg] 14.267 1.491 14.267 1.315 0.646
Pachymetry [µm] 550.889 25.634 546.533 22.347 0.830
A1 Time [ms] 7.787 0.229 7.756 0.189 0.481
A1 Deflection Amp. [mm] 0.088 0.010 0.091 0.009 0.646
A2 Time [ms] 21.934 0.319 21.988 0.301 0.646
A2 Deflection Amp. [mm] 0.090 0.013 0.093 0.013 0.646
HC Deflection Amp. [mm] 0.808 0.057 0.824 0.058 0.819
HC Time [ms] 17.120 0.214 17.140 0.217 0.646
Max Deflection Amp. [ms] 0.811 0.057 0.829 0.058 0.481
Max Deflection Amp. [mm] 16.824 0.370 16.745 0.304 0.646
SP-A1 122.874 22.859 115.796 19.528 0.646
SSI 1.177 0.134 1.155 0.113 0.481
Max. WEM Time [ms] 21.880 0.681 22.088 0.820 0.830
Max. WEM Distance [mm] 0.280 0.034 0.285 0.035 0.830

IOP - intraocular pressure; bIOP - biomechanical-corrected; A1- first applanation; A2 - second applanation; HC - moment of highest con-
cavity; Max - maximum; Amp - amplitude; SP-A1 - stiffness parameter A1; SSI -  stress-strain index; WEM - whole eye movement;  
SD - standard deviation.

Table 3. Biomechanical measurements before and after vitrectomy

Before After Wilcoxon test

Mean SD Mean SD p-value
IOP [mmHg] 15.167 1.579 14.167 2.278 0.034
bIOP [mmHg] 14.267 1.351 13.433 2.086 0.060
Pachymetry [µm] 548 23 548 22 0.966
A1 Time [ms] 7.768 0.201 7.673 0.281 0.156
A1 Deflection Amp. [mm] 0.090 0.009 0.090 0.005 0.866
A2 Time [ms] 21.968 0.302 22.317 0.290 0.002
A2 Deflection Amp. [mm] 0.092 0.013 0.107 0.009 <0.001
HC Time [ms] 17.133 0.212 17.094 0.385 0.874
HC Deflection Amp. [mm] 0.818 0.057 0.890 0.127 0.005
Max Deflection Time [ms] 16.774 0.325 17.026 0.505 0.009
Max Deflection Amp. [mm] 0.822 0.057 0.895 0.126 0.005
SP-A1 118.451 20.643 110.019 14.044 0.009
SSI 1.163 0.119 1.099 0.205 0.112
Max. WEM Time [ms] 22.010 0.763 22.262 0.312 0.088
Max. WEM Distance [mm] 0.325 0.076 0.257 0.077 0.020

IOP - intraocular pressure; bIOP - biomechanical-corrected; A1 - first applanation; (A2) second applanation; HC - moment of highest con-
cavity; Max - maximum; Amp -  amplitude; SP-A1 - stiffness parameter A1; SSI - stress-strain index; WEM - whole eye movement;  
SD - standard deviation.
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Posterior vitreous detachment 

In our sample, 8 eyes had macular PVD preoperatively. 
Of these, 4 eyes had also papillary PVD (complete PVD). 
No eye without macular PVD had papillary PVD. Patients 
with macular PVD were older (58.2 ± 8.5 vs 46.8 ± 4.5, 
p=0.003). The reason for vitrectomy was not associated with 
the presence of PVD (chi-square, p=0.371). Table 4 shows a 

cross-sectional analysis comparing eyes with and without 
macular PVD. Analysis according to complete PVD was not 
performed due to the reduced number of eyes. In a sub-
group analysis, the whole eye movement decreased non-
significantly after vitrectomy in eyes without PVD (differ-
ence -0.092 mm, p=0.101) but remained similar in eyes with 
PVD (difference +0.004 mm, p=0.282). 

Discussion 

The present study is the first in vivo assessment of the 
vitreous contribution to ocular biomechanics. We used a 
high-speed camera during a corneal air puff to measure the 
displacement of the posterior segment of the eye before and 
after surgical removal of the vitreous. We found that after 
vitreous removal this displacement is smaller, which sug-
gests that the vitreous exerts a centripetal force on the globe. 
As illustrated in Fig. 1, this force materializes in the oppo-
site direction than the intraocular pressure. Interestingly, the 
measurements of intraocular pressure were lower after sur-
gery, even for biomechanical-corrected intraocular pressure. 
The lower IOP alone would produce the opposite effect on 
WEM, which reinforces a true effect of the vitreous removal 
in the latter. Being the most voluminous tissue in the eye, it is 
unsurprising that the vitreous, together with the cornea and 
the sclera, contributes to ocular biomechanics.11 In fact, the 
change in WEM distance was considerably (21% reduction), 
which suggests that the vitreous’ role is significant.

Initially, the histological study of vitreous body used to 
be hampered by the high amount of water, artefacts during 
tissue fixation and the precipitation of hyaluronic acid. More 
recent postmortem studies have described the internal vitre-
ous structure: collagen fibers arise from the vitreous base 
and connect it to the posterior pole.2 This structure explains 
our results: the removal of the collagen fibers releases ante-
rior-posterior tension. A study from 1978, conjectured that if 
collagen was removed from the vitreous, the glycosamino-
glycans form a viscous solution; however if hyaluronan was 
removed, the vitreous would shrink given the elastic propri-
eties of the collagen,7 which also relates to our findings.

In eyes with PVD, collagen fibers no longer connect at the 
posterior end of their coronal path, and they appear to move 
freely, not able to exert any tensile force. The cross-sectional 
comparison showed that eyes with macular vitreous detach-
ment have a shorter WEM, even before vitrectomy. 

We also observed changes in corneal biomechanics, 
namely a propensity to softer corneal behavior after surgery. 
These changes may be determined by the IOP after surgery, 

Role of the Vitreous in Ocular Biomechanics

Table 4. Cross-sectional comparison of preoperative biomechanical measurements in eye with and without macular vitreous 
detachment.

Macular posterior vitreous detachment

No (n=16) Yes (n=8)
p-value

Mean SD Mean SD
IOP [mmHg] 15.000 0.632 15.500 2.673 1.000
bIOP [mmHg] 14.625 1.125 13.550 1.550 0.047
Pachymetry [µm] 535.250 15.704 574.000 9.621 <0.001
A1 Time [ms] 7.736 0.101 7.832 0.321 1.000
A1 Deflection Amp. [mm] 0.095 0.003 0.080 0.010 <0.001
A2 Time [ms] 22.016 0.246 21.872 0.392 0.329
A2 Deflection Amp. [mm] 0.094 0.013 0.087 0.013 0.329
HC Deflection Amp. [mm] 0.839 0.047 0.776 0.052 0.329
HC Time [ms] 17.209 0.207 16.979 0.123 0.008
Max Deflection Amp. [ms] 0.844 0.048 0.777 0.051 0.047
Max Deflection Amp. [mm] 16.591 0.107 17.141 0.304 <0.001
SP-A1 104.565 2.326 146.221 8.155 <0.001
SSI 1.135 0.060 1.220 0.182 0.329
Max. WEM Time [ms] 22.193 0.878 21.645 0.180 0.047
Max. WEM Distance [mm] 0.328 0.094 0.320 0.001 0.047

IOP - intraocular pressure; bIOP - biomechanical-corrected; A1  first applanation; (A2) - second applanation; HC - moment of highest con-
cavity; Max - maximum; Amp - amplitude; SP-A1 - stiffness parameter A1; SSI - stress-strain index; WEM - whole eye movement;  
SD - standard deviation.
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but the measurement of IOP may also be influenced by true 
biomechanical changes. Stress-strain index (SSI), a second-
generation parameter that represents corneal biomechanical 
behavior independently of IOP and corneal thickness,12 was 
non-significantly reduced (p=0.112). It remains unclear if cor-
neal biomechanics are really affected after vitreous removal. 
Still, a possible explanation for a softer corneal behavior after 
vitrectomy is the absence of hyaluronan, responsible for vis-
cous proprieties, in the empty anterior vitreous cavity. Several 
studies in animal eyes agree that there are two distinct rheo-
logical behaviors of the vitreous: a solid-like phase composed 
of collagen, and a viscous phase composed of hyaluronan.8,9 
Moreover, the vitreous viscosity is higher near the lens13  and 
that same region is the one with lowest density of collagen fib-
ers.10  Therefore, it is conceivable that the vitreous retains the 
position of the anterior segment (a consequence hyaluronan 
viscosity) and, at the same time, it applies traction on the pos-
terior segment (due to its collagen fibers that connect the an-
terior to posterior poles). Changes corneal behavior were seen 
preoperatively in eyes with PVD, however pachymetry was 
significantly higher in these subjects and SSI was unchanged. 
Therefore, no proper conclusions can be reached regarding 
corneal biomechanical changes related to PVD. 

Some other recent papers measured in vivo WEM: Aoki 
et al found a negative correlation between WEM and axial 
length.14  This finding is compatible with ours and may be 
explained by decreased collagen content, vitreous liquefac-
tion and early PVD in myopic eyes.2,15-17 However, scleral 

thickness and resistance may be an additional contributive 
factors for changes in WEM in myopic eyes.11 We did not 
contemplate axial length measurement, but the refractive 
error interval of our sample was small and had no extreme 
values. Therefore, it is unlikely that axial length was a con-
founding factor in our study.

Another study, by Vinciguerra et al, measured WEM 
in healthy subjects and observed that WEM increases with 
age.18 However, they did not evaluate the presence of PVD. 
PVD is age-related19 and this might have been a confound-
ing factor in their study. We found no direct association of 
WEM and age, considering both the full sample and the 
subgroup without PVD. Still, vitreous collagen undergoes 
cross-linking and dehydration with age.2,15 It is plausible 
that, until PVD occurs, vitreous aging leads to higher trac-
tional force, and consequently, larger WEM. At the moment 
of PVD, the tension is released and WEM decreases. 

One of the current developments in medicine is mov-
ing from static to dynamic examinations. It has ensued in 
computer tomography and magnetic resonance of the brain 
and body.20,21 Optical coherence tomography angiography 
is a good example of how dynamic and repeated in time 
evaluation of static images, may reveal previously hidden 
information.22 Sequential tomographic imaging of the eye 
during compression is another step forward in ophthal-
mological research. There are limitations to this type of 
measurement of ocular biomechanics, namely its reliance 
on intra-ocular pressure. Moreover, the type of device used 
in this study cannot isolate vitreous biomechanics in a sin-
gle timepoint and its measurements are coarse for such a 
complex structure. New technologies such as optoacoustic 
imaging,23 in vivo shear rheometry24  or dynamic light scat-
tering spectroscopy,25 may provide further insights. 

Another limitation of our study is the small sample size, 
namely the reduced number of eyes with posterior vitreous 
detachment, that precludes a subgroup longitudinal analy-
sis according to the posterior vitreous status.

We included subjects submitted to PPV without addi-
tional procedures such as cataract surgery, photocoagula-
tion, cryotherapy, or gas tamponade, aiming to isolate the 
role of the vitreous alone and avoiding extra biases. Addi-
tionally, over half of the subjects in our sample had vitreous 
opacities due to hereditary transthyretin amyloidosis. Mu-
tant TTR deposits and aggregates along the collagen fibers 
which may influence vitreous mechanical behavior.26  Still, 
we found no differences in preoperative measurements of 
these subjects, when compared to subjects with primary 
epiretinal membrane.

The clinical importance of these findings is not yet es-
tablished. In the future, a better understanding of vitreous 
biomechanics and the ability to measure the tension of its col-
lagen fibers may help to predict the risk of retinal tears and 
retinal detachment, optimize vitreoretinal surgery, and even 
improve effective lens position in intraocular lens calculation. 

In conclusion, we found that the WEM is reduced after 
vitrectomy, suggesting that the vitreous exerts a centripetal 
force on the globe. This effect may be minimized in eyes 
with posterior vitreous detachment. 

Figure 1. Ilustration of the relation between the vitreous centripetal force 
and intraocular pressure, together with the resulting whole eye movement 
(WEM) during the air puff, before and after vitrectomy. 
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