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Abstract

Purpose To summarize knowledge about the effects of experimental and iatrogenic hypothermia on ocular
structures, with a specific focus on retinal consequences and therapeutical perspectives in vitreoretinal surgery.

Materials and methods This review of the literature includes a section on the effects of low temperature on
different ocular structures (sclera, choroid, retina, vitreous and ciliary body), a focus on the effect on retinal pigment
epithelium (RPE), retinal neurons and inflammation and a section about results of vitreoretinal surgery performed at
low temperature. In vitro, animal and human studies were included.

Results Temperature changes induce several regulatory responses within the eye, including modifications of
intraocular pressure (IOP), local blood flow, cytokine secretion and cellular metabolism. Cooling of retinal structures
has been demonstrated to induce beneficial effects including increased survival of RPE and retinal neurons.
Vitreoretinal surgery performed at lower intraocular temperatures has shown positive effect on postoperative
inflammation, even though the rebound effect of a sudden postoperative temperature increase seems to be
detrimental.

Conclusions Despite being a promising approach, vitreoretinal surgery performed under lower intraocular
temperature conditions deserves refinement in its methodologies. Hopefully, new randomized clinical trials will
provide indications on how to apply this technique in the safest and most effective way.
What is known

- The direct or indirect influence of temperature changes of even only a few Celsius degrees can result in
profound modifications of numerous and various biological processes.

- Moderate hypothermia can block the cascade of destructive inflammation, prevent blood-aqueous barrier
disruption and local edema.
What is new

- Local moderate hypothermia has been demonstrated to induce reduction of the inflammation and increased
cell survival in the eye.

- Rebound hyperthermia control strategies are needed in vitreoretinal surgery to benefit from these positive
effects.
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Introduction

The direct or indirect influence of temperature changes
of even only a few Celsius degrees can result in pro-
found modifications of numerous and various biological
processes [1]. The beneficial effects of controlled mod-
erate hypothermia (33.9-32 °C) have long been used in
other areas of medicine, with its main application being
increasing resistance of neural and glial cells to ischemic
conditions [2]. In fact, moderate hypothermia can block
the cascade of destructive inflammation, prevent blood—
aqueous barrier disruption and local edema, and possibly
stimulate the release of protective proteins [3].

However, to ensure these beneficial effects, duration
of hypothermia and rate of tissue rewarming should be
carefully regulated. In fact, hypothermia results in local
reduction of blood flow with associated decrease in enzy-
matic activity and local hypoxia. Uncontrolled rewarm-
ing can thus result in tissue damage similar to the one
reported in ischemia-reperfusion and hypoxia-reoxy-
genation syndrome [4]. Potential beneficial and negative
effects have been described in case of use of local hypo-
thermia in the management of ocular conditions, espe-
cially in the context of vitreoretinal diseases. The aim of
this review is to summarize knowledge about the effects
of experimental and iatrogenic hypothermia on ocular
structures, with a specific focus on retinal consequences
and therapeutical perspectives in vitreoretinal surgery.

Factors concurring to intraocular temperature variation in
natural conditions

Temperature of each component of the eye is influenced
by different factors depending on their specific location.

+ Body temperature and local blood flow: Proximity to
vascular structures increases local temperature up to
the limit of body temperature (approximately 37 °C).
Local temperature is the closer to body temperature
the higher the flow and the slower the flow rate.
Basically, a high flow / slow flow-rate vasculature
results in maximization of heat exchange between
blood and intraocular structures. This condition
typically occurs in the choroid, iris and ciliary body,
whose local temperature is generally close to body
temperature. Elevations of intraocular pressure(IOP)
reduce choroidal blood flow leading to an increase in
ocular temperature [5]. Detailed analysis of vectorial
blood stream in the choroid allowed accurate
prediction of local temperature in a model elaborated
by Heussner et al. [6]

+ Environmental heat dispersion: proximity and
width of the surface of contact with the external
environment make local temperature closer to room
temperature, which is estimated to a standard 22 °C
[7]. The outer surface of the cornea is generally
maintained at 32—33 °C, but the inner surface of
the cornea is at a higher temperature (only 2—4 °C
less than the BT due to corneal thermal resistance).
However, this small temperature gradient(2—4 °C)
across the anterior chamber is believed to be the
dominant mechanism driving the fluid flow within
it [8].

+ Light radiation: Exposure to natural and artificial
sources of light radiation can increase local tissue
temperature in the eye. As ambient light is constantly
focused on the foveal region, a continuous cooling
of the retina is essential to maintain its homeostasis,
a task which is prevalently accomplished by the
choroid [5]. In fact, choroidal flow absorbs and
disperses local heat generated by the effect of light.
The protective role of choroidal flow is therefore
fundamental and it gradually fades away as
choroidal flow decreases with aging and pathological
conditions [9].

Effects of temperature on different ocular structures
Choroid and sclera

Ocular and periocular temperature variations induce
changes in choroidal blood flow. The main role in
this regulatory response is attributed to local trigemi-
nal reflex. In fact, sensory innervation of the choroid
includes trigeminal fibers from the trigeminal ganglion
co-containing substance P (SP) and calcitonin gene-
related peptide (CGRP). Nerve fibers reach the choroid
travelling with the short ciliary nerves and on blood ves-
sels within the orbit. Sensory fibers can influence their
innervation territory in either of two ways — by sending
a message centrally to initiate a reflex response, or by
direct local release of SP/CGRP in response to activat-
ing stimuli [10]. Local hypothermia elicits the release of
SP and CGRP with both mechanisms, causing vasodila-
tion and increasing choroidal blood flow as a result [11].
In rabbit retina, this compensatory reflexes are activated
by temperatures higher or lower than 34 °C and are able
to stabilize retinal temperature during exposure to local
temperatures ranging from 30° to 40 °C [12]. Therefore,
integrity of choroidal thermoregulation reflex is impor-
tant to ensure stable temperatures in the retina, which
in turn seems to be a crucial factor for preservation of
retinal homeostasis and function. Horiguchi et al. [13]
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demonstrated in vivo electroretinographic alterations in
vitrectomized eyes exposed to balanced salt solution at
27-28 °C. In particular, a global reduction of amplitudes
and delayed peak times were detected. Nevertheless,
these abnormalities completely resolved after cessation of
the cooling stimulus.

Cold-sensory trigeminal fibers have also been detected
in the sclera and iris, where they are believed to play a
role similar to the one of the choroid in blood flow reg-
ulation. In an experimental setting, occlusion of the
carotid artery for 30 to 60 s significantly increased the
firing frequency in almost all analyzed neuronal termi-
nations in the sclera and iris. The firing frequency (cor-
responding to sensitivity of the regulatory mechanism)
was at its highest for temperature ranges between 30°
and 35 °C, while below 10 °C impulse firing was mark-
edly reduced. Nevertheless, no firing modification was
noted when occlusion was performed in a temperature-
controlled setting with the thermode set to 33 °C, mean-
ing that this temperature could represent the equilibrium
point of the system. Increased firing frequency resulted
in a sudden local blood flow decrease to half of the con-
trol value [14]. Another temperature-sensitive mecha-
nism responsible for temperature-induced changes
within the choroid involves the activation of the tran-
sient receptor potential melastatin 8 (TRPMS8) channel.
TRPMS is the most important cold sensor in mammals
playing a pivotal role in thermoregulation and energy
homeostasis [15]. TRPM8-immunolabelled fibers have
been found to surround and travel along choroidal and
ciliary body vasculature. Moreover, TRPM8-knock-out
animals demonstrated a poor compensatory response to
local hypothermia, with a faster decrease in intraocular
temperature in response to ocular cooling [16].

RPE and photoreceptors

Retinal pigment epithelium (RPE) and photoreceptors
(PR) are highly specialized cells characterized by a high
metabolism and the highest oxygen consumption per
unit weight of all human tissues. Reduction of blood
flow supplying these cells results in a metabolic unbal-
ance leading to calcium overload, acidosis, free radical
generation, nitric oxide overproduction and activation
of caspases [17]. As a result, RPE an PR encounter a pro-
gressive degeneration and RPE production of vascular
endothelial growth factor (VEGF) increases in an attempt
to maximize local oxygen supply, leading to choroidal
neovascularization [18]. To slow down this disruptive
cascade, two different strategies may be adopted: on one
hand to reduce RPE’s and PR’s metabolic demand and,
on the other hand, to improve local blood flow. Among
the first type of strategies, local hypothermia has been
proposed as an efficient method to reduce local metabo-
lism in the outer retina and protect RPE and PR against
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inflammatory damage resulting from hypoxia. Coassin et
al. [19] demonstrated in a normoxic setting a significant
reduction in cells’ metabolism in ARPE-19 cells culti-
vated in hypothermic conditions compared to ARPE-19
cells cultivated at 37 °C, with a reduction of -17% and
-31% at 34 °C and 27 °C respectively. They also demon-
strated a reduction of -38% in VEGF secretion at 34 °C,
also showing the persistence of this effect for 4 days after
the cessation of hypothermia. Other authors confirmed
the beneficial effect of hypothermia on VEGF A produc-
tion in ARPE-19 cells, demonstrating also the persistent
production of protective pigment epithelium-derived
factor (PEDF) at the same temperature [20]. Moreover,
RNA-binding motif protein 3 (RBM3) and cold induc-
ible RNA-binding protein (CIRP) are cold-shock pro-
teins (CSPs) that are rapidly produced in mammalian
retina when RPE-like cells are exposed to a temperature
of 32 °C [21]. RBM3 is a crucial factor which mediates
hypothermia-induced neuroprotective effects by inhib-
iting the mitogen-activated protein kinase (MAPK) sig-
naling of p38, INK, and ERK. CIRBP is a RNA-binding
factor enhancing expression of TRX, an important ROS
scavenger that helps prevent caspase activation and
therefore apoptosis [22].

Hypothermia has also demonstrated beneficial effects
in induced pluripotent stem cells -derived RPE (hiPSC-
RPE). These cell sheets can be used for autologous
hiPSC-derived transplants in the context of age-related
macular degeneration(AMD) [23]. These cells were found
to be highly sensible to temperature increase, with a sig-
nificant higher rate of cell loss at body temperature com-
pared with 16 °C and 22 °C temperature [24].

Muller cells and other retinal cells

Mild hypothermia (32 °C) was shown to protect Muller
cells and ganglion cells(GCs) from ischemia and isch-
emia-reperfusion(I/R)-related damage. In fact, ocular
hypothermia significantly prevented the decrease in
the electroretinogram (ERG) a-wave, b-wave, and oscil-
latory potentials (OPs) amplitude induced by I/R. The
protective effect of ocular hypothermia was also evident
at histological level since it significantly prevented the
decrease in total retinal, inner nuclear layer (INL), and
inner plexiform layer (IPL) thickness, and the number of
Brn3a(+) cells in the ganglion cell layer (GCL) induced
by 40- min ischemia. However, ocular hypothermia did
not affect the decrease in ONL thickness induced by
I/R.?® Other authors demonstrated in an animal model of
perinatal asphyxia that hypothermia may prevent inner
retinal layers thickness increase and aberrant angiogen-
esis in hypoxic-ischemic retinas. Specifically, a reduced
gliotic reaction with lower GFAP expression was noted
in Muller cells, while a decrease in VEGF secretion was
noted in GCs [25]. The same authors also demonstrated
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that hypothermia is able to decrease activity of both con-
stitutive NO synthase (nNOS, Ca(2+)-dependent) and
inducible NO synthase (iNOS, Ca(2+)-independent) in
amacrine, horizontal, and ganglion cells in the context
of ischemic proliferative retinopathy [26]. Reinhard et al.
demonstrated increased survival time of GCs after retinal
artery occlusion in hypothermic conditions. In fact, while
action potentials from GCs were no more detected after
4 h from the event at body temperature, a local tempera-
ture of 21 °C and 4 °C increased this survival time to 12 h
and 50° respectively [27].

The effect of hypothermia in counteracting neuro-
degeneration due to oxidative stress was evaluated by
Mueller-Buehl et al. using hydrogen peroxide on retinal
cultures. Incubation at 30 °C for 3 h led to preservation of
GCs from apoptosis, rescue of amacrine cells and partial
protection of bipolar cells. Moreover, microglial response
to oxidative stress evaluated 8 days after exposure was
completely stopped by hypothermia [28]. Lastly, the pre-
viously mentioned TRPMS8 channel are expressed in the
retina in cholinergic amacrine interneurons and in a sub-
set of melanopsin GCs, where their activation is involved
in regulation of cellular action potential [16].

Vitreous

The vitreous is an acellular transparent hydrogel that
occupies two-thirds of the total volume and that is com-
posed of water (98—-99%), collagen type II fibrils and hyal-
uronic acid chains. The latter are primarily responsible
for the osmotic pressure that gives the eye its spherical
shape and holds the retina in place [29]. The viscoelastic
behavior and the transport of molecules in the vitreous
is influenced by the binding of water to the macromo-
lecular components. A gradual increase in bound water
is present proceeding from the lens to the retina long the
optic axis [30]. As a consequence of its composition, vit-
reous is a thermosensitive material. In fact, bound water,
representing 20% of the total water component of the vit-
reous, and free water are differently affected by tempera-
ture changes. In fact, temperature changes in free water
occur more rapidly. Moreover, differences in temperature
can influence binding properties of vitreous matrix, with
higher temperatures leading to weaker binding of water
to vitreous macromolecules. Chen et al. documented a
lower traumatic effect of posterior vitreous detachment
on porcine retinas exposed to 44 °C temperature and
then cooled down to room temperature compared to
stable room temperature group [31]. The thermosensi-
tive properties of the vitreous served as an inspiration for
the synthesis of biomimetic vitreous substitutes. These
substances may replace natural vitreous in a more physi-
ological way compared to currently used vitreous sub-
stitutes (including silicone oil, saline buffers, expansible
gases and perfluorocarbons). Laradji et al. [32] proposed
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a thermosensitive biomimetic hydrogel that is composed
of thiolated gellan (as an analogue of type II collagen) and
a polyelectrolyte (as an analogue of hyaluronic acid) that
can be injected as a viscous solution at 45 °C in the vitre-
ous cavity. Once in situ, cooling of the hydrogel to body
temperature induces disulfide covalent crosslinks forma-
tion with gradual transformation of the status of the sub-
stitute to a gel with vitreous-like properties.

Ciliary body and ocular inflammation

Temperature profoundly affects ciliary body secretory
function. Rabbit ciliary body has been shown to experi-
ence a critical decrease in hydraulic conductivity and
secretory flow when directly exposed to severe hypother-
mic temperature in vitro [33]. Systemic hypothermia also
leads to a dramatic decrease in ciliary body aqueous pro-
duction. In fact, a rectal temperature of 27 °C induced a
reduction of 50% in secretion and a temperature of 20 °C
led secretory levels to 10-20% of their normal rate in
albino rabbits [34]. At the same time, cooling of ocular
temperature has been demonstrated to have protective
effects such as reduction of stromal edema of the ciliary
body and inhibition of blood—aqueous barrier disrup-
tion [35]. In vitro experiments simulating hypoxic condi-
tions on retinal tissue found that hypothermia resulted
in a reduction of ROS and stress markers(HSP70,iNOS,
HIF-1a), inhibition of apoptotic proteins(caspase 3 and
8) and the cell cycle arrest gene p21, and protection of
inner retina neurons and ganglion cells [36—38].

Effects of vitreoretinal surgery on ocular temperature

and vitreoretinal surgery performed in hypothermic
conditions: state of the art

During vitreoretinal surgery ocular temperature is mod-
ulated by additional factors including irrigation and
light sources. Measurements of vitreous temperature
in human eye at the beginning of vitrectomy (before
opening of the infusion line) assessed the presence of a
trans-vitreous temperature gradient from the anterior
toward the posterior vitreous of the human eye, with
the highest temperature recorded in the posterior vitre-
ous. Nevertheless, distribution of intraocular tempera-
ture was influenced by the nature of the material filling
the vitreous cavity: gradient slope positive inclination
was the lowest with BSS (vitreous already removed in a
previous surgery), increased in vitreous (first vitrectomy)
and significantly increased in silicon oil [39]. During
pars plana vitrectomy(PPV), ocular temperature signifi-
cantly decreases due to infusion of room temperature
intraocular fluid and dispersion of choroidal heat due
to intraocular flow [40]. As a result, there is a signifi-
cant decrease in temperatures in vitreous compartments
immediately after the beginning of vitrectomy, with the
lowest temperature recorded in the anterior vitreous,
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and the highest temperature decrease compared to base-
line, in the preretinal posterior vitreous. These findings
were confirmed by Anatychuk et al. [2], that reported
a decrease in temperature in all segments of the vitre-
ous cavity during vitreoretinal surgery performed with
room temperature irrigation in patients affected by rheg-
matogenous retinal detachment(10 eyes) and retinal
detachment associated with proliferative diabetic reti-
nopathy(10 eyes). In the absence of continuous irrigation,
a rapid rewarming of the vitreous cavity was noted (aver-
age 0.18 °C/min). Moreover, manipulation of the vitreous
is another factor that may induce increase in ocular tem-
perature during surgery. During vitrectomy, hypothermic
conditions seem to reduce iatrogenic damage associated
to some routinely performed procedures. Rinkoff et al.
[41] demonstrated that exposure to room temperature
intraocular fluid (22 °C) prolonged the photochemical
and thermal light damage threshold to 60 min, compared
to 25 min calculated for body temperature fluid expo-
sure. Coherently, it has also been reported that retinal
photochemical and thermal light damage is influenced by
body temperature during exposure, even though previ-
ous studies do not agree on the magnitude of this effect.
An interesting study from Gorgels et al. [42] compared
retinal damage of 488 nm wavelength in rats at 30 and
40.5 °C.The dose of radiation needed for a just visible
change in fundus decreased by 6% per degree increase
in body temperature, with the most damage localizing
in the RPE. In 1995, Amara et al. [43] proposed a ther-
mal model of the human eye exposed to laser irradiation
allowing us to compute the intraocular temperature dis-
tribution. Using this model, the authors investigated the
effects of laser power, laser wavelength and other param-
eters. Among the results obtained, it appeared that the
more the laser wavelength decreased the more the effects
on the eye were hazardous due to higher temperatures
leading to the denaturation of the ocular tissues.

Other authors showed that hypothermia protects cul-
tured human RPE cells against trypan blue toxicity [44].
As concerns postoperative period, regional hyperthermia
of the operated eye was demonstrated in 25% of cases
[2]. This suggests that vitreoretinal surgery is performed
under conditions of uncontrolled local ocular hypother-
mia and is characterized by a rapid rewarming of the vit-
reous cavity after cessation of cooling. In a preliminary
study on animal models, some authors demonstrated
that temperature management, avoidance of intraopera-
tive deep hypothermia, and prevention of rapid uncon-
trolled rewarming may protect the retinal morphology
and increase the safety of prolonged vitreoretinal sur-
gery [45]. As concerns postoperative inflammation,
Tamai et al. [35] investigated the effects of irrigation of
intraocular spaces with 9 °C, 22 °C and 37 °C solutions
for 60 min immediately after experimental vitrectomy in
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albino rabbits. According to their results, temperature
significantly decreased especially at the level of ciliary
body and choroid during the following 2 weeks. Paral-
lelly, a decrease in intraocular protein concentration was
noted, suggesting a positive effect on intraocular inflam-
mation. The effect of local ocular hypothermia on ocular
inflammation was evaluated during experimental open
sky vitrectomy, closed vitrectomy, and anterior chamber
irrigation and aspiration in 40 albino rabbits (80 eyes) by
Jabbour et al. [46] The application of severe local hypo-
thermia (7 °C) was associated to less intraocular bleed-
ing volume, less fibrin production, and less postoperative
inflammation. Nevertheless, hypothermia may also have
detrimental effects on the eye. In fact, Zilis et al. [47]
demonstrated that while intraocular temperatures higher
than 22 °C are safely tolerated, irrigation with 2°C may
lead to cataract formation and subclinical retinal detach-
ment development. Moreover, cooling of the infusion has
been demonstrated to induce electroretinogram changes,
whose reversibility in fragile pathologic retina in still a
matter of debate [1]. These electroretinography changes
were recently analyzed by Romano et al., who compared
temperature-controlled PPV and conventional PPV in
eyes of ten healthy rabbits. In particular, they revealed
that conventional PPV determined a postoperative
decreased amplitude and increased latency of a-wave at
3 cd s/m? differently from temperature-controlled one,
which also showed an increased amplitude of oscilla-
tory potentials, compared to the decrease after conven-
tional PPV. Finally, immunohistochemistry examination
revealed a slight higher value of glial fibrillary acidic pro-
tein (GFAP) after standard PPV, in support of the ben-
eficial role of temperature-controlled either in terms of
structural and functional results [48].

Conclusions

Temperature changes induce several regulatory responses
within the eye, including modifications of IOP, local
blood flow, cytokine secretion and cellular metabolism.
Cooling of retinal structures has been demonstrated to
reduce environmental and iatrogenic damage, especially
to RPE and inner retinal layers. Vitreoretinal surgery per-
formed at lower temperatures has shown positive effect
on postoperative inflammation, even though the rebound
effect of a sudden postoperative temperature increase
seems to be detrimental. Despite being a promising
approach, vitreoretinal surgery performed under lower
intraocular temperature conditions deserves refinement
in its methodologies for scientific community to benefit
from its positive effects on inflammation and cell pres-
ervation. Hopefully, new randomized clinical trials will
provide indications on how to apply this technique in the
safest and most effective way. A possible strategy would
be to obtain stable mild intraoperative hypothermia via
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compensatory modulation of intraoperative flow and to
induce a gradual restoration of preoperative intraocular
temperature via a gradual reduction of intraocular flow at
the end of surgery. This would allow to perform surgery
in a condition of mild hypothermia and to avoid damage
from sudden postoperative temperature raise.
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