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Noninfectious, chronic ocular surface and corneal dis-
eases involve disorders in which structural changes are
caused by various pathomechanisms including, but not
limited to, inflammation, degeneration, autoimmuniza-
tion, or dystrophy.

In the last 10 years, there has been a huge progress in
our understanding of corneal disorders due to the availabil-
ity of new in vivo imaging techniques, such as confocal
microscopy, optical coherence tomography, corneal topog-
raphy, or aberrometry. Recent advances in treatment
methods include new cellular and medical, topical therapy
with new biotechnology agents and novel treatment
methods of keratoconus as well as further improvement
of keratoplasty procedures.

Authors contributed a range of papers including 2
original research on novel anterior eye segment diagnostic
methods and 5 original research on innovative ocular
surface therapies.

A brief description of these 7 works is detailed below.
Novel diagnostic methods are the following.
The paper authored by R. Koprowski and L. Tian proves

that blood pulsation has a statistically significant effect on the
results of intraocular pressure measurement performed by
Corvis Scheimpflug tonometer. The range of changes in the
intraocular pressure measurement is high and can vary up
to ±2.31mmHg. For this reason, authors propose that, in

modern ophthalmic devices, the measurement should be
synchronized with the heartbeat phases.

The study “Keraring Intrastromal Segment Depth Mea-
sured by Spectral-Domain Optical Coherence Tomography
in Eyes with Keratoconus” addresses a clinical problem of
keratoconus surgery and intrastromal corneal ring segment
(ICRS) implantation. The agreement between measured and
intended distance of ICRS from the anterior and posterior
corneal surfaces was evaluated. The authors proposed a
method to analyze the implantation depth of the ICRS in
the corneal stroma by measuring the distance of the inner
corner from the posterior corneal surface which showed the
best agreement with the intended distance.

Novel therapeutic methods are the following.
K. Krysik et al. reported their results on surgical

treatment of corneal perforations. The authors analyzed a
study group of 247 eyes with corneal perforation with a 6-
year observation period. The three surgical procedures,
dependent on size and location of perforation, were per-
formed: full-sized penetrating keratoplasty, corneoscleral
patch graft, and anterior lamellar keratoplasty. Although a
complex treatment approach, the complication rates
observed by authors were very high: graft melting was
reported in 45 eyes (18.2%), glaucoma was diagnosed in 69
eyes (28%), and reinfections were reported in a total of 34
eyes (13.7%). Based on their observation, the authors claim
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Purpose. To report the surgical approach, anatomical and functional results, and complications in the group of patients with corneal
perforation.Materials and Methods. 247 eyes with corneal perforation were operated on between January 2010 and July 2016. The
three surgical procedures, dependent on size and location of perforation, were performed: full-sized penetrating keratoplasty,
corneoscleral patch graft, and anterior lamellar keratoplasty. The eyes underwent the minimum 6-month follow-up visit.
Results. Between January 2010 and July 2016, 247 surgeries were performed: 116 penetrating keratoplasties, 117 corneoscleral
patch grafts, and 14 anterior lamellar keratoplasties. More than one procedure was necessary in 32 eyes. Final improvement of
the visual acuity, within a gain of 2 or more lines with the Snellen test, was achieved in 56 operated eyes. To achieve better
final visual acuity, 75 eyes required successive surgical treatment. Complications of the surgery comprised persistent epithelial
defect, glaucoma or ocular hypertension, corneal oedema, graft melting, loose corneal sutures, reinfection, anterior synechiae
and fibrinoid membranes, and endophthalmitis. In 26 eyes, the treatment failure was reported. Conclusions. There is no one
general-purpose surgical technique to treat corneal perforations. The complex nature of this pathology remains the individual,
careful but also very distinct and multifactorial approach.

1. Introduction

Corneal perforation is a common condition, and it can
lead to profound vision loss and severe ocular morbidity.
It can be caused by infection, bacterial and noninfectious
ocular surface disorders, immune disorders, and trauma.
Other conditions such as xerosis, exposure, neurotrophic
disorders, corneal degeneration, and ectasia and surgical
and toxic/keratolytic treatment can lead to corneal perfo-
ration. Primary or secondary epithelial defects facilitate
the development of corneal inflammation with subsequent
perforation [1, 2].

A diagnosis of corneal perforation does not always
require immediate surgical treatment. The primary goal in
repairing the corneal perforation is to achieve a watertight

globe with structural integrity in order to prevent severe
complications such as globe tissue prolapse, endophthalmitis,
and glaucoma [1, 3]. Frequently, the surgical procedure
first provides temporary treatment, and the final treatment
to restore visual function involves a multistage surgical
approach. The therapeutic procedure and its timing depend
on various conditions, such as cause, location, size of perfora-
tion, corneal infiltration and melting, and state of internal
globe tissues [1, 4–7].

The nonsurgical approach includes limitation of inflam-
mation, the treatment of coexistent infection, the use of
anticollagenase and antiglaucomatous treatment, and the
optimization of epithelial healing (bandage soft contact
lenses, autologous serum eye drops, and punctal occlusion)
[1, 8]. Surgical treatment includes tissue adhesives, amniotic
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membrane transplants, conjunctival flaps, pericardial mem-
branes, tarsorrhaphy, and therapeutic ptosis with botulinum
toxin [1, 6, 9–12].

The surgical procedure of tectonic keratoplasty is used to
restore globe integrity. This procedure includes full-thickness
penetrating keratoplasty, anterior lamellar keratoplasty
(ALK), and corneal patch grafts. Penetrating keratoplasty
(PK) is limited to large perforations with extensive necro-
sis [2–5, 13, 14]. In peripheral corneal perforations and
descemetoceles and when the perforation is relatively small
(i.e., it does not require full-sized penetrating keratoplasty
but is too large for tissue adhesive) [1, 15, 16], tectonic
corneoscleral patch grafting is performed as a temporary
or definitive treatment. Lamellar keratoplasty is performed
in the case of leaking descemetocele, to reinforce the thinned
and necrotic stroma, and in corneal perforations. The advan-
tage of this method is lower risk of corneal rejection [17, 18].

The aim of this study is to report on a sample of patients
who underwent surgical treatment for corneal perforation.
We report on the surgical techniques, anatomical and func-
tional results, and complications of treatment in this group
of patients.

2. Materials and Methods

This study was a retrospective review of the surgical treat-
ment of 247 eyes with corneal perforation, which were

operated between January 1, 2010, and July 31, 2016, at the
Ophthalmology Department of Saint Barbara Hospital,
Trauma Center, Sosnowiec, Poland. The analysed data from
the medical records included demographics, medical history,
corrected-distance preoperative and postoperative Snellen
visual acuity, details, outcome and complications of surgery,
and ocular integrity. All patients with diagnosed corneal
perforation who underwent complete ocular examination
were treated using one of three surgical techniques: full-sized
penetrating keratoplasty (Figure 1(a)), corneal or corneoscl-
eral patch grafts of varying sizes and shapes (Figure 1(b)),
and anterior lamellar keratoplasty (Figure 1(c)). The main
purpose of the treatment was to achieve the structural
integrity of the globe. The choice of surgical procedure
depended on the size and location of the perforation, the
state of the internal ocular tissues, and intraocular infection.
Surgeries were done as quickly as possible after diagnosis of
disease origin was established and sufficient topical and
general treatment was administered.

Size was classified according to three groups: small
(0.1–2.5mm diameter), medium (2.5–5.0mm diameter),
and large (over 5.0mm diameter). Location was categorised
as central (involving visual axis, ≤5.0mm diameter of
the central cornea), paracentral (zone over 5.0mm up to
8.0mm), or peripheral (≥8.0mm, also including the limbus).
If the perforation was small or medium and the visual axis
was free of pathology, corneoscleral patch grafting was

(a) (b)

(c)

Figure 1: Surgical procedures applied in corneal perforations: (a) full-sized penetrating keratoplasty in fungal keratitis, (b) corneoscleral
patch graft in RA patient, and (c) anterior lamellar keratoplasty in necrotizing peripheral keratitis.
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usually performed. For large perforations with intensive
corneal melting or thinning, necrosis, and internal bulbar
tissue injury, penetrating keratoplasty was the preferred
surgical approach. Fresh corneas were applied for each
trephination. The graft diameter was 2.5–12.0mm, with
an oversize of 0.5–1.0mm, and the donor-recipient junction
was sewn by 10-0 nylon interrupted sutures. Anterior
lamellar therapeutic keratoplasties were performed for
leaking descemetoceles, and they depended on the depth
and severity of the corneal pathology. All surgical proce-
dures were performed under local or general anaesthesia.
The donor corneas originated from our own or cooperative
tissue banks. For PK, we used a Hanna vacuum trephine
system (Moria Inc., Antony, France); for ALK, a manual or
automated technique was employed, using a femtosecond
laser (FL-assisted lamellar keratoplasties) or microkeratome
dissection (Hanna trephine). The freehand technique was
applied for corneoscleral patch grafts. Additional treatment
was given according to the aetiology. All patients were
hospitalised for the first 3–7 days after operation and were
followed up every two weeks for a period of two months,
monthly for a minimum of six months, and at differing
intervals thereafter.

3. Results

Between January 1, 2010, and July 31, 2016, 247 surgeries
for corneal perforations were performed. This involved
125 procedures in the group of 81 females, where the
mean age was 65 22 ± 15 4 (range 9–90 years), and 122
procedures in the group of males, where the mean age
was 57 56 ± 17 07 (range 20–88 years). To restore ocular
integrity, more than one procedure in each eye was required
for 21 females (26%) and for 11 males (11%). Two patients
presented bilateral perforation. A 69-year-old female with
rheumatoid arthritis was operated four times, twice in both
eyes with penetrating keratoplasty. Because of the size and
location of the corneal perforation, penetrating keratoplasty
was the method of choice. A 38-year-old male with primary
immunodeficiency also presented bilateral perforation. For
his right eye, two corneoscleral patch grafts and one pen-
etrating keratoplasty were performed, and one penetrating
keratoplasty and one anterior lamellar keratoplasty were
performed for his left eye.

There were 125 surgical tectonic procedures in the female
group with corneal perforation. This comprised 60 pene-
trating keratoplasties (48%), 56 corneoscleral patch grafts
(45%), and 9 anterior lamellar keratoplasties (7%), including
3 FL-assisted procedures. In the male group of patients,
122 tectonic procedures were performed, comprising 56
penetrating keratoplasties (46%), 61 corneoscleral patch
grafts (50%), and 5 anterior lamellar keratoplasties, including
2 FL-assisted procedures. The penetrating approach was
chosen for cases with large, full-thickness stromal involve-
ment (infections, melting). For cases with local lesions, we
preferred patch grafts. Such eyes included peripheral perfora-
tions (29%) and central or paracental disorders (18.1%).
Surgical host’s bed preparation with removal of necrotic
tissue was done in each case. Lamellar surgery was done;

despite leakage for exposed Descemets’ membrane, we were
able to continue surgery with lamellar separation of the
affected tissue.

Three main causes of corneal perforation were reported.
The most common cause was infection (45%), mainly bacte-
rial (76%); inflammatory conditions (38%), mainly autoim-
mune causes; and ocular trauma (17%), mainly alkali burns
(86%). The indications and details of the surgical tectonic
treatment of the corneal perforations are presented in
Tables 1 and 2.

Initial treatment after surgery included broad-spectrum
antibiotic/antimycotic (fluoroquinolones (moxiflixacin or
levofloxacin), aminoglycosides (gentamycin), fluconazole,
voriconazole, and amphotericin B); steroid (dexamethasone
5 times a day); lubricants (including autologous serum);
and general antibiotics, steroids, immunosuppressive agents
(azathioprine, mofetil mycophenolate). In majority of cases,
the individual approach was confirmed by microbiologists
and rheumatologists to establish balance between antimi-
crobial agents and immunosuppressive drugs. Modifications
were applied according to progress of the disease. Topical
antimicrobial therapy was routinely applied for 21 days,
extended if needed. Steroid doses were lowered (each month
1 drop less) to stop before the 6th month of therapy. Instable
epithelia needed persistent intensive lubrication up to each
hour of administration.

Final improvement of visual acuity, within a gain of
two or more lines with the Snellen test, was achieved in
56 operated eyes (22.7%), that is, for 29 females (52%)
and 27 males (48%). VA improvement was observed in 8
of 14 in the lamellar keratoplasty group, 32 of 116 in
the penetrating keratoplasty group, and 16 of 117 in the
corneoscleral patch graft group. Initial VA ranged no light
perception to 20/30 before treatment, and final VA ranged
no light perception to 20/25.

Table 1: Surgical techniques and indications for surgery in
corneal perforation.

Characteristics
Total n (%)
(n = 247)

Female n (%)
(n = 125)

Male n (%)
(n = 122)

Penetrating
keratoplasty (PK)

116 (47.0) 60 (52) 56 (48)

Indication for surgery

Infection 60 (24.3) 36 (28.8) 24 (19.7)

Inflammation 33 (13.4) 17 (13.6) 16 (13.1)

Ocular trauma 23 (9.3) 7 (5.6) 16 (13.1)

Patch graft (PK) 117 (47.3) 56 (48) 61 (52)

Indication for surgery

Infection 47 (19.0) 22 (17.6) 25 (20.5)

Inflammation 54 (21.9) 27 (21.6) 27 (22.1)

Ocular trauma 16 (6.5) 7 (5.6) 9 (7.4)

ALK 14 (5.7) 9 (64) 5 (36)

Indication for surgery

Infection 4 (1.6) 3 (2.4) 1 (0.82)

Inflammation 7 (2.8) 5 (4.0) 2 (1.64)

Ocular trauma 3 (1.2) 1 (0.8) 2 (1.64)
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Seventy-five eyes (30.4%) of 31 females and 44 males
treated initially for corneal perforation required successive
surgical treatment to achieve useful visual acuity. Table 3
presents the successive procedures performed to improve
visual acuity.

There were various complications of the surgical treat-
ment. The most common complication was persistent
epithelial defect, reported in 121 eyes (49%). Many of them
occurred in PK patients with a diameter of the graft greater
than 5mm (37.1%). There were patients with all types of
infections (14.5%), autoimmune diseases (7.6%), and burns
(7.6%). The main reason for persistent epithelium was
decreased corneal sensitivity. The same reason with insuffi-
cient tearing was observed in the patch graft group suffering
from autoimmune diseases. Both caused epithelium loss in
patch graft performed for bacterial and viral ulcer (6.4%) or
in disorders combined with rheumatoid diseases (8.0%).
Treatment of erosions was based on application of 20%
solution of autologous serum combined with an antibiotic
agent and dexamethasone 3 times a day. In 17 eyes, addi-
tionally, an amniotic membrane was applied for 2 weeks
to support reepithelialisation. Further evolution of persistent
erosion to stromal melting caused a need of re-PK or PK in
the PG/ALK group.

Graft melting was reported in 45 eyes (18.2%). This
complication was common in PK and PG groups. 10 PKs

for bacterial and one for fungal infection developed necrosis
in the periphery of the graft. The treatment focused on
intensive antimicrobial treatment. In failed cases, 8 re-PKs
were done with a large oversize to cover infected stroma.
Patch graft performed for perforations due to local infections
developed melting in 16 cases; 12 patients with rheumatoid
arthritis and 4 with neurotrophic ulcer also presented signs
of graft necrosis with involvement of surrounding host’s
stroma in 12 eyes. This enlargement of necrosis caused a need
of penetrating keratoplasty in 12 eyes. Corneal suture loos-
ening was reported in 43 eyes (17.4%). This factor was
considered an initial factor in melts at the periphery of
small grafts if combined with autoimmune origin of the
primary disease.

Glaucoma or ocular hypertension was reported in 69
eyes (28%). Majority of them were treated with 1 or 2
topical agents (timolol 0.5%, brimonidine) or referred to
trabeculectomy in 16 cases.

Corneal oedema was reported in 56 eyes (22.7%): 12 cases
of PK and 44 patch grafts. Persistent oedema in PK patients
in 6 cases caused a need to exchange the lenticule. 18.6% of
eyes developed stromal vasculature. Risk of that complication
rises with the diameter of the graft and the distance to the
limbus. Keratoplasties with a diameter over 8mm developed
neovascularisation in a graft-host interface in 14 cases for
overall 32 such interventions. Patch grafts in autoimmune

Table 2: Subgroups of indications for each surgical treatment.

Indications Subgroup PK n (%) PG n (%) ALK n (%)

Infections

Bacterial 45 (38.7) 41 (35.9) 2 (14.2)

Fungal 12 (10.3) 6 (5.1) 2 (14.2)

Viral 3 (2.5) 0 0

Inflammatory disorders

Rheumatoid 26 (22.4) 33 (28.2) 2 (14.2)

Neurotrophic 5 (4.3) 10 (8.5) 3 (21.4)

Mooren’s ulcer 0 8 (6.8) 2 (14.2)

Lyell’s syndrome 1 (0.8) 2 (1.7) 0

OCP 1 (0.8) 1 (9.8) 0

Traumatic

Alkali burn 12 (10.3) 7 (5.9) 3 (21.4)

Melting 10 (8.6) 7 (5.9) 0

Acidic burn 1 (0.8) 2 (1.7) 0

Table 3: Successive surgical treatment after primary tectonic keratoplasty.

Surgical technique
Total n (%)
(n = 75)

Female n (%)
(n = 31)

Male n (%)
(n = 44)

PK 15 (20.0) 9 (29.0) 6 (13.6)

PK with cataract surgery and PC IOL implantation 11 (14.7) 4 (12.9) 7 (15.9)

Cataract surgery with PC IOL implantation 19 (25.3) 8 (25.8) 11 (25.0)

Secondary in-the-bag PC IOL implantation 5 (6.7) 4 (12.9) 1 (2.3)

Secondary in-the-sulcus PC IOL implantation 4 (5.3) 0 4 (9.1)

Transscleral fixation of IOL 8 (10.7) 2 (6.5) 6 (13.6)

Iridoplasty 6 (8.0) 2 (6.5) 4 (9.1)

Pars plana vitrectomy (PPV) 3 (4.0) 1 (3.2) 2 (4.6)

PPV with cataract surgery and PC IOL implantation 4 (5.3) 1 (3.2) 3 (6.8)
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disorders (rheumatoid arthritis, Mooren’s ulcer) presented
vascular ingrowths in graft bed in over 50% of cases,
commonly present in periphery.

Reinfections, as mentioned before, were reported in total
34 eyes (13.7%), anterior synechiae and fibrin retrocorneal
membranes, reported in 17 eyes (6.8%), and endophthal-
mitis, reported in 7 eyes (3%). In 26 eyes (10.5%) with
corneal perforation, despite repeated surgical treatment
and intensive pharmacological treatment, treatment failure
was reported. There was loss of light perception in 11 eyes
(4.4%), persistent hypotony in 4 eyes (1.6%), and retinal
detachment in 5 eyes (2.0%); in 4 eyes (1.6%), evisceration
was necessary.

4. Discussion

Our study aimed to achieve and maintain anatomical and
functional integrity of the ocular surface. This was possible
using corneal donor tissues originating from ocular tissue
banks. We used three types of tectonic corneal grafts:
penetrating keratoplasty, anterior lamellar keratoplasty, and
corneoscleral patch graft. The grafts varied in size, shape,
and position, depending on the aetiology, extensity, location,
and infiltration of the corneal tissue. In addition, the state of
the internal bulbar tissues determined the time and method
of the surgical approach. We operated on various corneal
perforations that were the result of infection (mainly
bacterial), inflammatory disease (mainly collagen vascular
diseases), and trauma.

Surgical techniques such as lamellar keratoplasties, patch
grafting, and keratolimbal allografting have become more
popular in recent times [2, 19, 20]. In our department,
corneoscleral patch grafts have been used in peripheral or less
frequently central corneal perforations only since 2006.
Since 2010, our department has also performed FL-assisted
anterior lamellar keratoplasties for corneal perforations.

In the current study, we reported that the therapeutic
approach to corneal perforation is challenging and unpre-
dictable. The tectonic keratoplasties used in our study are
often more favourable in cases of stomal involvement by
necrosis than local or general medication, using adhesive
tissues or other forms of treatment. Frequently, there is only
one possible approach to restore ocular surface integrity.
Removal of infected tissue decreases the risk of endophthal-
moitis (the rate of that complication is really low—3%). In
autoimmune diseases, therapeutic graft restores stromal
integrity and delivers the basement membrane of the epi-
thelium. However, it does not exclude support of epithelial
healing, which in cases with necrosis is very slow.

A very important aspect of surgical treatment for corneal
perforation is the availability of tissue necessary for the
procedure. When there is no donor cornea, the amniotic
membrane should be accesible or we need to use a conjunc-
tival flap to restore ocular surface integrity temporarily or
definitely [6, 9].

In our sample of patients with corneal perforation who
were treated with lamellar keratoplasty, the advantage of
this surgical technique conferred lower risk of subsequent
allograft rejection and graft failure. This is the result of

the preservation of recipient endothelium [5, 18, 21]. On
the other hand, there is a risk of stromal or epithelial graft
failure, with subsequent visual loss, in this type of corneal
graft [21]. Our patients who underwent surgical treatment
with ALK more frequently demonstrated an improvement
in visual acuity than did patients after other treatment
methods (57% versus 27.6% after penetrating keratoplasty
and 13.7% after corneoscleral patch graft) [18]. The size,
location, and aetiology of the corneal perforation also
contribute to visual acuity [4, 6].

Penetrating keratoplasty also remains more popular
than anterior lamellar keratoplasty because of the lower
risk of donor tissue injuries, such as Descemet membrane
perforation [18, 20].

In cases of corneal perforation originating from infec-
tious keratitis, we strongly advise antibacterial, antifungal,
or antiviral general and topical intensive medication as the
first treatment before surgical treatment. This is not always
possible, and the sequence of procedures and timing of the
surgery also depend on the control and severity of the
infection and globe integrity [1, 4].

The functional result of the surgical treatment of the cor-
neal perforation is often secondary to anatomical disorders.
Visual outcomes are not so important in the first surgical
approach; a stable, watertight ocular surface is the first goal
of treatment of corneal perforation. Grafts in eyes with
perforations have usually active primary ocular disease. It is
better and more predictive in results when the ocular surface
is quiet. Active infection, inflammation, or other conditions
present before remained immediately after surgery.

To achieve the best final results of treatment, we had to
perform different and often multistage surgical procedures,
spread over time [4]. Repeat penetrating keratoplasty was
the most frequent treatment in our study group, because
of corneal scars and allograft rejection, especially in eyes
with active keratitis. In 14.7% of reoperated eyes, repeat
penetrating keratoplasty was performed simultaneously
with cataract extraction and PC IOL implantation. Cataract
surgery alone or secondary intraocular lens implantation in
aphakic eyes was also beneficial for restoring better visual
acuity. With more complicated cases after tectonic kerato-
plasty, such as in 7 eyes (9.3%) with previous intrabulbar
inflammation with inflammatory membranes and vitreoret-
inal tractions or retinal detachment, pars plana vitrectomy
was necessary to improve visual outcome.

In summary, our results of the surgical treatment of
corneal perforations show that there is no one-size-fits-all
surgical approach to corneal perforation. Because of the com-
plex nature of the tectonic indications for surgery and their
modalities, it is very difficult to present final and unequivocal
forms of treatment. The choice of surgical technique and the
results of surgical treatment depend on numerous factors.
The further development of surgical and lamellar surgical
techniques applied in corneal perforations is also necessary.
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that the therapeutic approach to corneal perforation is chal-
lenging and unpredictable. The further development of sur-
gical and lamellar surgical techniques applied in corneal
perforations is also necessary.

In the paper titled “A Novel Technique for Conjuncti-
voplasty in a Rabbit Model: Platelet-Rich Fibrin (RRF)
Membrane Grafting” by M. E. Can et al., the effect of
platelet-rich fibrin membrane (PRFM) on wound healing in
experimental conjunctival tissue damage was investigated.
PRF membrane was proved to have the beneficial effects on
conjunctival healing. Besides its chemical effects, it provides
mechanical support as a scaffold for the migrating cells that
are important for the ocular surface regeneration. Authors
promising results on PRF membrane application could
encourage surgeons to applicate autologous PRF membrane
as a growth factor-enriched endogenous scaffold for ocular
surface reconstruction.

The authors of the paper “Biocompatibility and Biome-
chanical Effect of Single Wall Carbon Nanotubes Implanted
in the Corneal Stroma: A Proof of Concept Investigation”
conducted an experimental investigation where New Zealand
rabbits were treated with a composition of carbon nanotubes
(CNTs) suspended in balanced saline solution which was
applied in the corneal tissue. Biocompatibility of CNTs has
been previously reported in other fields of biology and
medicine, for example, tissue engineering, regenerative med-
icine, drug delivery systems, and reinforcement of biological
tissues. In the present study, it was found that carbon nano-
materials do not induce any inflammatory or foreign body
reaction in the corneal stroma. The corneal biomechanical
evaluation, as performed in this investigation, showed that
there is a trend to obtain more rigidity of the corneal tissue
after carbon nanostructure implantation, although these
changes were not statistically significant. This method of
treatment seems to be very promising in the variety of ectatic
corneal disorders, but further research is necessary in order
to comprehend and improve the biomechanical assessment
of the present investigation and also to understand the
potential use of these materials and this novel technology
for the development of new applications of nanomedicine
in visual sciences.

The purpose of the retrospective study “Active Pedicle
Epithelial Flap Transposition Combined with Amniotic
Membrane Transplantation for Treatment of Nonhealing
Corneal Ulcers” was to evaluate the efficacy of active pedicle
epithelial flap transposition combined with amniotic mem-
brane transplantation in treating persistent corneal ulcer
with epithelial nonhealing. The authors stated that the active
epithelial flap inhibited inflammatory cell infiltration in the
inflamed tissue and reduced the quantity of proteinases and
cytokines released into the inflammatory cornea. Covering
the ulcer with the active epithelial flap provided a relatively
healthy substrate and microenvironment. This facilitated
epithelial migration, reinforced basal epithelial adhesion,
and promoted ocular surface healing. The proposed method
has limitations, because this combined surgery is not suitable
for corneal ulcers with a diameter exceeding 5mm which are
hard tomake a peripheral epithelial flap to cover it. Despite its
limitations, it seems a promising treatment method of the

management of nonhealing corneal ulcers, which is one of
the most difficult challenges faced by ophthalmologists.

Authors of the paper “Evaluation of Monocular Treat-
ment for Meibomian Gland Dysfunction with an Automated
Thermodynamic System in Elderly Chinese Patients: A
Contralateral Eye Study” present a prospective, examiner-
masked, contralateral eye clinical trial on the safety and effi-
cacy of monocular treatment for elderly Chinese patients
with meibomian gland dysfunction (MGD) with an auto-
mated thermodynamic system (LipiFLow). All patients had
a significant reduction in dry eye symptoms accompanied
by an increase of invasive tear breakup time (ITBUT) and
meibomian glands yielding liquid secretion (MGYLS) and a
reduction in corneal staining compared with the baseline
parameters. LipiFlow was proved to be an effective treatment
option for MGD.
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Purpose. To evaluate agreement between measured and intended distance of Keraring (Mediphacos, Belo Horizonte, Brazil)
intracorneal ring segments from the anterior and posterior corneal surfaces. Methods. Twenty-six Keraring ICRS implanted in
24 keratoconic eyes were examined. The distance from the Keraring apex to the anterior corneal surface and the distance from the
inner and the outer corners to the posterior corneal surface weremeasured 3months postoperatively using spectral-domain optical
coherence tomography. Agreement between measured distance and intended distance was assessed by calculating the absolute
differences and 95% limits of agreement (95% LoA). Results. The mean absolute difference was significantly lower (𝑝 < 0.001) for
the measurements taken at the inner corner (23.54 ± 15.90 𝜇m) than that for those taken at the apex (108.92 ± 62.72 𝜇m) and the
outer corner (108.35±56.99 𝜇m).Themeasurements taken at the inner corner were within±25 and±50 𝜇mof the intended distance
in 15/26 (57.7%) and 24/26 (92.3%) cases, respectively, and showed the narrowest 95% LoA with the intended distance (−57.61 to
55.15 𝜇m). Conclusions. The distance of the inner corner from the posterior corneal surface showed the best agreement with the
intended distance. This measurement is suitable for determining whether the actual Keraring depth matches the intended depth.

1. Introduction

Intrastromal corneal ring segments (ICRS) are used for the
surgical treatment of corneal ectasia [1–3]. These space-
occupying elements are implanted into a tunnel created in
the deep stroma at the midperiphery of the cornea. Segment
implantation generates an arc-shortening effect that flattens
the central cornea and reduces curvature asymmetry [4–
6]. The depth of ICRS placement is planned according to
individual corneal thickness and is crucial for achieving
efficacy and safety of the procedure. Incorrect depth results in
unpredictable changes in corneal curvature and increases the
risk of complications such as corneal perforation, superficial
erosion, and ring extrusion [7, 8].

The depth of ICRS in the corneal stroma can be
assessed with different methods, including slit lamp biomi-
croscopy, rotating Scheimpflug camera, and optical coher-
ence tomography (OCT). Slit lamp biomicroscopy is based on

examiner impression and does not allow precise and quanti-
tative estimation of the implant depth [8]. OCT examination
permits imaging of the cornea at a higher resolution than the
rotating Scheimpflug camera and measurement of the ICRS
distance from the anterior and the posterior corneal surface.

A widely used implant is the Keraring (Mediphacos,
Belo Horizonte, Brazil) ICRS, which is made of polymethyl
methacrylate (PMMA) and has a triangular cross-section
[2, 3]. It is inserted with the apex facing the anterior corneal
surface and the base facing the posterior corneal surface.
Several authors used the OCT to measure the distance from
Keraring to the anterior corneal surface [9–11]. To the best of
our knowledge, this is the first study to investigate the implant
distance also with reference to the posterior corneal surface.
We then evaluated the agreement between the measured
and the intended distance to determine which measurement
might be suitable to verify that segment depth matches
intended depth.
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2. Patients and Methods

This prospective observational case series comprised 24 eyes
of 21 consecutive patients (mean age 35.2 ± 8.4 years, range
22–54) with keratoconus that underwent Keraring ICRS
implantation at the Eye Clinic of Turin University between
July 2014 and September 2015. The study was approved by
the Institutional Review Board of the Ophthalmic Hospital of
Turin and followed the tenets of the Declaration of Helsinki.
The patients signed a consent form and they were aware of
the nature of the study.

The patients were recruited at the Cornea Service accord-
ing to the following criteria: age > 18 years, dissatisfaction
with spectacle-corrected vision, and intolerance to contact
lens use. Patients with corneal thickness < 400 𝜇m, central
corneal scarring, presence of other corneal diseases, and
previous ocular surgery were excluded.

Preoperative data, surgical details, and postoperative
results were recorded on a standardized form and entered in
a computerized database. Preoperative data included patient
age, Snellen uncorrected and corrected distance visual acuity
(UDVA and CDVA), mean keratometry (Km) measured on a
ring of 15∘ around the corneal apex (Pentacam HR, Oculus,
Germany), and corneal thinnest point in the hypothetical
tunnel area as measured by means of the OCT pachymetry
map (RTVue 100, Optovue, USA). Surgical details included
Keraring characteristics (model, arc length, and thickness),
incision depth for tunnel creation, and intraoperative com-
plications. Postoperative data included Snellen UDVA and
CDVA, Km, and any complications.

2.1. Surgery. The surgical procedure was carried out under
sterile conditions and topical anesthesia by a single surgeon
(U.d.S.). The intrastromal tunnel was created via manual
technique in 19 eyes and femtosecond laser technology
(IntraLase 150 kHz, Advanced Medical Optics, Santa Ana,
CA, USA) in 5 eyes. Preoperatively the corneal vertex was
marked with a methylene blue-tinted Sinskey hook. In the
manual technique, the tunnel was outlined on the corneal
surface with a circular marker. A 1-mm entry incision was
made with a calibrated, diamond square-bladed knife on
the steepest axis. The incision depth was set at 80% of the
thinnest point measured in the tunnel area. The corneal
tunnel was then created with curved corneal dissectors. For
the femtosecond laser procedures, the energy was set at
1.5mJ to create a 1.4-mm entry incision on the steepest
axis and the stromal tunnel. The incision and the tunnel
depth were set at 70% of the thinnest point measured in
the tunnel area. The Keraring ICRS were implanted with the
manufacturer’s forceps.The segment arc length and thickness
were selected according to the manufacturer nomograms
(other citedmaterials: Keraring Calculation Guidelines 2009;
http://smmedical.cl/wp-content/uploads/2013/10/Agrupado.
pdf). At completion of surgery, a bandage contact lens was
placed on the cornea. Tobramycin 0.3% and dexamethasone
0.1% eye drops were prescribed 3 times a day for 1 month.
Postoperative visits were scheduled at 1, 7, 30, and 90 days
after surgery.
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Figure 1:Thepachymetrymap inRTVue 100 is divided into a central
circular area (0–2mm), sixteen pericentral sectors (2–5mm), and
sixteen transitional sectors (5-6mm). To find the thinnest point in
the hypothetical tunnel area, the mouse cursor was slowly dragged
along the transitional sectors between the 5-mm and the 6-mm ring.
The lowest value found in that area was recorded as the thinnest
point (452 𝜇m in this case).

2.2. Spectral-Domain OCT Corneal Examination. One inves-
tigator (M.N.) scanned each cornea with RTVue100 (software
version 2.6). This spectral-domain OCT uses a superlu-
minescent diode (𝜆 830 nm) as light source. The effective
acquisition speed is 26.000 A-scans/s. The depth and the
transverse resolution are 5 𝜇m and 15 𝜇m, respectively. The
instrument was equipped with the low magnification lens of
the Corneal Adaptor Module that provides a scan length of
6mm and a scan depth of 1.96-mm.

TheCorneal AdaptorModule allows corneal examination
with different scan patterns.Thepachymetrymap patternwas
used to measure the thinnest point in the hypothetical tunnel
area a few days before surgery. The high definition (HD) line
pattern was used for measuring the Keraring depth inside
the corneal stroma at 3 months after implantation. Using
these scan patterns, the instrument software transforms the
OCT optical images into physical images of the cornea by
means of a dewarp calculation that takes into account corneal
curvature and the index of refraction of the media [12, 13].
Only good quality scans showing a signal strength index
(>30) were accepted as valid.

Thepachymetrymappattern includes 8meridional cross-
section scans (6mm in length, 1024 A-scans each) at 22.5-
degree intervals automatically captured in 0.32 seconds. The
computer algorithm generates a corneal thickness profile
from each meridional scan and computes a color-coded
pachymetry map by interpolation. The pachymetry map
was centered on the corneal vertex and displayed on the
instrument monitor. The examiner then slowly dragged the
mouse cursor along the hypothetical tunnel area to find the
thinnest point and calculate the incision depth (Figure 1).

The HD line pattern includes one meridional cross-
section scan of the cornea (6mm in length, 4096 A-scans)
acquired automatically in 0.16 seconds. The scan was aligned
so that it passed through the corneal vertex and Keraring
center (Figure 2).

http://smmedical.cl/wp-content/uploads/2013/10/Agrupado.pdf
http://smmedical.cl/wp-content/uploads/2013/10/Agrupado.pdf
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Figure 2: Enface OCT image of the Keraring showing the HD line
scan aligned on the segment center and corneal vertex.

(a)

(b)
(c)

Figure 3: The segments traced to measure the distance from the
apex to the anterior corneal surface (a) and the distance from the
inner (b) and the outer (c) basal corners to the posterior corneal
surface.

The HD line was displayed on the instrument monitor
and the “distance” tool of the instrument software was
selected. The mouse cursor was positioned at the Keraring
apex, and a segment was traced to the anterior corneal
surface. Using the mouse cursor, the distal point of segment
was slowly dragged along the anterior corneal surface to
identify the shortest segment.The length of this segment was
recorded as the distance from the apex to the anterior corneal
surface.The same procedurewas done at the inner corner and
the outer corner to measure the distance between them and
the posterior corneal surface (Figure 3).

These measurements were taken by a second investigator
(C.L.) in a separate session. The two sets of measurements
were compared to assess interexaminer reproducibility. The
first set of measurements was used to assess the difference
with respect to the intended distance. The intended distance
from the apex to the anterior corneal surface was the depth
of the incision made to create the tunnel. The intended
distance from the inner and the outer corners to the posterior
corneal surface was the difference between the preoperative
corneal thickness and the depth of the incisionmade to create
the tunnel. For this calculation, the corneal thickness was
measured on the preoperative pachymetrymap. On this map,
using the enface OCT image of the segment as a reference
(Figure 2), the corneal thickness was measured at the point
where the distance from the Keraring inner and outer corner
to the posterior corneal surface was calculated.

2.3. Statistical Analysis. Statistical analysis was performed
using STATA software package version 8.0 (StataCorp LP,

College Station, TX, USA). The significance of differences
between preoperative and postoperative data was assessed
using Student’s paired 𝑡-test for continuous variables and the
Wilcoxon test for noncontinuous variables.The 95% limits of
agreement (LoA) were calculated to estimate the agreement
between examiners in measuring Keraring distance from the
anterior and the posterior corneal surface and the agreement
between the measured and the intended distance. The 95%
LoA was calculated as described by Bland and Altman (95%
LoA = mean difference ± 1.96 × SD) [14]. The absolute
difference was calculated to assess the absolute value of the
difference between the measured and the intended distance.
A 𝜒2 or Fisher’s exact test was used to determine the
differences in the proportion of eyes in which the measured
distance fell within ±25 𝜇m and ±50𝜇m of the intended
distance. Differences were considered statistically significant
when 𝑝 value was less than 0.05.

3. Results

Overall, 26 Keraring ICRS were implanted: one per eye in 22
cases and 2 per eye in 2 cases. Surgery was uneventful and no
major postoperative complications, such as corneal infections
or ICRS extrusion, were observed.

The Keraring characteristics, UDVA, CDVA, and Km, of
each case are shown in Table 1.

The Keraring SI-5 model (inner diameter 4.40mm, base
width 0.60mm) was used in 21 cases and the SI-6 model
(inner diameter 5.40, base width 0.80mm) in 5 cases. The
mean UDVA and CDVA were significantly improved (𝑝 <
0.001) after surgery. On average, UDVA improved by 0.19 ±
0.17 and CDVA by 0.22 ± 0.15. The postoperative mean Km
was significantly reduced (𝑝 < 0.001) as compared with the
preoperative value.

The distance from Keraring to the anterior and the
posterior corneal surfacemeasured by the two examiners was
not statistically different (𝑝 < 0.05). Individual differences
between examiners are presented graphically through Bland-
Altman plots (Figure 4).

The 95% LoA between examiners were −9.95 to 9.49 for
the distance from the apex to the anterior corneal surface,
−8.36 to 7.67𝜇m for the distance from the inner corner
to the posterior corneal surface, and −11.19 to 10.50 𝜇m for
the distance from the outer corner to the posterior corneal
surface.

The measured distance, intended distance, and absolute
difference between the measured and the intended distance
in each case are reported in Table 2.

The distance from the inner corner to the posterior
corneal surface was not statistically different from the
intended distance (𝑝 = 0.83). The distance from the apex
to the anterior corneal surface was significantly less (𝑝 <
0.001) and the distance from the outer corner to the posterior
corneal surface was significantly greater (𝑝 < 0.001) than the
intended distance.

Themean absolute difference with respect to the intended
distance was significantly lower (𝑝 < 0.001) for the distance
from the inner corner to the posterior corneal surface as
compared with those obtained for the other measurements.
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Table 1: Keraring characteristics, uncorrected distance visual acuity (UDVA), corrected distance visual acuity (CDVA), andmean keratometry
(Km) of each patient.

Case Eye
Keraring UDVA CDVA Km (D)

Model Arc length (∘)/
thickness (𝜇m)

Pre Post Pre Post Pre Post

1 RE SI-5 160/300 0.04 0.10 0.50 0.80 50.15 48.68

2 LE SI-5 120/200 0.10 0.10 0.60 0.70 50.82 49.77
SI-5 120/200

3∗ LE SI-5 160/250 0.10 0.10 0.40 0.70 49.31 45.12
4∗ LE SI-6 150/150 0.10 0.20 0.70 1.00 43.89 43.48
5∗ RE SI-5 160/300 0.30 0.80 0.50 1.00 45.27 43.41
6 LE SI-5 160/250 0.10 0.20 0.60 1.00 42.98 41.19
7 RE SI-5 160/250 0.30 0.60 0.70 0.90 51.49 49.00

8 RE SI-5 160/250 0.08 0.60 0.60 0.90 45.39 43.68
LE SI-6 150/250 0.10 0.30 0.50 0.90 47.19 44.07

9 RE SI-5 160/300 0.04 0.40 0.60 0.80 48.06 45.62

10 RE SI-5 160/250 0.10 0.40 0.80 1.00 48.44 47.90
LE SI-5 160/200 0.20 0.40 0.90 1.00 49.45 46.15

11 RE SI-5 160/300 0.10 0.10 0.70 0.80 50.10 49.31

12 RE SI-6 150/200 0.40 0.80 0.90 0.90 46.48 45.74
LE SI-6 150/250 0.40 0.40 0.80 1.00 45.41 41.00

13 RE SI-5 120/250 0.10 0.20 0.60 0.80 51.70 50.30

14 LE SI-5 160/300 0.08 0.30 0.40 0.50 46.40 44.40
LE SI-5 90/150

15 LE SI-5 160/250 0.20 0.30 0.60 0.80 45.95 44.20
16∗ LE SI-5 160/250 0.10 0.60 0.50 0.80 50.30 50.00
17∗ RE SI-5 160/250 0.06 0.20 0.30 0.80 46.75 45.60
18 LE SI-5 210/200 0.06 0.30 0.40 0.70 49.04 46.83
19 RE SI-5 160/250 0.10 0.40 0.40 0.80 49.40 45.96
20∗ RE SI-6 150/300 0.10 0.40 0.80 0.80 46.12 45.17
21 RE SI-5 160/300 0.10 0.10 0.50 0.70 45.64 41.19

MEAN 0.14 0.35 0.60 0.84 47.74 45.74
SD 0.10 0.21 0.17 0.13 2.44 2.79
Range 0.04–0.4 0.1–0.80 0.3–0.9 0.5–1 42.98–51.7 41–50.3
RE: right eye. LE: left eye. ∗Eyes with intrastromal tunnel created using femtosecond laser. SD: Standard Deviation. D: diopters.

The measurements taken at the inner corner were within
±25 𝜇m and ±50𝜇mof the intended distance in 15/26 (57.7%)
and 24/26 (92.3%) cases, respectively. For the measurements
taken at the apex and the outer corner, the proportions were
significantly (𝑝 < 0.001) lower (3/26 (11.5%) and 5/26 (19.2%)
cases, resp.).

The 95% LoA between the measured and the intended
distance was −231.85 to 14.01 𝜇m for the distance from the
apex to the anterior corneal surface, −57.61 to 55.15 𝜇m for
the distance from the inner corner to the posterior corneal
surface, and −3.35 to 220.04𝜇m for the distance from the
outer corner to the posterior corneal surface (Figures 5–7).

The pachymetry map and the Keraring OCT images of 5
representative patients are shown in Figure 8.

4. Discussion

In the postoperative assessment of patients implanted with
ICRS, it is essential to determine whether the segment is
actually lying at the intended depth. Any error in implanta-
tion depth may reduce procedure efficacy and increase the
risk of complications. Actual depth may differ from intended
depth due to inaccurate measurement of corneal thickness
preoperatively or to creation of the stromal tunnel at the
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Table 2: Keraring measured and intended distance from the anterior and the posterior corneal surfaces.

Case Eye

Intended distance
(𝜇m)

Distance apex/
anterior surface (𝜇m)

Distance inner corner/
posterior surface (𝜇m)

Distance outer corner/
posterior surface (𝜇m)

Anterior
surface

Posterior
surface Measured Absolute

difference Measured Absolute
difference Measured Absolute

difference
1 RE 391 136 205 186 98 38 225 89

2 LE 333 176 287 46 120 56 207 31
335 199 313 22 146 53 210 11

3∗ LE 350 162 258 92 152 10 267 105
4∗ LE 370 147 306 64 119 28 328 181
5∗ RE 399 122 201 198 154 32 260 138
6 LE 377 125 216 161 157 32 266 141
7 RE 405 180 250 155 169 11 285 105

8 RE 400 100 302 98 98 2 198 98
LE 358 118 343 15 101 17 239 121

9 RE 366 142 171 195 181 39 318 176

10 RE 344 118 167 177 143 25 285 167
LE 357 121 215 142 154 33 260 139

11 RE 399 145 328 71 130 15 217 72

12 RE 400 152 303 117 173 21 314 162
LE 401 160 198 203 176 16 359 199

13 RE 323 164 270 53 119 45 197 33

14 LE 356 125 255 101 126 1 251 126
LE 354 190 321 33 190 0 245 55

15 LE 362 90 296 66 87 3 166 76
16∗ LE 360 156 349 11 145 11 172 16
17∗ RE 392 159 188 204 175 16 329 170
18 LE 383 120 318 65 98 22 142 22
19 RE 358 90 273 85 79 11 158 68
20∗ RE 387 120 251 136 156 36 289 169
21 RE 400 125 264 136 164 39 272 147
MEAN 371.54 140.08 263.38 108.92 138.85 23.54 248.42 108.35
SD 24.42 28.93 54.16 62.72 31.78 15.90 57.32 56.99
RANGE 323–405 90–199 167–349 11–204 79–190 0–56 142–359 11–199
RE: right eye. LE: left eye. ∗Eyes with intrastromal tunnel created using femtosecond laser. SD: Standard Deviation.

wrong depth. Corneal thickness is conventionally measured
using ultrasound pachymetry, which entails taking multiple
measurements along the hypothetical tunnel area and can
result in large interexaminer/intraexaminer variability in
keratoconic corneas [15]. Tunnel depth may differ from that
intended when a manual technique, or even femtosecond
laser technology, is used for creating the tunnel [16] because
technique accuracy may be reduced in the deep stroma [17–
19].

In this study, the tunnel depth for Keraring implantation
was planned using the pachymetry map created in RTVue
100. With a single and no-contact examination, it provides
reliable pachymetric mapping over a corneal area 6mm in
diameter [13]. This area of analysis includes the tunnel area
for implantation of the Keraring SI-5 and SI-6 models (inner

diameter of 4.40mmand 5.40mm, resp.). Using thismethod,
we were able to safely implant the ICRS in all patients.

After surgery, the measurements of Keraring distance
from the anterior and the posterior corneal surface were
highly reproducible. The interexaminer difference in mea-
surements of the distance from the apex to the anterior
surface and the distance from the inner and the outer corner
to the posterior surface was small. This finding indicates that
the method may be useful for assessing the ICRS position
over time in reference to the anterior and the posterior
cornea.

The distance of the inner corner from the posterior
surface showed the best agreementwith the intended distance
(mean 138.85 ± 31.78 versus 140.08 ± 28.93 𝜇m; 𝑝 = 0.83).
The mean absolute difference with respect to the intended



6 Journal of Ophthalmology

0

5

10

15

20

0 50 100 150 200 250 300 350 400

−5

−10

−15

Inner
Apex

Outer

D
iff

er
en

ce
 in

 d
ist

an
ce

be
tw

ee
n 

ex
am

in
er

s (
𝜇

m
)

Mean distance by 2 examiners (𝜇m)

Figure 4: Scatterplot showing the differences between examiners’
measurements of the distance from apex to anterior corneal surface
(), from inner corner to posterior corneal surface (◊), and from
outer corner to posterior corneal surface (I). Individual differences
between examiners are plotted against the mean value obtained by
both examiners together. The 95% LoA interval is represented with
dotted lines.
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Figure 5: Scatterplot showing the differences between themeasured
and the intended distance from the Keraring apex to the anterior
corneal surface. Individual differences between the measured and
the intended distance are plotted against the mean value of the
measured and the intended distance. The 95% LoA interval is
represented with dotted lines.

distance (23.54 ± 15.90 𝜇m) was significantly lower (𝑝 <
0.001) than that found for the other measurements and
was within 25 𝜇m and 50 𝜇m in 57.7% and 92.3% of cases,
respectively.The good agreement found for thismeasurement
may be explained by the architecture and biomechanical
properties of the posterior cornea [20, 21]. The posterior
cornea has a low tensile strength and opposes low resistance
to the pushing effect of the segment [22]. As a consequence,
the posterior lamellae are slightly compressed behind the
Keraring base, and the distance from the inner corner to the
posterior surface is close to the intended distance.

The distance from the Keraring outer corner to the
posterior corneal surface showed poor agreement with the
intended distance. It was greater than intended, on average,
by 108.35 𝜇m (𝑝 < 0.001). As compared with the inner
corner, the outer corner was farther from the posterior
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Figure 6: Scatterplot showing the differences between themeasured
and the intended distance from the Keraring inner corner to
the posterior corneal surface. Individual differences between the
measured and the intended distance are plotted against the mean
value of the measured and the intended distance. The 95% LoA
interval is represented with dotted lines.
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Figure 7: Scatterplot showing the differences between themeasured
and the intended distance from the Keraring outer corner to
the posterior corneal surface. Individual differences between the
measured and the intended distance are plotted against the mean
value of the measured and the intended distance. The 95% LoA
interval is represented with dotted lines.

corneal surface, on average, by 109.58𝜇m. Using an IntraLase
femtosecond laser, Gorgun et al. obtained similar results
in 17 keratoconic eyes [9]. In their study, the outer corner
was farther from the posterior surface, on average, by 88.0–
111.7 𝜇m as compared with the inner corner. These findings
show that the Keraring base is positioned obliquely with
respect to the posterior corneal surface. It is unlikely that this
position results from the creation of an oblique intrastromal
tunnel. A tunnel created with the IntraLase should run
parallel to the corneal surfaces because it is prepared while
the cornea is applanate by the optical interface. The greater
distance from the outer corner to the posterior corneal
surface may be due to two factors. First, the outer corner
mightmove forward during segment insertion into the tunnel
or during the early postoperative period. Pérez-Merino et al.
found that the Keraring base was tilted forward with respect
to the iris plane, on average, by 6.8∘ ± 2.6 at 7 days after
surgery; small changes of tilt were observed between 7 and
90 days after surgery [11]. Second, the distance from the
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outer corner to the posterior surface might be overestimated
due to the refractive distortion generated by the implant.
The dewarp calculation of the instrument software uses a
1.337 refractive index for the cornea, but it does not take
into account the fact that the implant refractive index is
1.487. As a consequence, the higher optical path difference
through the implant increases the thickness in the peripheral
areas of the corneas. Ortiz et al. reported that this refractive
distortion may increase by up to 35 𝜇m the estimated corneal
thickness [23]. In the OCT images, the refractive distortion
generates a bulging of the posterior cornea. However, this
artifact should be lower behind the inner corner as compared
with the outer corner (Figure 8). The inner corner is closer
to the central cornea, and the laser beam path through the
implant is short when the distance from the inner corner
to the posterior surface is evaluated. However, a distortion-
corrected calculation is needed to determine the impact of
this factor on the measurements taken behind the implant.

The distance from the apex to the anterior corneal surface
is routinely measured to monitor the risk of complications
such as ring migration and exposure. This measurement,
however, agrees poorly with the intended distance. In the
present study, the apex was closer to the anterior corneal
surface than intended, on average, by more than 90 𝜇m.
These findings are consistent with those reported previously
[9, 10]. Probably, the apex depth is shallower than intended
because the stromal lamellae above the Keraring are highly
compressed. Compression of the anterior lamellae derives
from the pushing effect of the apex and from the high rigidity
of the most anterior part of the stroma that tends to maintain
the anterior curvature and shape [20–24].

In 10 eyes operated for keratoconus, Pérez-Merino et al.
measured the distance between the center of mass of the
Keraring and the anterior corneal surface [11]. They found
good agreement between measurements and incision depth;
the absolute difference was 23.93 ± 23.49 𝜇m.This variability
is comparable with the variability we noted for the distance
from the inner corner to the posterior corneal surface.
However, a comparative study is needed to establish the
relationship between these measurements and to determine
if they can be combined to verify whether the Keraring depth
matches the intended depth in reference to the anterior and
the posterior corneal surface.

The present study has several limitations. The Keraring
depth was analyzed 3 months after surgery to minimize
any effect of postoperative edema and inflammation on
measurements. Nonetheless, the results might have been
influenced by a slight change in implant depth in the first
weeks after surgery. The tunnel was prepared using a manual
technique in the majority of cases. The predictability of
tunnel depth may be lower with the manual technique as
compared with femtosecond laser technology. This factor
might have inflated the differences between the measured
and the intended distance. When we analyzed the 5 eyes
operated on with femtosecond laser separately, the absolute
difference with respect to the intended distance dropped to
19.40 ± 10.04 𝜇m for the measurements taken at the inner
corner. Finally, the study did not investigate the agreement
between the measured distance and the intended distance

on the proximal and distal parts of the segment, where it
might differ from that found on the central part. In any
case, the difference should be small. Naftali and Jabaly-Habib
found that segment depth does not change significantly on
the proximal and distal parts as compared with the central
part [10].

In conclusion, reproducible measurements of Keraring
distance from the anterior and the posterior corneal surface
were obtained with spectral-domain OCT. These measure-
ments may be useful for assessing implant stability over time.
The distance from the inner corner to the posterior corneal
surface showed good agreement with the intended distance.
This measurement may be used to determine whether, in
reference to the posterior corneal surface, segment depth
matches intended depth.
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Background. Blood pulsation affects the results obtained using various medical devices in many different ways.Method. The paper
proves the effect of blood pulsation on intraocular pressure measurements. Six measurements for each of the 10 healthy subjects
were performed in various phases of blood pulsation. A total of 8400 corneal deformation images were recorded. The results
of intraocular pressure measurements were related to the results of heartbeat phases measured with a pulse oximeter placed on
the index finger of the subject’s left hand. Results. The correlation between the heartbeat phase measured with a pulse oximeter
and intraocular pressure is 0.69 ± 0.26 (𝑝 < 0.05). The phase shift calculated for the maximum correlation is equal to 60 ± 40∘
(𝑝 < 0.05). When the moment of measuring intraocular pressure with an air-puff tonometer is not synchronized, the changes
in IOP for the analysed group of subjects can vary in the range of ±2.31mmHg (𝑝 < 0.3). Conclusions. Blood pulsation has a
statistically significant effect on the results of intraocular pressure measurement. For this reason, in modern ophthalmic devices,
the measurement should be synchronized with the heartbeat phases. The paper proposes an additional method for synchronizing
the time of pressure measurement with the blood pulsation phase.

1. Introduction

Today, it is difficult to imagine a physician of any special-
ization without complicated equipment designed to perform
different types of measurements in patients. It would be diffi-
cult or even impossible to perform a contemporary diagnosis
without a series of measurements. On the one hand, doctors
have more and more confidence in the results obtained from
medical devices. On the other hand, there often exist simple
methods for obtaining more accurate results and reducing
measurement errors. These methods take into consideration
blood pulsation phases. The impact of this element on mea-
surements is strongly dependent on the anatomical and func-
tional links between the blood pulsation and the measured
parameter [1]. One of these groups of methods and medical
devices includes Diaton transpalpebral tonometer, Dynamic
contour tonometer, Goldmann applanation tonometer, and

noncontact tonometers: Ocular Response Analyzer (ORA),
Corvis ST, for measuring intraocular pressure (IOP), and
other additional parameters [2, 3]. Corvis ST, owing to the
Ultra-High-Speed Scheimpflug camera, can record corneal
deformation which is the response to an air puff. The
change in the blood pulsation phase during measurement
affects the results in different ways. Moreover, measurement
errors occur which result from nonsynchronization of the
measurement moment with the blood pulsation phase [4].
The effect of blood pulsation on the results obtained in IOP
measurement is well known [5–7]. The authors of work [6],
in particular, showed that the ocular pulse amplitude read-
ings measured with dynamic contour tonometry in healthy
subjects were not associated with blood pressure levels nor
amplitude. It appears that the ocular pulse amplitude is
strongly dependent on the time-course of the cardiac contrac-
tion. Both regulating mechanisms in the carotid system and
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scleral rigidity may be responsible for dampening the direct
effect of blood pressure variations. Similarly the authors of
work [7] confirmed, by means of experiments, that pulse
amplitude, fundus pulsation amplitude, and pulsatile ocular
blood flow depend on ocular volume and indicated that
there is no reduction in the pulsatile component of ocular
blood flow in the case of myopic patients. Accordingly, the
relationship between axial eye length and pulsatile ocular
blood flow seems to result from different ocular volumes.The
research carried out by the authors in work [7] has important
implications for the studies relating to pulse amplitude or
pulsatile ocular blood flow. However, the dependence of the
results obtained for a specific device, for example, the Corvis
tonometer, is unknown. Currently, the Corvis tonometer
allows for the measurement of a number of biomechanical
characteristics of corneal deformation. These characteristics,
whose dependence on the blood pulsation phase can vary,
include the location of the first and second applanation, the
size of flattening for the first and second applanation, the
maximum corneal deformation, the maximum amplitude,
and frequency of corneal vibration. On the other hand, the
accuracy of measurement of these characteristics associated
with the adopted image analysis and processing method is
also vital. Various types of devices designed for detecting
the corneal edge on a sequence of images from the Corvis
tonometer can be applied here, ranging from Roberts, Sobel,
or Prewitt filters to the Canny method or other profiled
edge detectionmethods.The blood pulsation phasemeasure-
ment itself can be also carried out with the use of various
types of pulse oximeters corresponding to different types
of absorption of radiation of two different wavelengths (red
and infrared) by red blood cells in the capillaries. A variable
component describes arterial blood absorbance and thus it is
possible to calculate the degree of saturation of haemoglobin
with oxygen. Therefore, the measurement of changes in the
skin colour can be performed remotely without contact by
means of laser light [8] or by analysing the skin image coming
from the camera in visible light [9–11].

Considering all of the above factors, the analysis of the
impact of blood pulsation phases on the results obtained from
the Corvis tonometer is practically interesting. In particular,
the following issues are of interest:

(i) confirmation of the dependence of IOP on the blood
pulsation phase,

(ii) quantitative assessment of the dependence of IOP on
the blood pulsation phase,

(iii) quantitative assessment of the dependence of 1st and
2nd applanation point, maximum corneal deforma-
tion, and amplitude of corneal vibrations for the
frequency >100Hz on the blood pulsation phase,

(iv) indication of the scope of variation in IOP measure-
ment for the lack of measurement synchronization,

(v) creation of new analysis methods for images and
signals from theCorvis tonometer and pulse oximeter
allowing for automatic and reproducible measure-
ment of the above parameters.

The obtained results of synchronization of IOPmeasurement
moment and other corneal deformation parameters with the
blood pulsation phase are shown in this paper.

2. Material

Eight thousand and four hundred corneal deformation
images of the eyes of 10 healthy subjects were analysed
as part of the study. The subjects ranged in age from 27
to 36 years and women accounted for 66% of the whole
study group. Six IOP measurements using the Corvis ST
(software ver. 1.2, Oculus Optikgeräte GmbH, Wetzlar, Ger-
many; resolution of 0.1mmHg, measurement range from 1 to
60mmHg) were performed for each eye (5 left and 5 right
eyes) in different blood pulsation phases. For each series
of 6 measurements per one patient, an attempt was made
to carry them out evenly in the full range from 0∘ to 360∘
of the blood pulsation phase. A total of 60 results of IOP
measurement were acquired (6 measurements for each of the
10 subjects). The exclusion criterion concerned patients who
had ophthalmic surgery, heart surgery, hypertension, ocular
hypertension, cardiac arrhythmias, bypass, and other diseases
of the heart orwere pregnant. A sequence of images of corneal
deformation resulting from an air puff was acquired from
the Corvis tonometer. The Ultra-High-Speed Scheimpflug
camera, which is an integral part of the Corvis tonometer,
enables us to register, within the time 𝐼 = 140, images
with a resolution 𝑀 × 𝑁 = 200 × 576 pixels. Each
𝑖th image was recorded every 231 𝜇s. The blood pulsation
measurement was made with the Mindray PM-8000 Express
(measurement range: from 0 to 100%, resolution of 1%,
and pulse rate: from 20 to 254 beats/minute). The pulse
oximeter was placed on the index finger of the subject’s
left hand. Multiple measurements of the same subject were
carried out with minimum time intervals between successive
measurements to prevent differentiation of the subject’s pulse.
All tests were carried out according to the Declaration of
Helsinki on healthy subjects with their free and informed
consent at the Beijing TongrenHospital.The ophthalmologist
during tests started the measurement (and at the same
time triggered an air puff) which was recorded and saved
together with the blood pulsation phase (in the data from
the pulse oximeter). Further analysis of signals and images
was carried out in software designed by the author in Matlab
(Version 7.11.0.584, R2010b, Java VM Version: Java 1.6.0 17-
b04 with Sun Microsystems Inc.) with Image Processing
Toolbox (Version 7.1) and Signal Processing (Version 7.2) on
a PC running Windows 7 Professional, 64-bit with the Intel
Core i7-4960X CPU @ 3.60GHz and HDD 3.5 SATA III 2
TB.

3. Method and Results

The measurement method proposed by the authors consists
of two phases:

(i) analysis and processing of images from the Corvis
tonometer, which enables us to calculate biomechan-
ical characteristics of the deformed cornea and IOP,
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Table 1: Examples of measured values of features 𝑤 (obtained from the Corvis tonometer) for a single healthy subject, for one right eye
(V = 1), and 6 measurements.

Measurement number 𝑤(1) [ms] 𝑤(2) [ms] 𝑤(3) [mm] 𝑤(4) [Hz] 𝑤(5) [mmHg]
1 7.363 21.444 1.015 432 15
2 7.331 21.646 1.039 421 14.5
3 7.64 21.468 1.091 407 15
4 7.693 21.672 1.069 409 16
5 7.365 21.574 1.02 420 15
6 7.46 21.394 1.024 432 16

Table 2: Mean values of individual features 𝑤 for 10 subjects (𝑝 < 0.3).

Eye 𝑤(1) 𝑤(2) 𝑤(3) 𝑤(4) 𝑤(5)

V = 1 Right 7.41 ± 0.15 21.54 ± 0.11 1.03 ± 0.03 416 ± 1.7 15.25 ± 0.6

V = 2 Right 7.38 ± 0.22 21.86 ± 0.51 1.04 ± 0.03 430 ± 3.1 14.9 ± 2.31

V = 3 Right 7.25 ± 0.32 22.05 ± 0.09 1.08 ± 0.033 444 ± 3.7 12.41 ± 0.49

V = 4 Right 7.30 ± 0.11 21.78 ± 0.18 1.08 ± 0.04 401 ± 2.0 14.33 ± 1.08

V = 5 Right 6.61 ± 0.08 22.81 ± 0.15 1.17 ± 0.03 399 ± 4.7 7.9 ± 0.63

V = 6 Left 6.71 ± 0.06 22.63 ± 0.09 1.11 ± 0.02 409 ± 3.1 8.08 ± 0.73

V = 7 Left 6.91 ± 0.03 22.13 ± 0.05 1.15 ± 0.01 434 ± 5.1 10.08 ± 0.28

V = 8 Left 6.91 ± 0.06 22.13 ± 0.15 1.16 ± 0.02 421 ± 1.4 10.08 ± 0.76

V = 9 Left 7.29 ± 0.13 21.94 ± 0.3 1.03 ± 0.045 409 ± 2.2 13.9 ± 1.5

V = 10 Left 7.09 ± 011 22.43 ± 0.2 1.15 ± 0.06 389 ± 3.7 12.1 ± 1.08

(ii) quantitative assessment of correlation between the
blood pulsation phase and measured parameters
(mainly IOP).

3.1. Analysis of Corneal Deformation Images. The analysis of
corneal deformation images is related to an original method
involving a series of operations performed on images from
the Corvis tonometer. The input data, a sequence of images
𝐿GRAY(𝑚, 𝑛) (where 𝑚 is row and 𝑛 is image column) with a
resolution𝑀×𝑁 = 200×576 pixels, are loaded intoMatlab in
∗.jpg or ∗.avi format. Image preprocessing involves median
filtering with a mask sized𝑀

ℎ
×𝑁
ℎ
= 3× 3 pixels, the output

image 𝐿MED(𝑚, 𝑛). The filter mask size was selected based on
the maximum size of a single noise (artefact) present in a 2D
image𝐿GRAY that did not exceed 4 pixels.Thenext step is edge
detection with the use of the Canny filter followed by joining
the relevant parts of the contour. The issue of joining the
edges entails a few problems associated with maintaining the
corneal contour continuity. These problems include discon-
tinuous edges and blank spaces between the detected contour
portions. They are solved by using 5th-degree polynomial
approximation. The polynomial degree was selected taking
into account the anthropometric data of corneal curvature.
Thus performed analysis for each 𝑖th image provides the
image 𝐿

𝐶
(𝑛, 𝑖). On this basis, the corneal reaction 𝐿

𝐻𝐶
(𝑛, 𝑖)

is calculated (it is separated from the constant component,
the corneal curvature at rest, and from the eyeball response).
Based on preliminary studies and measurements, as well as
biomechanical evidence and knowledge of ophthalmologists,
the following features (which were measured) were selected:

𝑤(1): 1st applanation point (momentary corneal flat-
tening),
𝑤(2): 2nd applanation point,
𝑤(3): maximum corneal deformation,
𝑤(4): frequency of corneal vibrations for the fre-
quency >100Hz,
𝑤(5): intraocular pressure (read from the tonometer).

The block diagrams of the proposed image analysis and
processingmethods and featuremeasurement idea are shown
in Figure 1. Examples of values calculated for the features 𝑤
for different blood pulsation phases are shown in Table 1.

As is apparent from the presented table (Table 1), the
smallest changes and the smallest values of standard devia-
tion of the mean (std) are visible for the feature 𝑤(2) (the
mean value of 21.54 ± 0.11ms, ±0.51%, for a confidence
interval 𝑝 < 0.3) and for the other features: 𝑤(1): 7.47 ±
0.16ms (±2.1%), 𝑤(3): 1.04 ± 0.03mm (±2.8%), 𝑤(4): 416 ±
10.7Hz (±2.5%), and 𝑤(5): 15.25 ± 0.61mmHg (±4.0%) for
𝑝 < 0.3 Student’s 𝑡-distribution (an IOP unit was adopted
in accordance with the units in tonometers). Detailed mean
values of individual features for 10 subjects are shown in
Table 2.The secondmeasurement concerns correlation of the
measured features 𝑤 with the subject’s pulse phase (feature
𝑤(6)).

3.2. Correlation between the Blood Pulsation Phase and Mea-
sured Parameters 𝑤. Blood pulsation measurement with the
use of a pulse oximeter enables us to determine amplitudes
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Figure 1: Block diagram of the idea of measuring the features 𝑤 and the different phases of the analysis and processing of images from the
Corvis tonometer (a) and the graph of corneal deformation for successive time sequences together with three characteristic waveforms (1st
and 2nd applanation as well as the maximum corneal deformation) being the basis for calculating the features 𝑤(1), 𝑤(2), 𝑤(3), and 𝑤(4),
respectively (b).

of pulse changes with a resolution of 1%. The impact of
blood pulsation (the phase impact) on corneal biomechanical
measurements performed using the Corvis tonometer was
measured on the index finger of the subject’s left hand. This
corresponds to the typical placement of the pulse oximeter
during hospitalization or when testing patients. Figure 2
shows the conventional coordinate system. The coordinate
origin is the moment of measuring IOP for some of the 12
areas occurring every 30∘. It means that the measurements
were performed for 0∘, 30∘, 60∘, 90∘, and so forth.The adopted
values and the analysis step result from simplification of anal-
yses andmeasurement accuracy limitations (of the parameter
and tonometer). The accuracy enables us to carry out a
meaningful and repeatable measurement of the correlation
for the same blood pulsation frequency. For 6 measurements
performed for a single patient, the discrepancy in blood
pulsation frequency was not more than 4%. The determined
value of the blood pulsation phase was referred to as the

feature 𝑤(6). From a practical point of view, it is important
to indicate the correlation between the feature 𝑤(6) and the
other features (from 𝑤(1) to 𝑤(5)). The correlation 𝑟V(𝑗) was
measured using the formula below where 𝑘 is the number of
the measurement for one subject (𝑘 ∈ (1, 6)), V is the subject
number (V ∈ (1, 10)), and 𝑗 is the feature number (𝑗 ∈ (1, 5));
that is,

𝑟V (𝑗) =
∑𝐾
𝑘=1
(𝑤
𝑘,V (𝑗) − 𝑤𝑘,V (𝑗)) ⋅ (𝑤𝑘,V (6) − 𝑤𝑘,V (6))

√∑𝐾
𝑘=1
(𝑤
𝑘,V (𝑗) − 𝑤𝑘,V (𝑗))

2

⋅ ∑𝐾
𝑘=1
(𝑤
𝑘,V (6) − 𝑤𝑘,V (6))

2

, (1)

where 𝑟V(𝑗) is correlation for 𝑗th feature and Vth subject for
𝑗 ∈ (1, 5), 𝑤

𝑘,V(𝑗) is 𝑗th feature of the Vth subject of the 𝑘th
measurement, and𝐾 is the total number of measurements.

The natural phase shift in blood pulsation between the
heart, the index finger (the measurement point), and the eye
depends on the distance and subject’s anatomical features.
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Table 3: Results of the minimum and maximum correlation between the features 𝑤(5) and 𝑤(6) for 10 subjects (outliers are in italic font).

min(𝑟V(𝑗 = 5)) 𝜙 max(𝑟V(𝑗 = 5)) 𝜙

V = 1 −0.95 230 0.95 50
V = 2 −0.91 250 0.91 70
V = 3 −0.95 220 0.95 40
V = 4 −0.48 340 0.48 160
V = 5 −0.88 130 0.88 310
V = 6 −0.16 50 0.16 230
V = 7 −0.51 100 0.5 160
V = 8 −0.99 150 0.99 330
V = 9 −0.66 200 0.66 20
V = 10 −069 230 0.69 50
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Corvis
air puff
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Figure 2: Graph of changes in the blood pulsation amplitude over
time.A samplemoment of starting themeasurementwith theCorvis
tonometer and the conventionally adopted angular measurement
scales are marked in red.

For the analysed data, correlation is determined according to
formula (1) for subsequent, artificially added, phase shifts 𝜙
of the feature𝑤

𝑘,V(𝑗). The results of changes in correlation for
the artificially added phase shifts 𝜙 are shown in Figure 3.
The values of phase shift 𝜙 for which the correlation 𝑟V(𝑗)
reaches the maximum and minimum values are given in
Table 3 for the feature 𝑤(5) (𝑗 = 5). Further calculations
were performed under the assumption of the null hypothesis
Ho that there is a statistical relationship between the features
𝑤(1) to 𝑤(5) and 𝑤(6) and under the assumption of the
alternative hypothesis 𝐻

1
that this relationship does not

exist. The calculated correlation for all the analysed subjects
indicates statistical significance (𝑝 < 0.05 for Student’s 𝑡-
distribution) only for the feature 𝑤(5). Therefore, there is a
significant correlation between the intraocular pressure and
heartbeat phase (between the features 𝑤(5) and 𝑤(6)). For
the measured group of subjects, this correlation is high (it is
in the range from 0.48 to 0.99; the measurement for V = 6
was considered a thick error and rejected) and its mean value
is 0.78 ± 0.19 (see Table 3). The results presented in Table 3
for the features 𝑤(5) and 𝑤(6) are extremely important in
practice. Low values of mean std of changes in the features
from 𝑤(1) to 𝑤(4) can here result from two elements. The

first one is the limited resolution of the analysed image. For
the image resolution𝑀 × 𝑁 = 200 × 576 pixels, there is, on
average, 20𝜇m per one pixel. This means that the accuracy
of measuring the feature 𝑤(1) as well as features 𝑤(2), 𝑤(3),
and 𝑤(4) is limited to the resolution of ±20𝜇m. So, if, for
example, the amplitude for the first applanation changes by
less than 20𝜇m for the next 𝑖 frames (images in a sequence),
the measurement error of the feature 𝑤(1) will be 231𝜇s.
The other element influencing the low values of mean std
of changes in the features from 𝑤(1) to 𝑤(4) is the lack
of correlation with the heartbeat phases. For subjects V =
{1, 2, 3, 4, 5, 7, 8, 9, 10}, there was a close relationship between
the heartbeat phase and IOP.According to the diagram shown
in Figure 3, the highest values of IOP are obtained for the
phase shift of 60∘. Minimum IOP values are obtained for the
phase shift of 240∘ (60∘ + 180∘); see Figure 4. The correlation
for these angular values is 0.69±0.26 (𝑝 < 0.05).The changes
in mean correlation 𝑟V(𝑗 = 5) for individual subjects (after
removing thick errors, outliers) as a function of phase shift
𝜙 presented in Figure 4 clearly indicate a strong correlation
(0.69 ± 0.26) between IOP and the heartbeat phase.

4. Discussion

The impact of blood pulsation and its phases on measure-
ments performed in medicine is known primarily from
electrocardiogram (ECG). A lot of interesting publications
have been written in this area [12–26]. In the first one [16]
related to continuous cuffless blood pressure estimation using
the pulse transit time and photoplethysmogram intensity
ratio, the authors presented an algorithmwhichwas validated
on 27 healthy subjects with continuous Finapres blood
pressure as a reference. The results showed that the mean
std for the estimated systolic, diastolic, and mean blood
pressure with the proposed method against reference was
−0.37 and 5.21mmHg, −0.08 and 4.06mmHg, and −0.18
and 4.13mmHg, and the mean absolute differences were
4.09mmHg, 3.18mmHg, and 3.18mmHg, respectively. In the
next work [20], the authors referred to the pulse transit time
as a predictor of the efficacy of a celiac plexus block in patients
suffering from chronic intractable abdominal pain. A celiac
plexus block was successful in 9 out of 12 cases; the pulse
transit time of the success group was 6.84 ± 5.04% versus
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Figure 3: Graph of changes in the correlation 𝑟V(𝑗 = 5) of feature
𝑤
𝑘,V(𝑗 = 5) for individual subjects (V ∈ (1, 10)) as a function of phase

shift 𝜙.

0.72 ± 0.78% in the failure group (𝑝 = 0.021). In turn,
in work [14], the pulse transit time was calculated for each
ECG R-wave and the corresponding steepest upstroke slope
in the photoplethysmogram and was transformed to a con-
tinuous blood pressure estimate using multipoint nonlinear
regression calibration based on the individual subject’s sphyg-
momanometer readings. Bland-Altman limits of agreement
between pulse transit time-derived systolic blood pressure
estimates and sphygmomanometer values were −24.7 to
24.1mmHg and between Portapres and sphygmomanometer
systolic blood pressure values were −42.0 to 70.1mmHg.
For beat-to-beat systolic blood pressure estimation during
exercise, pulse transmit measurement combined with multi-
point nonlinear regression calibration based on intermittent
sphygmomanometry can constitute an alternative to volume
clamp devices. Inwork [17], the authors showed that the PTT-
based blood pressure estimation may not be accurate enough
since the regulation of blood pressure within the human body
is a complex, multivariate physiological process. Taking into
consideration the negative feedback mechanism in the blood
pressure control, the authors introduced the heart rate (HR)
and the blood pressure estimate in the previous step to obtain
the current estimate. They validated this method by using
the clinical database. Authors’ results show that the pulse
transit time, HR, and previous estimate reduce the estimated
error significantly when compared to the conventional pulse
transit time estimation approach (𝑝 < 0.05). There are also
other interesting solutions relating to, for example, a wearable
vital signs monitor at the ear [18], measuring short-term
blood pressure variability: a comparison with the Finometer
[23], comparison of ubiquitous blood pressure monitoring
via pulse transit time [25], and others [12, 15, 19, 21]. Decision
trees [26] or a newmeasurement system BioWatch described
in work [13] were also used in the beat-to-beat and phase
shift analysis. However, the authors of the above-mentioned
publications did not make any reference to the analysis of
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Figure 4: Graph of changes in mean correlation 𝑟V(𝑗 = 5) of the
feature 𝑤

𝑘,V(𝑗 = 5) for individual subjects (after removing thick
errors, outliers) as a function of phase shift 𝜙. Additionally, the
graph shows the position of theminimumandmaximum IOP values
relative to the blood pulsation phase. Minimum and maximum
values of IOP are marked with red arrows. Blue lines on the 𝑥-axis
indicate the arbitrarily adopted measurement times.

the impact of blood pulsation phase on measurements in
ophthalmology, in particular, measurements that are carried
out using small and also relatively affordable devices (such as
Corvis).

In the group of publications devoted to image analysis
and processing, there are a lot of interesting works on
ophthalmology, starting with those on the biomechanics of
the eye associated with the Corvis tonometer [27–30], which
show the effect of keratoconus, glaucoma, or diabetes on the
results obtained, and ending with those on the analysis and
processing of corneal edge images [31–35], which examine
variousmethods of edge detection andmeasurement of addi-
tional biomechanical parameters. One of the few approaches
to analysis of blood pulsation presented in the literature
and related to the eye concerns the measurement of pupil
size changes resulting from blood pulsation [36]. However,
none of the presented methods of both image analysis and
analysis of results takes into account the impact of blood
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pulsation on the obtained results of biomechanics of the eye
(including IOP), which is presented in this paper. It should be
emphasized that the presented image analysis and processing
methods are one possible solution to this problem. There are
also approaches described in the literature which are based
on a fast Fourier transform (FFT) [37–41], computational
intelligence systems [42–44], or fuzzy algorithms, used in
other fields of life (for other applications).

Blood pulsation in ophthalmology is generally known
(for other devices than Corvis) and its influence on mea-
surement results is still under examination. It should be
specifically noted that the impact of parameter changes on
the results obtained is of high clinical importance. In the
case of the impact of blood pulsation or the effect of other
parameters (such as patient positioning during examination),
different measurement results are obtained (in this case IOP).
The so-called sensitivity to changing parameters enables us
to clarify and define medical procedures. It indicates to what
extent a given parameter may distort the result. Moreover,
it indicates how the parameters such as patient positioning,
head position, or, as in the discussed case, blood pulsation
affect (quantitatively) the results. According to the authors,
these procedures should be carried out for each medical
device. Usefulness and reliability of such procedures should
be verified both with ophthalmologists and with technicians
operating the devices used in ophthalmology. Therefore, the
issues described in this paper are current and important
for both engineering and practical diagnostic usefulness in
everyday work of ophthalmologists.

5. Conclusions

The study confirmed the correlation between the heartbeat
phase and IOP measurement result. This correlation is high
and amounts to 0.69 ± 0.26 (𝑝 < 0.05). The phase shift for
the analysed cases (after 6 measurements per subject using
the pulse oximeter placed on the index finger of the left
hand) is 60 ± 40∘ (𝑝 < 0.05) for the maximum correlation.
In the range of minimum and maximum correlation values,
the mean std of IOP changes is even ±2.31mmHg (𝑝 <
0.3). It should be noted that the sources of errors include
alternating rhythm (pulse) of the heart. For the performed
measurements, heart rate variability was in the range of 4%
(typically 84 beats/minute). Therefore, it was at the level of
other errors resulting from the finite image resolution and
algorithm errors (range of±1 pixel when detecting the corneal
contour during its deformation). In summary, the paper

(1) proposes a reproducible and fully automated method
for measuring the features 𝑤 based on the sequence
of images obtained from the Corvis tonometer;

(2) indicates which features 𝑤 are dependent on the
blood pulsation phase, in particular feature 𝑤(5);

(3) confirms the dependence of IOP on the blood pulsa-
tion phase for the Corvis tonometer;

(4) shows the reproducibility of the method for the
discussed subjects.

The authors in subsequent works intend to carry out
further studies on the impact of heartbeat rate changes
or the anatomy of patients on the results of IOP and
repeatability of measurements. In particular, the relationship
between individual anatomical characteristics of patients
and the obtained phase shift values will be explored. The
presence of correlation between the heartbeat phase and IOP
confirmed in this study led the authors to propose a system
for connecting heartbeat phase measurement with triggering
the measurement in the Corvis tonometer. In its current
form, the heartbeat measurement is carried out using a CCD
camera which is placed on the forehead support of the Corvis
tonometer. The camera records changes in absorption of red
radiation by red blood cells in the capillaries. The camera
complements the modified system for measuring intraocular
pressure patented by the author [37]. Currently, themethod is
being tested at the Beijing Institute ofOphthalmology, Beijing
Tongren Hospital in China.
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Purpose. To investigate the safety and efficacy of monocular treatment for elderly Chinese patients with meibomian gland
dysfunction (MGD) with an automated thermodynamic system. Methods. This study was a prospective, examiner-masked,
contralateral eye clinical trial. The eye perceived by the patient to be worse (test eye) received a 12-minute LipiFlow treatment,
while the other eye served as control. All patients were examined before treatment and one week, one month, and three months
after treatment. Clinical parameters included dry eye symptoms, lipid layer thickness (LLT), partial blink (PB) ratio, invasive tear
breakup time (ITBUT) and cornea staining, Schirmer I test, meibomian glands yielding liquid secretion (MGYLS), andmeibomian
gland dropout.Results.A total of 29 patients were examined during the three-month follow-up. At each posttreatment visit, they had
a significant reduction in dry eye symptoms accompanied by an increase of ITBUT andMGYLS and a reduction in corneal staining
compared with the baseline parameters. There was a significant improvement in MGYLS and ITBUT in the test eye compared
with the control eye. Other clinical parameters were not statistically significant. Conclusion. LipiFlow is an effective treatment for
patients with MGD. Monocular treatment with LipiFlow may be a cost-effective treatment option to those afflicted with MGD in
the developing world.

1. Introduction

In 2011, the International Workshop on Meibomian Gland
Dysfunction announced a new definition of MGD: “a
chronic, diffuse abnormality of the meibomian glands, com-
monly characterized by terminal duct obstruction and/or
qualitative/quantitative changes in the glandular secretion.
It may result in alteration of the tear film, symptoms of
eye irritation, clinically apparent inflammation, and ocular
surface disease [1].”

Today, numerous clinical approaches are being under-
taken to relieve meibomian gland obstruction. The most
effective and well-known treatment is warm compress com-
bined with lid massage, which heats the glands and alleviates
gland obstruction [2, 3]. However, for this treatment to be

effective, an intensive treatment regimen is required to be
performed by the patient, making patient compliance low
[4, 5].

A promising new instrument called LipiFlow (Tear-
Science Inc., Morrisville, NC) has been specifically designed
to partially or possibly completely alleviate meibomian gland
obstruction. This instrument combines the benefits of both
heat therapy and physical expression while accurately con-
trolling the temperature, pressure, and technique.

Several studies [6–8] have reported the improvement in
meibomian gland secretion after one 12-minute treatment by
LipiFlow and the effects last up to one year. Tear film breakup
time (TBUT) and symptom scores also showed improvement
compared with traditional therapies [9–11]. Previous studies
were performed with concurrent binocular therapy, which
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may be cost prohibitive in developing countries and may
introduce statistical errors in the analysis of the study. This is
the first study to evaluate the effect of monocular therapy by
LipiFlow.Overall, the objective of this studywas to determine
the efficacy of monocular treatment with LipiFlow, with the
contralateral eye as a control, in elderly Chinese patients with
MGD.

2. Patients and Methods

This prospective, examiner-masked, clinical trial was per-
formed at Wenzhou University, Zhejiang, China, and was
approved by the Institutional Review Board/Ethics Com-
mittee of Wenzhou Medical University. Informed consent
to participate in this research study was obtained from
each patient. Practices and researches were conducted in
accordance with the tenets of theDeclaration ofHelsinki.The
study was registered at www.clinicaltrials.gov and the clinical
trial accession number is NCT02481167.

2.1. Patients. Patients who completed a comprehensive base-
line ocular surface evaluation were enrolled in accordance
with the inclusion criterion. Eligible patients were recruited.
The eye which the patient perceived as worse was selected
as the test eye. The test eye received a 12-minute LipiFlow
treatment. The contralateral eye served as the control eye.
Data from both eyes were recorded before treatment as
baseline and were reexamined at one week, one month, and
three months posttreatment. Patients who met the following
criteria were eligible for the study.

2.1.1. Inclusion Criteria

(1) Age from 55 to 75 years old

(2) Reported dry eye symptoms with a standard patient
evaluation for eye dryness (SPEED) score greater than
6 at the baseline

(3) Meibomian gland atrophy less than fifty percent

(4) Evidence of functional meibomian gland (clear liquid
secretion) number being 6 or less

(5) Informed consent given to participate in the study

(6) Ability to complete an initial evaluation and the
follow-up visits after treatment (one week, one
month, and three months)

2.1.2. Exclusion Criteria

(1) Ocular trauma, surgery, or active infection in either
eye within three months of the baseline examination

(2) Being determined to have dry eye symptoms that
were not secondary to MGD, such as a systemic
autoimmune disease

(3) Abnormalities thatmay potentially affect the integrity
of the cornea or lid function in either eye

(4) Involvement in other ophthalmic drug or medical
device clinical trials within 30 days of the baseline
examination

(5) Treatment with lacrimal plugs or canaliculoplasty in
either eye within three months of the baseline exam-
ination or the potential of requiring new treatment
during the follow-up period

2.2. Methods. Before the initial clinical examination, patients
were asked to report their clinical history and general physical
condition. Meibography was only recorded at the baseline
and three-month visit. The following clinical tests were
performed at each follow-up visit in this order: dry eye
questionnaire, best corrected visual acuity (BCVA), Lipiview
Interferometer examination, slit-lamp examination, TBUT,
corneal staining, Schirmer I test, and extrusion ofmeibomian
glands. In order to control for examiner variability, the
same experienced masked clinical investigator conducted all
examinations. During the follow-up period, ocular lubri-
cants and warm compress treatments were not restricted for
humanitarian reasons.

2.3. Investigated Parameters

2.3.1. Dry Eye Symptoms. Two questionnaires, Standard
Patient Evaluation of Eye Dryness (SPEED) [12] and the
Ocular Surface Disease Index (OSDI), were used to assess dry
eye symptoms.

2.3.2. Lipid Layer Thickness (LLT) and Partial Blink (PB).
Lipiview Interferometer (TearScience Inc., Morrisville, NC)
was used to determine the lipid layer thickness (LLT) and
blink pattern (BP). A 20-second video of each eye was cap-
tured to record the interference pattern of the tear film. The
software uses an algorithm which converts the value in inter-
ferometric color units (ICUs) into nanometers of lipid layer
thickness (LLT) (1 ICU approximately reflects 1 nm of the
LLT). Additionally, partial blinks (PB) and total blinks were
also recorded.The partial blink (PB) ratio equals the number
of partial blinks/the number of total blinks.

2.3.3. Invasive Tear Breakup Time (ITBUT) and Corneal Stain-
ing [13]. To evaluate the TBUT and corneal staining, strips
of fluorescein sodium (containing 1.0mg fluorescein sodium)
(Jing Ming New Technological Development Co., Ltd., Tian-
jin, China) were used. To perform this, patients were told to
look up while the tip of the strip quickly touched the inferior
conjunctiva. ITBUTwas calculated by calculating the average
of three consecutive breakup times, as determined manually
by a stopwatch.

Three minutes after fluorescein instillation slit-lamp
biomicroscopy cobalt blue illumination was used to eval-
uate corneal staining. The cornea was divided into four
quadrants (supertemporal, inferotemporal, supernasal, and
inferonasal). Superficial punctate keratopathy in the cornea
was scored from 0 to 3 in each quadrant: 0, no staining in
the cornea; 1, <5 punctuate staining; 2, >5 punctuate staining

https://clinicaltrials.gov/ct2/show/NCT02481167?term=NCT02481167&rank=1
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but <10; and 3, >10 punctuate staining. A sum of the staining
scores ranged from 0 to 12.

2.3.4. Schirmer I Test without Anesthesia. The Schirmer I
test was performed without anesthesia. Schirmer Tear Test
Strips (Jing Ming New Technological Development Co., Ltd.,
Tianjin, China) were placed between the lateral and middle
third of the lower eyelid and patients were instructed to close
their eyelids for five minutes.

2.3.5. Meibomian Gland Assessment. To assess meibomian
gland function, the number of functional glandswas counted.
A gland was considered functional if it yielded a clear liquid
secretion, which represents both the quantity and the quality
of meibomian gland secretions. The number of meibomian
gland orifices was quantified using the Meibomian Gland
Evaluator (TearScience Inc.). Using this handheld instru-
ment, a defined pressure (a consistent force of 1.25 g/mm2,
similar to that experienced with a deliberate or forced blink)
was applied to the nasal, central, and temporal regions of
the lower eyelid. Each region contained five consecutive
meibomian gland orifices. A total of 15 glands were evaluated
along the lower eyelid margin. Finally, the number of glands
secreting clear liquid was counted.

2.3.6. Meibomian Gland Dropout [14]. The Keratograph
5M (Oculus, Wetzlar, Germany) is an advanced corneal
topographer that can be used for meibography. Infrared
meibography with high-contrast images of the meibomian
glands was employed to observe upper and lower everted
eyelids of each eye. A meiboscore was given according to
calculations assigned by ImageJ software (Ver. 1.50b, National
Institutes of Health, USA) for each eyelid corresponding to
the percentage of meibomian gland affected by atrophy. The
overall percentage of abnormalities of each lid was described
as 0% (grade 0), less than 33% (grade 1), 33 to 67% (grade 2),
or greater than 67% (grade 3) [15]. The higher the score, the
more severe the meibomian atrophy.

2.3.7. Additional Clinical Parameters. Several additional
parameters were assessed to evaluate the safety of LipiFlow
instrument. These included adverse events (during the study
period) and an ocular health exam (eyelid marginal hyper-
emia and pachyblepharosis).

2.4. Statistical Analysis. Statistical analysis was performed
using SPSS 19.0 for Microsoft Windows (Chicago, Illinois,
USA). To compare the baseline and posttreatment outcomes
for the test group, paired two-tailed 𝑡-test was used where the
normal distribution was confirmed using the Kolmogorov–
Smirnov test, 𝑝 > 0.05). The Wilcoxon signed-rank test
was used for nonparametric distributed data (Kolmogorov–
Smirnov test, 𝑝 < 0.05). A repeated measures analysis of
variance (ANOVA) test was performed for comparison of test
group and control group at all time points. A difference was
considered statistically significant if a value of 𝑝 = 0.05 was
reached.
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Figure 1: The mean value of test-eye Standard Patient Evaluation of
Eye Dryness (SPEED) score measured at baseline, at one week, at
one month, and at three months (∗𝑝 < 0.05, ∗∗𝑝 < 0.001).

3. Results

Thirty subjects were initially enrolled; however, 29 subjects
(58 eyes, 56.90 ± 7.07 years old, 20 (69%) women and 9 (31%)
men) completed the study. One patient enrolled in the study
had to be excluded after the baseline examination due to
treatment for meningeal gliomatosis.

3.1. Comparison of the Test Eye at Baseline and after Treatment

3.1.1. Subjective Symptoms. There was a significant improve-
ment in SPEED scores at the one-week visit (7.43 ± 5.18,
𝑝 < 0.0001) compared with the baseline scores (11.22 ±
4.87) and this improvement was maintained at the one-
month time point (6.55 ± 5.57, 𝑝 < 0.001). Similarly, at
the three-month time point (4.59 ± 3.40, 𝑝 < 0.001), the
observed improvement was still significant. However, the dif-
ference between the one-week and the one-month visits was
not statistically significant (𝑝 = 0.343, 𝑝 > 0.05). SPEED
scores continued to decrease from the one-month visit to
the three-month visit (𝑝 = 0.017, 𝑝 < 0.05) (Figure 1). A
significant improvement of dry eye symptoms was observed
in both one-week and one-month follow-ups. Also, a fur-
ther improvement was found in the three-month follow-up.
Results of OSDI score were consistent with SPEED scores
(Figure 2).

3.1.2. Changes of Tear Film. No statistically significant change
in the average, maximum, or minimum in the lipid layer
thickness (LLT) was observed from preprocedure time point
to one week, one month, and three-month postprocedure
visits (Figure 3). Partial blink (PB) ratios held a similar trend
as no statistical difference between the initial evaluation and
any of the follow-up visits after treatment was recorded
(Figure 4).

A statistically significant increase in TBUT from the
preprocedure time point (2.48 ± 0.83) to the one-week
postprocedure visit (3.24 ± 1.02; 𝑝 = 0.003) was reported.
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Table 1: Baseline parameters.

Lipiview
(ave.)

Lipiview
(max.)

Lipiview
(min.)

Partial
blink∗ BUT∗ Schirmer∗ Meibomian

gland orifices∗
Corneal
stain∗

Test 62.07 ±
23.98

75.76 ±
21.61

54.24 ±
23.79 0.65 ± 0.35 2.48 ± 0.83 8.17 ± 6.96 1.79 ± 1.78 1.21 ± 0.62

Control 68.90 ±
23.32

77.93 ±
20.03

59.59 ±
22.61 0.70 ± 0.33 2.79 ± 1.01 8.76 ± 6.42 2.34 ± 1.90 1.55 ± 0.74

Significance 0.052 0.516 0.194 0.778 0.119 0.560 0.130 0.309
∗Wilcoxon signed-rank test.
There were no significant differences for all of these measured parameters between the test and control eyes before treatment (𝑝 > 0.05).
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Figure 2: The mean value of test-eye Ocular Surface Disease Index
(OSDI) at baseline, at one week, at one month, and at three months
(∗𝑝 < 0.05, ∗∗𝑝 < 0.001).

This increase remained significant at the one-month (3.62 ±
1.15; 𝑝 = 0.001) and the three-month (3.52 ± 1.43; 𝑝 = 0.004)
postprocedure visits. The difference between one-week and
one-month visits was also statistically significant (𝑝 = 0.033,
𝑝 < 0.05). However, the difference between one-month and
three-month visits was not statistically significant (𝑝 = 0.687,
𝑝 > 0.05) (Figure 5). An increase of TBUTwas observed at all
follow-up visits; however, further improvement was not
observed at the three-month follow-up visit.

Total score of the four corneal regions examined was
on a scale of 0 to 12 at the baseline, one-week, one-month,
and three-month examinations.The total sodium fluorescein
staining scores of the corneal epithelium were reduced from
baseline (2.34 ± 1.77) to one week (1.63 ± 1.50, 𝑝 =
0.002). There was a statistically significant reduction in the
fluorescein staining scores when comparing baseline visit
data to one-month (1.50 ± 1.41, 𝑝 < 0.0001) and three-month
(1.31 ± 1.49, 𝑝 < 0.0001) posttreatment visit data (Figure 6).

There was a statistically significant decrease in Schirmer
I test without anesthesia from the preprocedure time point
(8.17 ± 6.96) compared to the one-week postprocedure visit
(6.03 ± 4.38; 𝑝 = 0.040, <0.05). A nonsignificant decrease
was observed at the one-month postprocedure visit (6.90 ±
7.09; 𝑝 = 0.086), However, at the three-month postprocedure

visit, a significant decrease compared to baseline (4.90 ± 6.56;
𝑝 = 0.004, <0.05) was observed.The difference between one-
week and one-month visits was not statistically significant
(𝑝 = 0.680, >0.05). The difference between one-month and
three-month visits was also not statistically significant (𝑝 =
0.120, 𝑝 > 0.05) (Figure 7).

3.2. Improvements of Meibomian Gland Function

3.2.1. Meibomian Glands Yielding Liquid Secretion (MGYLS).
A significant increase was seen inMGYLS frompreprocedure
levels (1.78 ± 1.78) to the postprocedure one-week visit (3.75 ±
2.82, 𝑝 < 0.0001). The improvement at one month remained
significant (4.56 ± 2.85, 𝑝 < 0.0001). Improvement was
maintained at the three-month postprocedure visit (4.75 ±
3.08, 𝑝 < 0.0001). There was no statistically significant
difference between the one-week and the one-month visits
(𝑝 = 0.687). Likewise, no difference was observed between
the one-month and the three-month visits (𝑝 = 0.635)
(Figure 8).

3.2.2. Meibomian Gland Dropout. There were no statistical
differences in meibomian gland dropout between baseline
and three-month posttreatment of both the upper eyelid (𝑝 =
0.655) and the lower eyelid (𝑝 = 0.414). This suggests that
treatment may not have an effect on the atrophic meibomian
gland.

3.2.3. Comparison of the Test Eye and the Control Eye.
Binocular baseline parameters are listed in Table 1. At base-
line, there was no statistically significant difference for all
measurements between control and test eyes (𝑝 > 0.05). After
the treatment period, there were statistically significant
changes in TBUT (Figure 9) and MGYLS (Figure 10).

During the posttreatment period, eight (28%) patients
stopped using artificial tears and 11 (38%) patients reduced
the frequency in which they use artificial tears. At the end of
the three-month follow-up, only three patients reported that
their subjective dry eye symptoms had not been improved.
The remaining patients all reported improvements in their
clinical symptoms at differing degrees.

4. Discussion

Thegoal of this studywas to assess the safety and effectiveness
of a 12-minute LipiFlow monocular treatment on elderly
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Figure 3: The mean value of test-eye lipid layer thickness (LLT) at baseline, at one week, at one month, and at three months. (a) The average
of LLT. (b) The maximum of LLT. (c) The minimum of LLT.

Chinese patients with MGD. Previous studies reported that
a single LipiFlow 12-minute treatment improved meibomian
gland secretion, TBUT, and symptom scores at one month,
nine months, 12 months, and even three years posttreatment
compared with traditional or new-style warm compress ther-
apies and common clinical methods of physical expression of
meibomian gland obstruction [16].

Previous studies evaluated the efficacy of LipiFlow by
treatment of both eyes. Treatment of both eyes considerably
increases the cost for patients in developing countries. This
is the first study to report the results of monocular treatment
with LipiFlow with the contralateral eye as a control.

The primary clinical parameters used to assess the effec-
tiveness of LipiFlow indicated significant improvement of
meibomian gland function and tear film stability in the
test eye. These results demonstrate that treatment restored
the function of previously blocked dysfunctional meibomian
glands and an increase in gland function improved tear
film stability, which may directly influence other objective
and subjective measures of ocular surface health. Briefly, the
prolonged TBUT, reduced corneal staining, and improved

subjective symptoms provide strong evidence of the efficiency
of LipiFlow.

However, significant changes of LLT were not observed.
Previous studies report the repeatability and reliability of
LLT measured by Lipiview [17]. Finis et al. [18] found that
LLT increased significantly six months after treatment with
LipiFlow. During the follow-up period, we observed that the
consistency of meibum secreted from the meibomian gland
greatly influenced LLT. Unhealthy meibum, which has a high
LLT value, may have altered the results of our study. We
plan to focus on the relationship between the consistency of
meibum and LLT in future studies. Interestingly, we observed
that Schirmer I test results, which represents tear fluid
secretion, began to decrease at one week and continued to
decrease at the three-month posttreatment examination. We
speculate that the reopening of the meibomian glands stabi-
lizes the tear film, making the tear fluid reflexively decrease
to maintain homeostasis at the ocular surface. The existence
of a homeostatic state of the tear film was proposed by
Dartt and Willcox [19] where components of the tear film
may compensate for deficiencies in others. Arita et al. [20]
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Figure 4: The mean value of test-eye partial blink (PB) ratios at
baseline, at one week, at one month, and at three months.
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Figure 5: The mean value of test-eye tear breakup time (TBUT)
measured at baseline, at oneweek, at onemonth, and at threemonths
(∗𝑝 < 0.05, ∗∗𝑝 < 0.001).

reported that an increase in tear fluid production likely
compensates for loss of meibomian glands in MGD patients.
Our results support the hypothesis of the homeostatic nature
of the tear film.

Blink is an action associated with consciousness [21]; this
behavior is difficult to change in a short time. Furthermore,
during the examination of the partial blink by Lipiview, there
is a strong flicker which could disturb the patients blink in
nature. These may explain why partial blink was unchanged
before and after treatment.Wewill make further explorations
about the association between blink and dry eye.

Our study reports improvement in the subjective symp-
toms of control eye, which did not receive treatment, after
three months of the monocular treatment. We speculate that
this could be attributed to the placebo effect. Placebos are
known to have an effect on the immune system [22]. It has
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Figure 6:Themean value of test-eye cornea staining scoremeasured
at baseline, at one week, at one month, and at three months (∗𝑝 <
0.05, ∗∗𝑝 < 0.001).
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Figure 7: The mean value of test-eye Schirmer I test without
anesthesia measured at baseline, at one week, at one month, and at
three months (∗𝑝 < 0.05, ∗∗𝑝 < 0.001).

been suggested that the effectiveness of a treatment or placebo
is shaped by the subjects’ expectations [23]. For example,
patients with dry eye have increased incidence of depression
and anxiety [24, 25]. Treatment, even placebo, may improve
their clinical outcome and may explain why treatment in one
eye has an effect on both eyes.

In this study, we excluded patientswith severemeibomian
gland atrophy (more than fifty percent) as they may respond
poorly to treatment. Consistent with previously published
studies, meibomian gland morphology had no obvious
change posttreatment. This might also explain why patients
with early stage of MGD are more likely to respond positively
to this treatment. It is also possible that three months may
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month, and at three months (∗∗𝑝 < 0.001).
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Figure 9: Time course of tear film breakup time (TBUT). Circle: test
eye; triangle: control eye. There was a significant change between
the test and control eye (𝑝 = 0.045). Differences of each point
(one week, one month, and three months) posttreatment visit were
labeled above the line (∗𝑝 < 0.05).

not be long enough to detect changes in meibography as the
regrowth of new glands and ducts may take longer.

In conclusion, our study suggests that the eyes treated
by LipiFlow improved dramatically in objective parameters
compared with contralateral eye in patients with MGD.
Furthermore, monocular treatment can be beneficial to
improve the subjective symptoms of those afflicted with
MGD. Monocular treatment with LipiFlow may be a cost-
effective alternative for treatment of MGD in developing
countries.
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[24] A. Labbé, Y. X. Wang, Y. Jie, C. Baudouin, J. B. Jonas, and L. Xu,
“Dry eye disease, dry eye symptoms and depression: the Beijing
eye study,” The British Journal of Ophthalmology, vol. 97, no. 11,
pp. 1399–1403, 2013.

[25] M. Kawashima, M. Uchino, N. Yokoi et al., “Associations
between subjective happiness and dry eye disease: a new
perspective from the Osaka study,” PLoS ONE, vol. 10, no. 4,
Article ID e0123299, 2015.



Research Article
Biocompatibility and Biomechanical Effect of Single Wall
Carbon Nanotubes Implanted in the Corneal Stroma: A Proof of
Concept Investigation

Alfredo Vega-Estrada,1,2,3 Joaquin Silvestre-Albero,4 Alejandra E. Rodriguez,1,2,3

Francisco Rodriguez-Reinoso,4 Jose A. Gomez-Tejedor,5 Carmen M. Antolinos-Turpin,5

Laurent Bataille,1,2,3 and Jorge L. Alio1,2,3

1Keratoconus Unit, Vissum Corporation, Alicante, Spain
2Research and Development Department, Vissum Corporation, Alicante, Spain
3Division of Ophthalmology, Universidad Miguel Hernández, Alicante, Spain
4Departamento de Quı́mica Inorgánica, Universidad de Alicante, Alicante, Spain
5Center for Biomaterials and Tissue Engineering, Universitat Politècnica de València, Valencia, Spain
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Corneal ectatic disorders are characterized by a progressive weakening of the tissue due to biomechanical alterations of the corneal
collagen fibers. Carbon nanostructures, mainly carbon nanotubes (CNTs) and graphene, are nanomaterials that offer extraordinary
mechanical properties and are used to increase the rigidity of different materials and biomolecules such as collagen fibers. We
conducted an experimental investigation where New Zealand rabbits were treated with a composition of CNTs suspended in
balanced saline solution which was applied in the corneal tissue. Biocompatibility of the composition was assessed by means
of histopathology analysis and mechanical properties by stress-strain measurements. Histopathology samples stained with blue
Alcian showed that there were no fibrous scaring and no alterations in the mucopolysaccharides of the stroma. It also showed that
there were no signs of active inflammation.These were confirmed whenMasson trichrome staining was performed. Biomechanical
evaluation assessed bymeans of tensile test showed that there is a trend to obtain higher levels of rigidity in those corneas implanted
with CNTs, although these changes are not statistically significant (𝑝 > 0.05). Implanting CNTs is biocompatible and safe procedure
for the corneal stroma which can lead to an increase in the rigidity of the collagen fibers.

1. Introduction

Corneal debilitating disorders are characterized by progres-
sive changes of the geometry of the tissue that leads to an
irregular astigmatism that negatively impacts the patient’s
visual system [1]. There are basically two types of corneal
ectatic disorders; the first one is comprised of those patholo-
gies of primary origin, such as keratoconus and pellucidmar-
ginal degeneration, and the other kind of pathologies, that
appear secondary to a corneal photoablative procedure, is
known as Ectasia post-LASIK or Iatrogenic Keratectasia [2].

The underlyingmechanism responsible for the corneal weak-
ening that induces the aforementioned abnormalities is the
biomechanical alterations of the collagen fibers within the
corneal stroma [3–5]. Contact lens wearing, intracorneal
ring segment implantation, thermokeratoplasty procedures,
cornea transplant, and corneal collagen cross-linking have
been described as treatment alternatives to manage such a
pathological condition [6–11]. Until the date, riboflavin/UV
light exposure corneal collagen cross-linking is the only
treatment option that has proved to stop the progressive
nature of the corneal ecstatic disorders [12]. However, it is
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Figure 1: Rabbit eye at the moment of the surgical procedure showing the different steps for the creation of the pocket in the corneal stroma.

a long and uncomfortable surgical procedure for both the
patient and the surgeon and it is also a technique not exempt
of complications [12].

Carbon nanostructures, mainly carbon nanotubes
(CNTs) and graphene, have attracted great attention in the
last few years due to their small size and their extraordi-
nary physicochemical properties (they are the stiffest and
strongest materials known). Whereas graphene is a flat
monolayer of carbon atoms tightly packed into a two-dimen-
sional (2D) honeycomb lattice, carbon nanotubes can be
visualized as rolled sheets of graphene built from sp2-carbon
units. Previous studies described in the literature have
shown that carbon nanomaterials (mainly CNTs) offer
potential structural reinforcement in hydrogels to be used in
regenerative medicine due to their high mechanical strength
and good biocompatibility [13–15]. Furthermore, CNTs have
shown promising biochemical properties, such as strong
cell adhesion in multiwall carbon nanotube-coated collagen
sponge and protein absorption [16–18].

The purpose of the present investigation was to assess
if carbon nanomaterials are safe and compatible with the
ocular tissues. We also aimed to evaluate the mechanical
properties of the corneal stroma after implantation of the
CNTs. To the best of our knowledge, this is the first time
that carbon nanomaterials influence on corneal rigidity is
reported and also the first to evaluate the corneal tolerance
of such nanostructures.

2. Materials and Methods

2.1. Experimental Animals. White New Zealand rabbits were
used in this study as reference animalmodels (internationally
homologated) for the safety evaluation of new ocular con-
cepts. Animal care and treatment procedures were in accor-
dance with the standards of the EU Directive 2010/63/EU for
animal experiments, in conformity to National Guidelines
for animal usage in research and with the regular rules (Real
Decreto 53/2013) of the Animal Experimentation Service of
the Miguel Hernandez University, Alicante, Spain and after
the Ethics Experimental Animal Committee approval.

Twenty-four eyes of white New Zealand rabbits were
included in this study. The animals were anesthetized with

subcutaneous injections of a mixture of ketamine hydrochlo-
ride 20mg/kg (Imalgene 1000; Merial, Lyon, France) and
xylazine hydrochloride 4mg/kg (Xilagesic 2%; Laboratorios
Calier, Barcelona, Spain), and ocular topic double anesthetic
(tetracaine 0.1% and oxibuprocaine 0.4%, Colircusi; Alcon
Cusi SA, Barcelona, Spain). The study was designed based
on four experimental animal groups as follows: Group 1
(Control group): 5 eyes in which no surgical procedure
was performed; Group 2 (Pocket group): 5 eyes in which
a space (pocket) was created in the middle of the corneal
stroma. In order to create the pocket, we first marked a
6mm diameter circle on the surface of the cornea. Then
a vertical incision of 300 microns in depth was performed
using a calibrated diamond knife. Finally, the dissection of the
corneal stroma through an area of 6mm and at 300 microns
in depth was performed using a minicrescent surgical knife
(Figure 1). Group 3 (Reference 1 group) was 7 eyes in which
a pocket was created and a dispersion composed of carbon
nanotubes (CNTs) mixed with saline solution was injected
inside the pocket. The concentration of this composition was
0.1mg/mL. Group 4 (Reference 2 group) was 7 eyes in which
a pocket was created and a dispersion composed of CNTs
mixedwith saline solutionwas injected inside the pocket.The
concentration of this composition was 1mg/mL (Figure 2).

Antibiotic prophylaxis was topically applied using Tobra-
mycin/Dexamethasone (Tobradex, Alcon) and Chloram-
phenicol ointment (Oftalmolosa Cusi, Alcon) twice a day
for 7 days. Subcutaneous Buprenorphine (0.05mg/kg) and
Paracetamol in drinking water (100mg/mL) were also used
as analgesic for the first days after surgery.

After the injection of the composition containing CNTs,
the rabbits were kept under observation for a period of 3
months.

Afterwards, euthanasia was performed in rabbits and a
corneoscleral rim of approximately 15mm in diameter was
dissected for histopathology and biomechanical evaluations.

2.2. Preparation of Carbon Nanotubes. Single wall carbon
nanotubes (SWCNTs) were used in the current experimental
protocol. SWCNTswere prepared by laser ablation of a graph-
ite rod in the presence of Cobalt (Co) andNickel (Ni) accord-
ing to previous recipes reported in the literature [19, 20].
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Figure 2: Appearance of the dispersion composed of carbon nan-
otubes (CNTs) mixed with saline solution in which concentration is
1mg/mL.

Synthesized SWCNTs were purified using 15% hydrogen
peroxide solution under reflux at 100∘C for 5 hours to remove
the amorphous carbons. The residual catalysts of Ni and Co
were removed by 1M hydrogen chloride solution, followed
by a washing step using double distilled water. Synthesized
SWCNTs were dissolved in physiological solution (buffer
saline solution) before being incorporated in the cornea
using a final concentration of 0.1mg/mL and 1mg/mL (see
Figure 2).

2.3. Histopathology Evaluation. After euthanasia, a piece of
the corneal bottomswas dissected and fixed in 10%phosphate
buffered formaldehyde until tissue processing. The safety
and biocompatibility of the CNTs dispersion composition in
the corneal tissue were assessed by means of histopathology
examination of the samples 3 months after the surgery.
Histological sections were obtained with a thickness of 3
microns and were stained with Hematoxylin and Eosin, blue
Alcian, and Masson’s trichrome.

2.4. Biomechanical Evaluation. Mechanical properties of the
cornea were analyzed by performing stress-strain measure-
ments in order to determine the modulus of elasticity of
the corneal tissue. For this purpose, we dissected a strip of
corneoscleral tissue with a dimension of 5 × 15mm that then
was clamped into a Microtest SCM 3000 95 universal testing
machine in tensile mode (Microtest SA, Madrid, Spain) with
load cell of 15N at room temperature. By means of strain
control, samples underwent deformation in a ramp with a
constant speed of 1mm/min. The equipment registered the
force that was necessary to perform this deformation, and
then with the data that was obtained, stress/strain graphics
were drawn. Young’s modulus of the samples was obtained
as the slope of the linear region in the stress-strain curve
at approximately 10% strain. Yield strength was calculated
as the stress at which this linear behaviour is finished;
that is, it began to deform plastically. Failure strain was
calculated at the point at which the sample started to break.

Between five and seven measurements were performed for
each group. Results are given as the average plus/minus
standard deviation.

2.5. Statistical Analysis. The statistical analysis was carried
out using the one-way analysis of variance (ANOVA) with R
3.1.0 software.The level of statistical significancewas𝑝 < 0.05
in all cases.

3. Results

3.1. Clinical Evaluation. The present investigation was per-
formed by means of an experimental protocol where 24 eyes
of New Zealand white rabbits were implanted with CNTs
in the corneal stroma and were kept under observation
during a period of 3 months. Figure 3 corresponds to a series
of images showing the rabbit’s eyes at the moment of the
surgical procedure, 7 days after CNTs implantation, and at
3 months during the last follow-up. At the moment of the
surgery, the CNTs can be appreciated, using the surgical
microscope under high magnification, as small black dots
distributed along the previously performed corneal pocket.
Oneweek after the procedure, the corneal tissue is completely
transparent, with no epithelial defect, without corneal edema
and no signs of stromal or anterior chamber inflammation.
At three months, the corneal tissue remains transparent, with
the small black dots corresponding to the CNTs implanted
and no clinical signs of ocular inflammation. There were no
complications in any of the 14 eyes implanted with the CNTs
and there was no need of an early euthanasia in any of the
rabbits during the follow-up period.

3.2. Histopathology Evaluation. Figure 4 shows a sample of
corneal stroma, where the collagen fibers are oriented verti-
cally and stained with blue Alcian to illustrate that there are
no fibrous scaring and no alterations in the mucopolysaccha-
rides of the corneal stroma. It also shows that there are no
signs of active inflammation after the procedure. The latest is
confirmed when theMasson trichrome staining is performed
(Figure 5: solid red arrows showing the carbon nanotubes
within the corneal tissue). Figure 6 illustrates another sample,
again vertically oriented, stained with Masson trichrome to
show that there is no inflammation and no foreign body giant
cell reaction against the CNTs implanted. It also shows a
stronger adhesion of the tissue in the area surrounding the
CNTs. Other interesting findings that were observed in the
pathology report were the absence of neovascularization and
that there was no apoptosis of the keratocytes on the samples
examined.

3.3. Biomechanical Evaluation. Figure 7 shows a typical
stress-strain curve, where several regions can be observed.
Onone hand, the so-called toe region can be observed, typical
in most soft tissues, where the relation between stress and
strain is not linear, and the slope increases with stress. On
the other hand, the elastic region can be observed, where the
relation between the stress and the strain is almost linear.
In this region, Young’s modulus is calculated as the slope
of the straight line (red line in Figure 7). When the stress
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Figure 3: Same eye of a rabbit at the moment of the surgical procedure (A), 7 days after CNTs implantation (B) and at 3 months after the
surgery (C).

Figure 4:Corneal stroma sample in vertical orientation stainedwith
blue Alcian.

Figure 5: Corneal stroma sample in horizontal orientation stained
with Masson trichrome. Solid red arrows showing the CNTs within
the corneal tissue.

Figure 6: Corneal stroma sample vertically oriented with Masson
trichrome staining. Red circle showing the strong adhesion of the
tissue around the CNTs.
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Figure 7: Typical stress-strain curve. Blue points represent the
experimental data, and red straight line, the linear fitting used to
obtain Young’s modulus.

is increased above the elastic region, the shape of the curve
changes and the plastic regions begin. In this region the tissue
suffers nonreversible changes.The tissue is not able to recover
its original shape in case the force is removed. Finally, the
breakdown point of the tissue is reached [21].

Table 1 shows Young’s modulus, yield stress, and failure
strain obtained for each one of the samples. It can be seen
fromYoung’smodulus that there was a trend towards a higher
rigidity for the Reference 2 sample (CNTs 1mg/mL), although
this difference was not statistically significant (𝑝 > 0.05). The
yield stress increased for References 1 and 2 compared to the
Control sample.However, this differencewas only statistically
significant for Reference 1 (𝑝 < 0.05). Also, for Reference 2
there was an increase of the failure strain, but again it was not
statistically significant (𝑝 > 0.05).

4. Discussion

Thepresent study evaluates the safety and biocompatibility of
carbonnanotubes (CNTs) in ocular tissues. It also assesses the
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Table 1: Number of sample data sets (𝑛), Young’s modulus, yield stress, and failure strain obtained in each one of the samples.

Group 𝑛 Young’s modulus (MPa) Yield stress (MPa) Failure strain
Control 5 12.1 ± 2.5 1.4 ± 0.3 0.40 ± 0.06
Pocket 6 12.0 ± 4.2 1.9 ± 1.0 0.39 ± 0.08
Reference 1 5 11.8 ± 1.3 2.3 ± 0.3 0.47 ± 0.05
Reference 2 7 13.0 ± 3.9 1.9 ± 0.6 0.41 ± 0.07

capability of the nanomaterials to increase the biomechanical
properties in the corneal stroma. To the best of our knowl-
edge, this is the first scientific investigation that evaluates the
behaviour of carbon nanomaterials in ocular tissues.

The unique characteristics of CNTs have kept the atten-
tion in many areas within the scientific arena, such as
electronics, physics, and mechanics. Also, in nanomedicine
the interest for these materials has significantly grown during
the last decade as advances in technology allow isolating
and developing pure forms of carbon nanostructures. As
nanotechnology is defined by the size of a material (generally
1–100 nm) or manipulation on the molecular level, it involves
a broad range of nanoscaledmaterials used in various fields of
biology andmedicine [22]. Nanotechnology offers promising
perspectives in biomedical research as well as in clinical
practice. The high versatility of carbon nanomaterials brings
many opportunities as therapeutic agents in the field of
nanomedicine. Among the different interesting and unique
properties that characterized carbon nanostructures, its bio-
compatibility, optical transparency, and mechanical proper-
ties make these structures an excellent option to develop
new alternatives of personalized medicine and treat several
pathologies in the ophthalmology field.

Corneal ectatic disorders are characterized by a progres-
sive corneal thinning that induces alterations in the mor-
phology of the cornea, which negatively impacts the patient’s
visual function. The mechanical stability of the cornea is pri-
marily determined by the structure of the collagen molecules
and their spatial arrangement, which is orthogonal in normal
patients. However, the equilibrium of this architecture is
lost in eyes with ectatic corneal pathologies, which leads
to biomechanical alterations that are responsible for the
instability and weakness of the tissue in these diseases [3]. To
this day, the only surgical technique that has demonstrated
to stabilize and stop the progressive nature of these disorders
is riboflavin UV-A light corneal collagen cross-linking (CXL)
[12]. This procedure increases the stiffness of the cornea by a
photo oxidative reaction that creates covalent bonds between
the collagen fibers of the corneal tissue [12]. However, it is a
very long surgical procedure, which makes it uncomfortable
for both the surgeon and the patient. Additionally, because of
the phototoxic effect of the UV light, it cannot be performed
in thin corneas, which is characteristic in ectatic disorders
and may present some complications related to the epithelial
debridement as well as alterations in the transparency of
the tissue. Therefore, using carbon nanomaterials in order
to reinforce the corneal stroma will have several advantages
as an alternative therapeutic option for such pathological
conditions due to the excellent mechanical properties that
characterized these nanostructures and also because most of

the limitations related to the current treatment options can be
avoided.

In the present investigation, biocompatibility of CNTs
in ocular tissues was assessed by means of histopathology
evaluation. It was found that carbon nanomaterials do not
induce any inflammatory or foreign body reaction in the
corneal stroma. Biocompatibility of CNTs has been pre-
viously reported in other fields of biology and medicine,
for example, tissue engineering, regenerative medicine, drug
delivery systems, and reinforcement of biological tissues
[22–24]. Zhao et al. specifically evaluated the cytocompat-
ibility and hemocompatibility of CNTs by cell adhesion
assays and hemolytic rate experiments [23]. They concluded
that CNTs did not interfere with the viability, metabolic
activity, morphology, and spreading of either of the cell
types analyzed. In the same way, Koyama and colleagues
observed low toxicity and stable (almost inert) biological
response by analyzing the systematic study of T-cells in
peripheral blood in in vivo experimental animals [24]. In
another study, Tan et al. evaluated the biocompatibility of
CNTs composites by seeding these nanomaterials together
with pulmonary arterial endothelial cells. Results from this
study demonstrated high levels of cell viability and adhesion,
thus showing excellent biocompatibility of the CNTs [17]. In
addition, there are several authors that have analyzed the
biological response of these materials in different types of
cells and they have found that CNTs are biologically inert and
do not show toxicity on the tissues that were evaluated and
also that these nanomaterials are cleared by circulation when
injected intravenously [25–29].

In the current study, the mechanical properties of the
cornea after being implanted with CNTs were also evaluated.
The module of elasticity was assessed by means of stress-
strain measurements in order to determine which of the
samples under analysis showed the most rigid behaviour.
Even though a trend towards stiffer results in those samples
treated with the higher concentration of CNTs was found, the
differences were not statistically significant when compared
with those samples untreated. Therefore, if we want to
introduce a reinforced material to another material, it is clear
that an interactionmust exist between thematerials involved.

In the present study, interactions between the CNTs
and the collagen fibers of the corneal stroma were not
assessed. Nevertheless, there are some investigations that
have demonstrated the adsorption and interaction that is
present when combining carbon nanomaterials and collagen
fibers by means of theoretical models. Using molecular
dynamics simulation, Cazorla characterized the quantum
interaction that exists between carbon based nanostructures
and collagen-like peptides [30]. In addition, other authors
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Figure 8: Schematic representation of a cross section of the cornea. (A) Cornea without carbon nanostructures. (B) Cornea with carbon
nanostructures in the area where the pocket was created as it was performed in the current study. (B1) Histopathology sample stained with
Masson trichrome corresponding to one of the corneas analyzed in the present work where carbon nanostructures can be found just in the
area where the stromal pocket was created (red circle). (C) Schematic representation of the cross section of the cornea with an increased
distribution of carbon nanomaterials.

have reported the interaction and adsorption that is present
between collagen fibers and carbon nanomaterials by using
finite elements analysis and density functional theory [31]. In
the sameway, aggregation between the collagen fibers and the
CNTs has also been demonstrated bymeasuring the turbidity
of the suspension [32]. There are other investigations in
which qualitative and chemical assessment have been carried
out in order to evaluate the interaction between collagen
fibers and carbon nanostructures. Akasaka and col. evaluated
the interaction between CNTs and collagen using scanning
electron microscopy (SEM) [33]. The authors concluded that
CNTs interact strongly and blend with collagen fibers. In
the same way, Tosun and McFetridge performed qualitative
analysis using SEM and also found an increase in adsorption
between the single wall carbon nanotubes and collagen
hydrogels [34]. Moreover, this interaction between CNTs
and collagen fiber has also been studied using a chemical
approach. In the aforementioned study performed byTan and
colleagues, the relationship betweenCNTs and collagen fibers
was also analyzed by spectrometry analysis [17]. Additionally,
Cao et al. also evaluated the chemical interaction bymeans of
Fourier transform infrared spectroscopy and they specifically
observed that the carboxylic and hydroxyl groups present on
the surface of CNTs form covalent and hydrogen bonds with
the amino groups of the collagen fibers [16]. As we can see,
there is enough scientific evidence published in the literature
that has demonstrated the interaction that exists between the
CNTs and the collagen by means of theoretical, qualitative,
and quantitative assessment. Finally, some of these reports
observed that this interaction leads to an increase of the
mechanical properties in the collagen. Cao et al. specifically
found an increase of the static tensile modulus and strength
of the collagen with the addition of CNTs [16]. Tosun and
McFetridge also reported that the collagen gels treated with
CNTs displayed a significant increase in material stiffness
when evaluated by unconfined compression analysis [34].
Nevertheless, as previously mentioned, in the current inves-
tigation, even when we observed a trend towards increasing
the mechanical properties of the samples treated with CNTs,
these changes were not statistically significant. There are
some variables, like the small sample under analysis and
the methodology used in order to evaluate the mechanical

properties, which could have been related to this behaviour.
However, we consider that the most important factor that
could explain the limited enhancement of the mechanical
properties of the samples in our study is that CNTs were
inducing their effect on just a small area of the cornea,
specifically where the pocket was created (Figure 8). Hence,
it is our hypothesis that it is necessary to obtain a more
homogeneous distribution of the carbon nanomaterials all
over the stroma in order to achieve a significant increase of
the mechanical properties in the cornea (Figure 8).

Optimized alternatives including other types of carbon
nanomaterials, such as graphene, incorporating drug delivery
systems to enhance the penetration and distribution of
carbon nanomaterials along the corneal stroma and increas-
ing their chemical properties via functionalization are now
being developed by our research group. This will certainly
improve the biocompatibility, the optical transparency, and
the capacity of these materials to conjugate and interact with
other biomolecules, such as corneal collagen fibers.

5. Conclusions

In conclusion, histopathology evaluation shows the biotol-
erance and biocompatibility of carbon nanostructures after
being implanted in the corneal stroma. The corneal biome-
chanical evaluation, as performed in this investigation, shows
that there is a trend to obtain more rigidity of the corneal
tissue after carbon nanostructures implantation, although
these changes were not statistically significant. To the best
of our knowledge, this is the first study that aims to assess
the biocompatibility and biomechanical properties of the
cornea after being implanted with carbon nanomaterials.
Thus, further research is necessary in order to comprehend
and improve the biomechanical assessment of the present
investigation and also to understand the potentials use of
these materials and this novel technology for the develop-
ment of new applications of nanomedicine in visual sciences.
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Introduction. The objective was to evaluate the efficacy of active pedicle epithelial flap transposition combined with amniotic
membrane transplantation (AMT) in treating nonhealing corneal ulcers. Material and Methods. Eleven patients (11 eyes) with
nonhealing corneal ulcer who underwent the combined surgery were included. Postoperatively, ulcer healing time was detected
by corneal fluorescein staining. Visual acuity, intraocular pressure, surgical complications, and recurrence were recorded. Corneal
status was inspected by the laser scanning confocal microscopy and anterior segment optical coherence tomography (AS-OCT).
Results. The primary diseases were herpes simplex keratitis (8 eyes), corneal graft ulcer (2 eyes), and Stevens-Johnson syndrome (1
eye). All epithelial flaps were intact following surgery, without shedding or displacement. Mean ulcer healing time was 10.8 ± 3.1
days, with a healing rate of 91%. Vision significantly improved from 1.70 to 0.82 logMAR (𝑃 = 0.001). A significant decrease in
inflammatory cell infiltration and corneal stromal edema was revealed 2 months postoperatively by confocal microscopy and AS-
OCT. Corneal ulcer recurred in 1 eye. None of the patients developed major complications. Conclusion. Active pedicle epithelial
flap transposition combined with AMT is a simple and effective treatment for nonhealing corneal ulcers.

1. Introduction

A nonhealing corneal ulcer is defined as an ulcer which does
not show any indication of healing within two weeks, despite
the administration of proper medical treatment [1]. Suspi-
cious causes of a nonhealing corneal ulcer include persistent
infection, neurotrophic keratopathy, exposure keratopathy,
dry eye, treatment toxicity, steroid use, and chronic con-
junctival inflammation, such as ocular cicatricial pemphigoid
[2]. Once a corneal ulcer occurs and is left unattended,
corneal melting, descemetocele, and corneal perforation can
subsequently develop, leading to devastating consequences
[3]. Moreover, when a resistant corneal ulcer progressively
develops, lamellar keratoplasty or penetrating keratoplasty is
usually needed [4, 5]. Therefore, curing a resistant ulcer in its
early stages is highly recommended.

Amniotic membrane transplantation (AMT) can be used
to treat a superficial corneal ulcer. However, the efficacy
of AMT, or even repeated AMT, in treating a nonhealing
corneal ulcer is limited because the latter is usually associated
with severe inflammatory response, which frequently causes
corneal melting, earlier amniotic membrane dissolution,
and deferred ocular surface epithelialization. Thus, reduc-
ing inflammatory cell infiltration and improving the local
microenvironment may facilitate the healing of a resistant
corneal ulcer.

Inspired by the significant anti-inflammation effects of
the epithelial cells and the successful clinical application
of laser-assisted subepithelial keratectomy (LASEK), which
makes an epithelial flap with alcohol and significantly
prevents haze formation in the subepithelial area [6], we
attempted to treat nonhealing corneal ulcers in this study
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with the use of active pedicle epithelial flap transposition
combined with AMT.

2. Material and Methods

2.1. Patients. This study was approved by the Institutional
Review Board of Shandong Eye Institute, Qingdao, China,
and conformed to the guidelines of the Declaration of
Helsinki. Patients provided informed consent to participate
in the study. The medical records of patients who had under-
gone active pedicle epithelial flap transposition combined
with AMT for a nonhealing corneal ulcer between 1 March
2012 and 1 July 2015 were reviewed.

All of the patients had a history of eye hyperemia
associated with pain and decreased vision. The ulcers were
from 2 to 5mm in diameter and less than 1/3 of the corneal
stroma in depth. All ulcers were associated with corneal
stroma melting and remained unhealed for ≥4 weeks despite
the administration of medical treatment. The study mainly
focused on nonhealing sterile corneal ulcers, and all patients
received corneal scraping, culture, and laser scanning con-
focal microscopy examination to exclude active infection,
for example, a fungal, resistant bacterial, or Acanthamoeba
corneal ulcer.

2.2. Surgical Technique. The amniotic membrane (AM) was
prepared and preserved as previously reported [7], with
minor modifications. The surgery was performed by the
same surgeon. Necrotic corneal tissue was removed from the
base and wall of the ulceration, and then thermal cautery
was applied to the ulcer to dry out its surface. Thereafter,
an epithelial flap was constructed from the transparent
cornea at the edge of the ulcer, near the limbus. For this
procedure, obtaining a flap from the edge of ulcer ensures
easy transposition, and taking a flap from the cornea near
the limbus guarantees rapid healing of the epithelial defect
resulting frommaking a flap. In addition, a corneal epithelial
scraper was used to create an epithelial flap without the use
of alcohol to maintain epithelial cells activity. Briefly, the
epithelial scraper was gently pressed onto the corneal surface
to make a boundary of the flap shaped like the ulcer under
the auxiliary arm of a caliper. A pedicle, like a sprout, was
preserved in the lateral or nasal portion of the epithelial
flap. The corneal epithelium was then carved following the
boundary, with the depth confined to the epithelial layer. In
thisway, an epithelial flapwas created by the corneal epithelial
scraper. Next, the flap was rotated to cover the epithelial
nonhealing region of the ulcer. To maintain flap adhesion,
fluid on the ocular surface was cleaned with a sponge swab
before covering it. Finally, a trephine was used to make an
amniotic membrane of 14mm in diameter, and the AM patch
was sutured onto the surface to cover the entire cornea using
a continuous 10-0 nylon suture within 1mm of the limbus
(Figure 1).

2.3. Postoperative Treatment. The primary diseases of non-
healing corneal ulcer in the study included herpes sim-
plex keratitis (HSK), corneal graft ulcer, and Stevens-
Johnson syndrome (SJS). Postoperatively, tobramycin and

dexamethasone eye drops (Alcon, Puurs, Belgium) were used
4 times daily for 1-2 weeks and then replaced with 0.1%
fluorometholone eye drops (Santen, Osaka, Japan) 4 times
daily for approximately 1-2 months. For eyes with HSK,
antiviral medication was applied topically and systemically
with adjuvant corticosteroid eye drops [8, 9]. Acyclovir eye
drops (Wuhan Wujing Pharmaceutical Co., Wuhan, China)
were used 4 times every day. Ganciclovir ophthalmic gel
(Hubei Keyi Pharmaceutical Co., Wuhan, China) was used
every night. Acyclovir was administered orally (8mg/kg) 3
times daily for 3 months. For eyes with prior corneal trans-
plantation or Stevens-Johnson syndrome, 1% cyclosporine
eye drops (Huabei Pharmaceutical Co., Shijiazhuang, China)
were used 1–4 times daily.

The medical treatment was adjusted with the alleviation
of symptoms and the dissolution of AM. Corneal fluorescein
staining was performed daily and the sutures were removed
1–3 weeks postoperatively when the AM dissolved.

2.4. Postoperative Evaluation. Patients were examined daily
for the first week, weekly for 4 weeks, andmonthly thereafter.
Ulcer healing time was observed by corneal fluorescein
staining during the follow-up. The uncorrected visual acuity
(UCVA), intraocular pressure (IOP), and corneal status were
recorded. Laser scanning confocal microscopy was applied
to determine the extent of local inflammation, and anterior
segment optical coherence tomography (AS-OCT) was per-
formed to visualize corneal tissue cicatrization proximal to
the ulcer.

2.5. Statistical Analysis. The data were analyzed using SPSS�
11.5 software. UCVA before and after surgery was con-
verted to the minimum angle of resolution (logMAR)
for calculation purposes and compared with Student’s 𝑡-
test. A 𝑃 value of <0.05 was considered to be statistically
significant.

3. Results

3.1. General Information. Eleven patients (11 eyes) with a
nonhealing corneal ulcer who underwent the combined
surgery were included in the study. Of these, 7 were male
and 4 were female, with an age range of 29–68 years (mean
± standard deviation, 58.1 ± 11.4). The etiologies of the
corneal ulcers included HSK (8 eyes), corneal graft ulcer
(2 eyes), and SJS (1 eye). The ulcers were less than 1/3 of
the corneal stroma in depth and 2–5mm in diameter and
lasted for 1–6 months. The site of ulcer in the 11 cases was
on the pupillary zone in 5 eyes, on the inferior cornea in
5 eyes, and at the superior cornea in one eye. Combined
anterior chamber hypopyon of approximately 1–3mm was
noted in 4 eyes. These patients underwent various medical
treatments (antibiotics, antiviral medication, corticosteroids,
growth factor, and bandage contact lens) for ≥4 weeks. Of
these, 5 eyes received AMT once and 1 eye received AMT
twice, but the ulcers remained unhealed (Table 1). Thereafter,
active pedicle epithelial flap transposition combined with
AMT was performed, and patients were followed-up for 6–
24 months (16.9 ± 9.9).
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Figure 1: Photographs showing the procedures of epithelial flap transposition combined with amniotic membrane transplantation. (a)
Cleaning the ulcer surface. (b) Constructing a flap boundary (the dotted line demonstrates the region from where the epithelial flap was
obtained). (c) Obtaining an epithelial flap. (d) Transposing the epithelial flap (the dotted line demonstrates the translocated epithelial flap).
(e) Suturing an amniotic membrane patch.

3.2. Clinical Examination. After surgery, all of the epithelial
flaps were intact, without displacement or shedding. The
corneal ulcers healed from6 to 15 days (10.8 ± 3.1) postopera-
tively with negative fluorescein staining.The epithelial defect
that resulted from the construction of flap healed within
1-2 days (1.45 ± 0.52). Following surgery, eye hyperemia
decreased gradually. The hypopyon observed in 4 patients
disappeared at 1-2 weeks.The corneal edema subsided within
2 weeks. The AM patch dissolved between 1 and 3 weeks
postoperatively. Corneal opacity was alleviated during the
follow-up, with variable effects on visual acuity (VA) (Fig-
ure 2). An elevated IOP (30mmHg) was present in 1 eye and
controlled by medication within 3 days. HSK recurrence was
observed in 1 patient at 10 weeks and 14 months but without

the occurrence of corneal ulcer. Corneal ulcer recurrence
was noted in 1 eye (after penetrating keratoplasty) at 3 weeks
postoperatively, resulting in a fungal infection and intractable
corneal perforation. Finally, the eye was treated successfully
with a second penetrating keratoplasty.

3.3. Recovery of Visual Acuity. The average preoperative and
postoperative UCVA were 1.70 logMAR and 0.82 logMAR,
respectively. The percentage of patients with UCVA of <0.05
decreased from 73% (8/11 eyes) preoperatively to 9% (1/11
eyes) postoperatively. The VA increased by at least one row
(maximum, six rows) after surgery. The difference in UCVA
pre- and postoperatively was statistically significant (𝑃 =
0.001) (Table 2).
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(a) (b)

(c) (d)

Figure 2: Slit-lamp photographs showing the treatment course of nonhealing corneal ulcers. (a) Patient 1: the preoperative uncorrected visual
acuity was finger counting.The size of the ulcer was approximately 4.0 × 3.0mm.The surrounding tissue displayed infiltration and edema. (b)
At 1 month after surgery, the corneal ulcer was completely cured, with the relief of corneal opacity, and the postoperative uncorrected visual
acuity was 0.1 (1.0 logMAR). (c) Patient 2: the preoperative uncorrected visual acuity was hand motion. The ulcer was approximately 5.0 ×
2.5mm. Evident stromal necrosis, edema, and anterior chamber hypopyon were observed. (d) At 1 month after surgery, the corneal ulcer was
healed, with the relief of corneal edema, and the postoperative uncorrected visual acuity was 0.1 (1.0 logMAR).

Table 1: Prior treatment for nonhealing corneal ulcers.

Etiology Course (month) Treatment
HSK 4 Medication and AMT
HSK 2.5 Medication and AMT
HSK 2 Medication and AMT
HSK 1 Medication and AMT
HSK 1 Medication and AMT
HSK 1.5 Medication
HSK 1 Medication
HSK 1 Medication
Corneal graft ulcer 1 Medication
Corneal graft ulcer 1 Medication and AMT
SJS 6 Medication
HSK: herpes simplex keratitis; SJS: Stevens-Johnson syndrome; AMT: amni-
otic membrane transplantation.

3.4. Confocal Microscopy Examination. The inflammatory
cells were found to aggregate in the epithelium and basal
membrane surrounding the epithelial nonhealing region of
the ulcer by confocal microscopy prior to surgery. Inflamma-
tory cell infiltration was noted to be greatly alleviated after
surgery (Figure 3).

Table 2: The difference in uncorrected visual acuity (logMAR)
before and after surgery.

Difference of UCVA
Mean SD 𝑁 𝑡 𝑃 valuea 95% CI
0.88 0.60 11 4.91 0.001 0.48–1.28
UCVA: uncorrected visual acuity; SD: standard deviation;𝑁: number of eyes;
CI: confidence interval.
aPaired 𝑡-test.

3.5. Anterior Segment Optical Coherence Tomography Exam-
ination. AS-OCT revealed that the surgical treatment had
healed the corneal ulcer. Postoperatively, corneal stromal
edema decreased, leaving a semitransparent and highly
reflective region in the cornea (Figure 4).

4. Discussion

The management of nonhealing corneal ulcers is one of the
most difficult challenges faced by ophthalmologists because
only a few resistant ulcers can be cured solely by medication.
Once the nonhealing corneal ulcer tends toward expansion
and aggravation, devastating complications can subsequently
develop [3]. In the current study, the combination of active
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(a) (b)

Figure 3: (a) Abundant inflammatory cells were displayed in the epithelium and basal membrane surrounding the epithelial nonhealing
region of the ulcer. (b) The number of inflammatory cells decreased significantly at 2 months after surgery.

(a) (b)

Figure 4: (a)The ulcer was shown to involve approximately 1/3 of the corneal stroma, with stromal edema and infiltration. (b)The combined
surgery healed the ulcer, leaving a semitransparent and highly reflective region in the cornea at 2 months postoperatively.

pedicle epithelial flap transposition and AMT was found to
be effective in promoting ulcer healing and yielding a good
cosmesis. Following the treatment, complete ocular surface
epithelialization was achieved within an average of 10.8 days.

Initially understanding the underlying reasons for a
deferred epithelial healing in this case series was necessary
to achieve the most optimal therapeutic effect and recognize
the involvedmechanisms of the combined surgery in treating
resistant corneal ulcers.

The deferred epithelial healing in this study could be
attributed to several factors. Firstly, an abnormal or defi-
cient basal membrane caused by corneal melting due to
local inflammation hindered epithelial healing, resulting
in defective cellular adhesion and recurrent breakdown of
the epithelium [10]. Secondly, the inflammatory cells and
stromal keratocytes in a distinct, preexisting inflammatory
microenvironment restrained epithelial healing by secreting
proinflammatory cytokines and proteolytic enzymes [3]. In
this study, the primary diseases of corneal ulcer were HSK,
corneal graft ulcer, and SJS. It is possible that many of the
eyes affected by HSK or after keratoplasty had poor corneal

sensation and the eyes with SJS had limbal stem cell pathol-
ogy. Thus, the conditions of these eyes were predisposed to a
deferred epithelial healing.

We believe that the mechanism behind the combined
surgery in promoting ulcer healing is related to a comprehen-
sive improvement in the corneal microenvironment through
the use of an active epithelial flap. Since the introduction of
LASEK to refractive surgery in recent decades, epithelial flaps
have successfully been used in subepithelial keratectomy by
covering the excimer laser ablation area to reduce inflamma-
tion and scarring caused by photorefractive keratectomy [11–
13].

It was shown in previous studies that many mediators
produced or expressed in the corneal epithelium were effec-
tive in regulating inflammatory response and maintaining
the homeostasis of the ocular surface, such as Resolvin D1,
Resolvin E1, IL1RA, Netrin-1, and UNC5B. These factors
reduced the recruitment of inflammatory cells, enhanced
phagocytosis, and suppressed the secretion of proinflamma-
tory cytokines [14–18]. It has been demonstrated in previous
researches that active epithelial cells can markedly reduce
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ocular surface inflammation and relieve neurotrophic ker-
atopathy [19–21].

The flap was obtained without the use of alcohol in
the current study to preserve the activity of the epithelial
flap as far as possible. The active epithelial flap inhibited
inflammatory cell infiltration in the inflamed tissue and
reduced the quantity of proteinases and cytokines released
into the inflammatory cornea. Covering the ulcer with the
active epithelial flap provided a relatively healthy substrate
and microenvironment. This facilitated epithelial migration,
reinforced basal epithelial adhesion, and promoted ocular
surface healing. Meanwhile, a decrease in the number of
inflammatory cells was detected on confocal microscopy.
In addition, thermal cautery was helpful in astringing the
melting tissue, gaining better adhesion of the epithelial flap,
and ensuring a relative healthy basal membrane. Debride-
ment of the necrotizing tissue around and on the ulcer
base helped to improve the corneal microenvironment for
ulcer healing. By contrast, a replicating virus and/or severe
local inflammatory response could damage the corneal basal
membrane and disturb the normal epithelium repair process
[8, 22]. Following surgery, the topical administration of
corticosteroids further suppresses the immune response,
alleviating the stromal edema and improving the visual acuity
[23].

The superiority of using the combined surgery over a
single AMT treatment was marked. Of all the eyes, 5 eyes
received AMT once and 1 eye received AMT twice. However,
the corneal ulcers remained unhealed. After the application
of a combination of active pedicle epithelial flap transposition
and AMT, all of these ulcers were successfully cured within a
short time. The results indicate that the epithelial flap might
have a greater anti-inflammatory and prohealing effect than
that of the amniotic membrane. We speculated that it was
the collaborative effect of the epithelial flap and amniotic
membrane which inhibited inflammatory cell infiltration
and facilitated a relatively healthy microenvironment for
ulcer healing. Meanwhile, AMT also ensured epithelial flap
adhesion.

Adverse effects were not reported from the use of com-
bined surgery in our study. Its use might also eliminate
the need for keratoplasty in some cases. A high risk of
immune rejection, epithelial defect, infection, graft melting,
and corneal perforation is usually encountered when treating
ulcers by corneal transplantation in patients with SJS or other
immune diseases [24].There is less possibility of the immune
system being activated and more opportunity of gaining a
favorable VA prognosis by employing autogenic epithelial
flap transposition in combination with AMT, in addition to
reconstructing the corneal surface at an early stage.

In the current study, it was a considerable concern of the
clinician whether or not the construction of an epithelial flap
would aggravate the primary ocular disease. The epithelial
flap was obtained from the transparent cornea close to the
limbus for all the eyes because the limbal stem cells are located
in this position and taking a flap from here would assure
rapid epithelialization.The epithelial defect that resulted from
making the flap healed 1.45 days postoperatively and no
new region of epithelial defect was identified. Thus, active

pedicle epithelial flap transposition combined with AMTwas
a simple, safe, and effective treatment for nonhealing corneal
ulcers.

The treatment of nonhealing sterile corneal ulcers was
addressed in the current study but the same approach could
not be expected to be effective in patients with recalcitrant
corneal ulcers associated with active fungal or bacterial
infection. Furthermore, the optimal time for this procedure
remains unknown. It is unknownwhether themethod should
be delayed until all conventional treatment has failed or
instead be considered earlier. Although the outcome of com-
bined surgery was good in the current study, a randomized,
controlled study with a larger sample size is needed for
further investigations.

5. Conclusion

The combination of active pedicle epithelial flap transposi-
tion and AMT can reduce inflammatory response, promote
epithelial healing, and restore useful vision in cases of
nonhealing corneal ulcers.
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Purpose. To investigate the effect of platelet-rich fibrin (PRF) membrane on wound healing.Methods. Twenty-four right eyes of 24
New Zealand rabbits equally divided into 2 groups for the study design. After the creation of 5 × 5mm conjunctival damage, it was
securedwith PRFmembrane, whichwas generated from the rabbit’s whole blood samples in PRFmembrane group, whereas damage
was left unsutured in the control group.Three animals were sacrificed in each group on the 1st, 3rd, 7th, and 28th postoperative days.
Immunohistochemical (IHC) stainings and biomicroscopic evaluationwere performed and compared between groups.Results. PRF
membrane generated significant expressions of vascular endothelial growth factor (VEGF), transforming growth factor-beta (TGF-
𝛽), and platelet-derived growth factor (PDGF) in the early postoperative period. However, the IHC evaluation allowed showing
the excessive staining at day 28, in control group. Biomicroscopic evaluation revealed complete epithelialization in PRF membrane
group, but none of the cases showed complete healing in the control group. Conclusions. This experimental study showed us the
beneficial effects of the PRF membrane on conjunctival healing. Besides its chemical effects, it provides mechanical support as
a scaffold for the migrating cells that are important for ocular surface regeneration. These overall results encourage us to apply
autologous PRF membrane as a growth factor-enriched endogenous scaffold for ocular surface reconstruction.

1. Introduction

The conjunctiva, as an integral part of the ocular surface, has
to be kept healthy and free of various disease processes that
cause disruption in the integrity and function of the ocular
surface. Minor conjunctival defects can be closed by primary
intent; however, in the case of large tissue defects, the need
for alternative covering materials for tension-free conjunc-
tival closure is inevitable. Restoration of the ocular surface
poses challenges following removal of lesions like pterygium,
tumor, symblepharon, or conjunctivochalasis. In addition,
complications resulting from a sequel of acute chemical burn
or conjunctival scarring due to mucous membrane disorders,

such as ocular cicatricial pemphigoid, Stevens-Johnson syn-
drome (SJS), or toxic epidermal necrolysis (TEN), necessitate
conjunctival reconstruction, which requires large amounts of
tissue replacement.

Human amniotic membrane is one of the most common
biomaterials for ocular surface reconstruction in which
condition the tissue defect is outsized. However, it has some
disadvantages such as the risk of disease transmission, limited
transparency, variable and unstable quality, and lowmechan-
ical strength. Other tissue substitutes include conjunctival
autografts, oral mucosal grafts, nasal mucosal grafts, or in
vitro limbal/mucous epithelial cell expansions employed with
varying reported success rates [1–4]. All of these methods
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have drawbacks due to their need for more complex surgery
with intrinsic complications, thereby preventing optimal
treatment success.

Platelet-rich fibrin (PRF) membrane is a second-genera-
tion platelet concentrate which was first developed for oral
and maxillofacial applications by the French Choukroun et
al. in 2006 [5, 6].

Many growth factors including platelet-derived growth
factor (PDGF), vascular endothelial growth factor (VEGF),
and transforming growth factor-beta (TGF-𝛽), which are
released by PRF membrane during a period of at least 7
days and up to 28 days, and matrix proteins such as throm-
bospondin-1, fibronectin, and vitronectin, which have key
roles in hemostasis and wound healing, exist in the PRF
membrane [7, 8]. Furthermore, PRF membrane provides
mechanical support as a scaffold for the cell proliferation,
differentiation, andmigration which are important for ocular
surface regeneration [9]. Several clinical applications of PRF
membrane have been described in oral surgery [5, 10, 11], per-
iodontal regeneration surgery [12–18], treatment of meniscus
tearing [19], treatment of chronic lower-extremity ulcers [20],
ear-nose-throat procedures [21], plastic surgery [22–24], and
ophthalmic surgery [25].The combination ofmechanical and
chemotactic support of autologous PRF membrane makes
it suitable for reconstruction, improvement, and/or main-
tenance of the tissue function andmight offer many potential
clinical and biotechnological advantages for tissue engineer-
ing applications in ophthalmology.

The purpose of this study was to evaluate the effects of
autologous PRF membrane on rabbit conjunctival wound
healing.

2. Methods

This was a prospective experimental animal study.

2.1. Experimental Animals. A total of 24 adult female New
Zealand white rabbits aged between 12 and 30 weeks, weigh-
ing between 3000 and 3500 g at baseline, were used in
this study. All animals were transferred from the Center of
Refik SaydamHıfzıssıhha, Ankara, Turkey, toGaziUniversity
Animal Experiments Laboratory, Ankara, Turkey, 10 days
prior to the study. The animals were individually maintained
in a standard cage condition of a purpose-designed room
for experimental animals and exposed daily to 12-hour-
light/12-hour-night cycle with free access to a standard
laboratory diet. All experimental methods and animal care
procedures adhered to the Statement for the Use of Animals
in Ophthalmic and Vision Research and were approved
and monitored by the Institutional Animal Care and Use
Committee at Legacy Health.

2.2. Anesthesia. During the surgical procedure, animals
were anesthetized using an injection of 50mg/kg ketamine
(Brema-Ketamin 10%; Bremer Pharma, Germany) and
5mg/kg xylazine (Alfazyne 2%; Alfasan International BV,
Netherlands). After the surgery, all animalswere injectedwith
3mg/kg ketoprofen (Rifen 1%; Richter Pharma AG, Austria)
for analgesia.

2.3. Experimental Design. Unilateral (right eye) conjunctival
damage in all rabbits wasmodeled by excision of the temporal
side of the interpalpebral bulbar conjunctiva using an oper-
ating microscope. After the injection of 0.5mL balanced salt
solution (BSS) into the subconjunctival space (Figure 1(a)),
approximately 5 × 5mm square shaped conjunctiva and
Tenon tissues were excised with Westcott scissors from a
distance of 3mm from the limbus (Figure 1(b)).

All rabbits were equally divided into 2 groups: the PRF
membrane group (𝑛 = 12), in which the defect was secured
with PRF membrane prepared from the rabbits’ own whole
blood samples (Figure 1(c)), and the control group (𝑛 = 12),
in which no further procedure was done after the excision.

2.4. Preparation and Application of PRF Membrane. To pre-
pare the autologous PRFmembrane, 5mL fresh blood sample
was drawn from the femoral vein of the rabbit and collected
into a glass-coated tube without an anticoagulant under
general anesthesia. Samples were immediately centrifuged at
2700 rpm (approximately 400×g) for 12minutes using a table
centrifuge system (Hettich EBA-20; Hettich Holding GmbH
& Co. oHG, Germany). The fibrin clots were concentrated
between the red blood cell corpuscles at the bottom of the
centrifuge tubes and the acellular plasma, called platelet-poor
plasma (PPP), at the top of the tubes (Figure 2(a)). PPP was
then collected by pipetting the supernatant of the centrifuged
blood sample. After the removal of PPP, fibrin clots were
mechanically separated from the red blood cells with forceps
(Figure 2(b)) and gently compressed using a custom-made
PRF membrane box (PRF box; Medisoft Medikal, Turkey) to
drain the remaining fluid (Figure 2(c)). Subsequently, PRF
membrane was placed on the bare sclera and secured to the
surrounding conjunctiva with 7/0 absorbable suture material
(DLZ-6.4-200 FSSB, Germany) (Figure 3(a)). In order to
immobilize the PRF membrane, 3 or 4 bites were placed
with 7/0 vicryl interruptedly, 2 of them at the superior and
the inferior limbal regions (Figure 3(b)). Postoperatively,
moxifloxacin 0.5% (Vigamox; Alcon Lab, Texas) was instilled
4 times daily up to 10 days.Throughout the follow-up period,
complications such as secondary infection, scleral necrosis,
symblepharon, or any retraction formation in the fornices or
eyelids were not observed.

2.5. Process of Enucleation and Tissue Collection. Three rab-
bits per group were sacrificed under general anesthesia
by intravenous injection of 2 cc xylazine (Alfazyne 2%;
Alfasan International BV, Netherlands) and the right eyes
were enucleated on days 1, 3, 7, and 28 after surgery for
histopathological evaluation.

2.6. The Preparation of Histology Slides and Grading of the
Staining Pattern. The enucleated eyes of the rabbits in each
group were fixed in 10% buffered formalin to prevent tissue
autolysis and putrefaction for 24 hours at room temperature
and embedded in paraffin. Four-micrometer-thick radial sec-
tions (3 or 4 slices) were taken from the paraffin embedding
which contains the region between primary and defective
tissue zones with a microtome, and sections were stained
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Figure 1: (a) Injection of BSS� into the subconjunctival space for dissection. (b)The excision of conjunctiva and Tenon’s capsule withWestcott
scissors. (c) A 5 × 5mm square shaped tissue defect in the rabbit eye.

with hematoxylin and eosin (H&E). Inflammation, vascular
proliferation, and fibrosis were evaluated considering the
prevalence and severity of inflammatory cells, new vessels,
and fibroblasts in tissue specimens in microscopic evaluation
of 40x high power field (HPF) [26]. Grade 0 indicated that
there was no inflammation, vascular proliferation, or fibrosis.
Grade 1 demonstratedmild inflammation (<50 inflammatory
cells in 40x HPF), mild vascular proliferation (<5 vessels in
40x HPF), and mild fibrosis. Finally, Grade 2 represented
moderate to severe inflammation (>50 inflammatory cells
in 40x HPF), moderate to severe vascular proliferation (>5
vessels in 40x HPF), and moderate to severe fibrosis.

The conjunctival sections were then mounted on poly-L-
lysine coated slides and their controls were immunostained
using Leica Bond Max (Leica; Wetzlar, Germany) automated
immunostainer for VEGF, TGF-𝛽, PDGF, and alpha-smooth
muscle antigen (𝛼-SMA) after antigen retrieval. The control
tissues included small intestine for VEGF, breast carcinoma
for TGF-𝛽, and prostate adenocarcinoma for PDGF. Anti-
body detection was performed using a biotinylated sec-
ondary antibody and 3,3-diaminobenzidine, and slides were
observed with Olympus Imager BX51, DP25 (Olympus Opti-
cal, Tokyo, Japan) microscope. PDGF receptor (1 : 100 dilu-
tion; Abcam, Cambridge, MA), VEGF receptor (1 : 100 dilu-
tion; Abcam, Cambridge, MA), and TGF-𝛽 receptor (1 : 100
dilution; Novocastra Laboratories, Ltd., Newcastle upon
Tyne, UK) were obtained from Ser-Med (Ankara, Turkey).

In order to analyse the antibody expressions, immuno-
histochemical staining patterns were scored with the staining
intensity and morphology, a combination of qualitative and
quantitative information, by the same examiner [26]. Grades

0, 1, and 2 indicated no staining, minimal staining, and severe
staining, respectively. To avoid inaccuracy of the comparison
of the staining intensity, all the photographs were taken with
the same microscope with the same settings.

3. Results

3.1. Biomicroscopic Evaluation. Biomicroscopic evaluation
revealed reepithelialization of the bare sclera on the 1st
week in the remaining 6 rabbits of the PRF membrane
group (Figure 4(a)). Smooth transitionwas observed between
the reepithelialized region and the primary conjunctival
tissue without any ridge formation that might have caused
irritation in the postoperative period.Throughout the follow-
up period, complications such as secondary infection, scleral
necrosis, symblepharon, or any retraction formation of the
fornices or eyelids were not observed (Figure 4(b)). However,
bare sclera was proceeded throughout the study period in
the control group with mild to moderate hemorrhage and
secretion formation indicated poor healing (Figure 4(c)).

3.2. H&E Staining. All tissue specimens stained with H&E
were examined to evaluate 3 important aspects of wound
healing: inflammation, vascular proliferation, and fibrosis.
Rabbits in the PRF membrane group showed major differ-
ences for inflammation when their condition was compared
to rabbits in the control group.There was a severe inflamma-
tory reaction on the 1st day in PRF membrane specimens. In
the following days, for day 3 and day 7, the intensity of the
inflammatory reaction began to be alleviated and ended on
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Figure 2: (a) After centrifugation, a fibrin clot (arrow) was placed between the acellular plasma layer at the top and the red corpuscles at the
bottom of the tube. (b) Removal of the PRF clot from the tube using forceps. (c) PRF membrane obtained by compressing the PRF clot with
PRF membrane box.

(a) (b)

Figure 3: (a) PRF membrane was placed on the bare sclera and secured with 7-0 absorbable suture. (b) The immobilization of the PRF
membrane over the defective zone.

the 28th day. However, moderate inflammatory reaction was
observed in the control group, in contrast to severe reaction
in the PRF membrane group on the 1st day. Additionally,
on day 3 and day 7, inflammation became more pronounced
and continued even in the 28th-day specimens in the control
group. As Figure 5 shows, there was a significant difference
between groups in terms of inflammatory reactions.

Furthermore, there was a significant difference between
the groups when the specimens were examined for vascular
proliferation. There was minimal vascular proliferation in
3rd- and 7th-day specimens in the PRF membrane group.
On the other hand, in the control group, moderate vascular
proliferation was observed on the 1st week. The difference
between groups became more apparent in the specimens
by the 28th day. No vascular proliferation remained in the

PRFmembrane group, whereas signs of vascular proliferation
persisted in the control group.

Additionally, significant differences have been found in
certain areas between groups when the specimens were
evaluated for fibrosis formation. In the PRFmembrane group,
mild fibrosis was observed in the 7th-day specimens. By con-
trast, in the control group, preliminary signs of pronounced
fibrosis appeared first in the 7th-day specimens, resulting in
significant fibrosis by the 28th day.

The results of the H&E staining are shown in Table 1.

3.3. Immunohistochemistry

3.3.1.𝛼-SMA. Figure 6(a), showing𝛼-SMA staining intensity,
illustrates the main differences between groups. In the PRF
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Figure 4: (a) Almost all of the defective zone reepithelialized on day 7 in the PRF membrane group. PRF membrane was integrated with the
surrounding conjunctiva (arrow). (b) Conjunctival healing was completed on day 28 in the PRFmembrane group without any complications.
(c) The conjunctival defect (arrow) was persistent with mild hemorrhage on day 28 in the control group.

Table 1: The comparison of hematoxylin and eosin staining.

Day PRF membrane group Control group
Inflammation Vascular proliferation Fibrosis Inflammation Vascular proliferation Fibrosis

1 ++ + − + + −

3 ++ ++ − ++ ++ −

7 ++ + + ++ ++ +
28 − + − ++ + ++
−: Grade 0, no inflammation, vascular proliferation, or fibrosis.
+: Grade 1, mild inflammation (<50 inflammatory cells) (×40), mild vascular proliferation (<5 vessels) (×40), and mild fibrosis.
++: Grade 2, moderate to severe inflammation (>50 inflammatory cells) (×40), moderate to severe vascular proliferation (>5 vessels) (×40), and moderate to
severe fibrosis.
PRF: platelet-rich fibrin.

membrane group, 𝛼-SMA staining was seen only in 2 cases
on day 3. On the other hand, in the control group, the 𝛼-
SMA staining started on day 3 and increased by the 7th
day. The difference between PRF membrane and control
groups became more striking on day 28. By that time,
a marked 𝛼-SMA expression was observed in the control
group, contrasting with a negative staining in all specimens
in the PRF membrane group.

3.3.2. PDGF. PDGF expressions were significantly different
between groups. As Figure 6(b) shows, both on the 3rd and
on the 7th days, PDGF expression was more pronounced in
the PRF membrane group. On day 28, the PDGF expression
could not be detected in the PRF membrane group, while in
the control group there was Grade 1 staining in all specimens
(Figures 7(a) and 7(b)).

3.3.3. TGF-𝛽. Again, the expression of TGF-𝛽 began earlier,
and its expression was more marked in the PRF membrane
group. Interestingly, in the 28th-day specimens, there was no
TGF-𝛽 staining in the PRF membrane group, which was in
contrast to the Grade 1 staining seen in the control group
(Figures 7(c) and 7(d)). The difference between groups with
regard to TGF-𝛽 expression was similar to the difference
in PDGF expression. This similarity was shown clearly in
Figure 8(a).

3.3.4. VEGF. The VEGF expression in the PRF membrane
group was different from the control group in a number of
important ways. In the PRF membrane group, even early
specimens from the 1st day depicted moderate VEGF expres-
sion, and this expression becamemaximal onday 3 and stayed
in the same level on day 7 (Figure 8(b)). Compared with the
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Figure 5: Comparison of the staining intensity of H&E. (a) Severe inflammatory reaction on the 1st day in PRFmembrane specimens (×200).
(b) Mild inflammation seen on the 1st day in the control group (×200). (c) Conjunctival tissue formation with normal histomorphology seen
on day 28 in the PRF membrane group (×200). (d) Mixed cellular inflammation contains neutrophil leucocytes (N), lymphocytes (L), and
eosinophils (E) seen on day 28 in the control group (×200).
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Figure 6: Comparison of the staining intensity of 𝛼-SMA and PDGF. (a) Histogram of the 𝛼-SMA staining. (b) Histogram of the PDGF
staining.
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(a) (b)
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Figure 7: Immunohistochemical analysis of PDGF and TGF-𝛽. (a) Grade 0 staining of PDGF was observed on day 28 in the PRF membrane
group. (b) Grade 1 staining of PDGF was observed on day 28 in the control group. (c) Grade 0 staining of TGF-𝛽 was observed on day 28 in
the PRF membrane group. (d) Grade 1 staining of TGF-𝛽 was observed on day 28 in the control group.
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Figure 8: Comparison of the staining intensity of TGF-𝛽 and VEGF. (a) Histogram of the TGF-𝛽 staining. (b) Histogram of the VEGF
staining.
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Table 2: The comparison of the immunohistochemical staining.

Day PRF membrane group Control group
VEGF PGDF TGF-𝛽 VEGF PGDF TGF-𝛽

1 + + + − + −

3 ++ ++ ++ + ++ +
7 ++ ++ ++ ++ ++ ++
28 − − − ++ + +
−: Grade 0, no staining.
+: Grade 1, minimal staining.
++: Grade 2, moderate to severe staining.
PRF: platelet-rich fibrin; VEGF: vascular endothelial growth factor; PDGF: platelet-derived growth factor; TGF-𝛽: transforming growth factor-beta.

PRFmembrane group, VEGF expression started later (on day
3) in the control group. Most importantly, examination of the
28th-day specimens showed significant differences between
groups. The VEGF staining was continued in the control
group, whereas, in the PRFmembrane group, only 1 specimen
was stained as Grade 1.

The results of the immunohistochemistry staining are
summarized in Table 2.

4. Discussion

Conjunctival wound healing is a complex process in which a
variety of cytokines, growth factors, and proteases interact to
regulate the key phases of the healing.

In general, conjunctival wound healing is similar to
wound healing in normal tissue, which is a complex and a
dynamic three-phase process.These phases are the inflamma-
tory phase, the proliferative phase, and the remodeling phase
[27–29].

The inflammatory phase of wound healing is character-
ized by the infiltration of neutrophils and monocytes into the
wound area. At this stage, plasma proteins and extracellular
matrix fragments are released into the wound area due to
injury of the connective tissue and blood vessels. Further-
more, platelet aggregation and hemostasis cascade have been
activated at the wound site. The hemostatic plugs mainly
consist of fibrinogen.The fibrin molecule is the final product,
which is derived from fibrinogen, and provides support like a
scaffold material over the wound area. Furthermore, growth
factors, proteases, and metabolites of arachidonic acids are
released as a result of the activated platelets and coagulation
cascade [28]. The main factors released from the platelets are
PDGF, VEGF, TGF-𝛼, and TGF-𝛽 [5, 6]. Releasing growth
factors leads to cell migration and proliferation in the healing
site. After this stage, the proliferation of macrophages and
fibroblast cells occurs in the proliferation phase. In addition,
intensive synthesis of collagen, fibronectin, and proteoglycan
helps the formation of angiogenesis and granulation tissue.
During the remodeling phase, the degradation of extracellu-
lar matrix occurs, tensile strength of the tissue increases, and
the vascularity and cellularity decrease. This period can last
up to 2 weeks to several months.

The PDGF and particularly TGF-𝛽 are the key com-
ponents of the fibrotic response in wound healing. TGF-𝛽
stimulates the migration of fibroblasts that synthesize the

extracellular matrix. As a result, TGF-𝛽 is involved in the
mechanism of most diseases arising from excessive fibrosis,
like glaucoma and proliferative diabetic retinopathy [30, 31].
The PDGF is a major mitogen for connective tissue cells and
it plays an important role in wound healing [32, 33]. It acts
on several cell types involved in the wound healing phases. It
stimulates fibroblasts, smooth muscle cells, neutrophils, and
macrophages [34]. The PDGF also stimulates the production
of extracellular matrix molecules like fibronectin, collagen,
proteoglycan, and hyaluronic acid [35–38]. At the early
stage of the wound healing, PDGF is released by platelets
and secreted by activatedmacrophages, thrombin-stimulated
endothelial cells, smooth muscle cells of damaged arteries,
and activated fibroblasts [39–42]. As a result of releasing
PDGF, reepithelialization, angiogenesis, and extracellular
matrix deposition have occurred at the healing site [35].
In the remodeling phase, PDGF stimulates the production
and secretion of collagenase by fibroblasts [43]. Therefore,
the overactivity of PDGF is related to scarring and fibrosis
[33, 44].

Platelet-rich plasma (PRP) and its products have been
used in dentistry and maxillofacial surgery for tissue regen-
eration for many years. PRF, described by Choukroun et al.
[5], is a second-generation platelet concentrate, consisting of
many growth factors and cytokines which play a key role
in hemostasis and wound healing. These growth factors are
known to promote cell proliferation, differentiation, migra-
tion, and matrix synthesis by binding to specific cell surface
receptors [5, 29]. Furthermore, PRF clots trap stem cells,
which are circulating in the peripheral blood and contribute
to wound healing. The PRF membrane, the resistant fibrin
membrane, can be easily obtained by pressing the PRF clot
which is localized in the middle part of the centrifuge tube
between the PPP and red blood cell layer with a simple press
machine.

In this prospective study, we clearly demonstrated that the
influence of PRF membrane on conjunctival wound healing
is supportive due to its biological and physical properties.
In the earlier phase of wound healing, the PRF membrane
appeared to promote the release of growth factors in higher
amounts than the normal wound healing cycle. However,
the expression of growth factors started to diminish by the
postoperative 7th day while the PRF membrane was disap-
pearing. Furthermore, PRF membrane provided mechanical
support to the migrating conjunctival cells as a scaffold.
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Consequently, we did not observe any scar formation or
inflammation in H&E staining in the PRF membrane group
on day 28. Hence, it could be conceivably hypothesized that
PRF membrane modified the TGF-𝛽 expression, suppressed
its overexpression, and prevented scar formation. In addi-
tion, biomicroscopic evaluation revealed that smooth new
conjunctival tissue without any roughness was formed over
the defective zone in PRF membrane group. However, in the
control group, mild immunohistochemical staining intensity
was observed on day 3 and day 7, in contrast with the
severe intensity on day 28. As a result, the wound healing
process had been sustained, resulting in continuing fibrosis
and inflammation even on the 28th day. This suggested that
the scaffold function of the PRFmembrane and excessive and
early release of the growth factors from the PRF membrane
might have a positive effect on conjunctival healing.

PRF membrane offers many advantages compared to
other methods that have been used for conjunctivoplasty.
First, the architecture of the PRFmembrane facilitates the cel-
lular proliferation, differentiation, and especially migration
and provides an important temporary mechanical support to
the growing cells. Alongside the conjunctival epithelial cells,
the endothelial cells that are necessary for neoangiogenesis,
vascularization, and survival of the graft could easily prolif-
erate andmigrate on/into thismembrane for the regeneration
of the defective zone. Second, the platelet cytokines are
released gradually as the fibrin matrix gets resorbed, thus
creating a convenient process of healing. Lastly, the presence
of leukocytes and cytokines in the fibrin network can play a
significant role in the self-regulation of the inflammatory and
infectious phenomenon within the grafted material [14, 45].
All these features make PRF membrane a feeder layer for
conjunctival epithelial cells which is actually used for in vitro
cell cultivation in cell and tissue engineering applications.
Additionally, the gradual release of the growth factorsmimics
the controlled release mechanism of the biosignals that
researchers try to create for tissue engineering applications.

Besides these theoretical advantages, the ease of obtain-
ment and implementation of the PRF membrane makes it
suitable when compared to other methods that have been
used for clinical applications. Conjunctival autograft, the con-
ventional method for conjunctivoplasty, is the most popular
option for the treatment of conjunctival tissue defects caused
by the excision of pterygium, tumor, or symblepharon or con-
junctival cicatrization caused by SJS or TEN. But it cannot be
performed in cases with large defects or cases that need future
surgery for glaucoma. Furthermore, conjunctival autograft
might cause limbal stem cell deficiency that is important for
the ocular surface health.Theother option for the reconstruc-
tion of the ocular surface is amniotic membrane transplanta-
tion (AMT), which is considered one of the major new devel-
opments in ocular surface surgery. Similar to PRFmembrane,
the amniotic membrane promotes epithelialization by acting
as a temporary basement membrane and releases growth
factors such as epidermal growth factor and keratocyte
growth factor that are important for the healing. Further, it
has anti-inflammatory and antiscarring effects by the inhibi-
tion of TGF-𝛽 signaling in the chronic term. However, the
preparation of amniotic membrane is complicated and rather

expensive. In addition, strong tissue banking expertise is
crucial to prevent inadvertent complications. The contagion
risk of some serious pathogens always exists and cannot be
excluded even in the presence of very strict procedures and
measures. Furthermore, amniotic membrane is a natural but
an allogenic matrix, and immunologic response to allografts
is the major concern. However, PRFmembrane is autologous
and is prepared from the patient’s own blood samples and
poses no immunological rejection risk to the grafted tissue.
In addition, PRF membrane is cost-effective and carries no
risk of allergic reactions. The preparation of PRF membrane
is simple and practical. It can be carried out with few
instruments. This process does not require complicated and
expensive equipment. Moreover, blood samples could easily
be taken, and the PRF membrane could easily be prepared in
a short amount of time after centrifuging the blood samples.

To the best of our knowledge, this is the first animal
study investigating the role of PRFmembrane in conjunctival
wound healing. Although the results are encouraging, the
small number of rabbits and the short follow-up time for
the evaluation of the effectiveness of the PRF membrane are
the main limitations of our study. Furthermore, some of the
parameters, such as imaging wound area and intensity of scar
formation, need to be optimized.

In conclusion, PRF membrane appears to be a novel
treatment alternative to other treatmentmodalities which are
currently employed for conjunctivoplasty. Intrinsic trophic
substances and the micro- and macroarchitecture of the PRF
membranemake it an ideal substrate for reconstruction of the
ocular surface. These results may encourage us to use PRF
membrane for debilitating ocular surface disorders with a
pronounced inflammatory reaction resulting in severe vision
loss.
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