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2.
Literature Review

This section aims to introduce and explain the background to this project in more detail.  The histology of the eye is outlined along with a review of IOL materials and their biocompatibility in the human body.  The causes of explantation, or removal, of intraocular lenses in the past are evaluated.  Past experiences of others with the experimental methods used in this study are reviewed detailing how they were applied to the examination of IOLs.  The results obtained by previous IOL researchers are also discussed.

2.1 The Human eye

Light enters the eye and passes a series of transparent layers to project an image on the retina.  The cornea, seen in Figure 2.1, is the protective outer layer of the eye.  It contains a heavy network of sensory neurons, which trigger the blink reflexes and tear ducts in response to irritation.  The cornea supplies 2/3 of the total power needed to focus on an object.  The Aqueous Humor, contained in the anterior chamber seen below, is a clear fluid behind the cornea.  This is where the iris (pupil) is free to dilate or constrict, carried out by opposing muscles.  The lens is a flexible transparent object behind the iris, it provides the remainder of the refractive power needed to focus an image.

Figure 2.1: The eye (Discovery, 1999).

The ciliary muscles can increase the curvature of the lens, better known as accommodation.  This accommodation decreases the focal length of the lens, bringing nearer objects into focus.  When ciliary muscles are at rest, distant objects are in focus.  There are no contradictory muscles to flatten the lens, this reliant on the elasticity of the lens which decreases with age.  This means an older person would not have any accommodative power regardless of a cataract. 

Behind the lens is the vitreous humor, consisting of a semigelatinous material filling the volume between the lens and the retina.  The normal adult lens is made up of 65% water.  Glucose from the aqueous humour provides the energy for cell growth within the lens (Linnola, 2000).
2.2 Biocompatibility and Materials

The main concerns with modern intraocular lenses are biocompatibility, centration (stability), dioptric accuracy (optical power calculations), dysphotopsias (unwanted imagery) and implantation through a small incision without stretching the wound (Percival, 2001).  

According to Hollik, (2001), there are three major aspects of biocompatibility within the human eye:
1. The effect the IOL has on the Blood Aqueous Barrier (BAB).  BAB breakdown is caused by the initial surgery that allows proteins and macrophages to leak from the blood (Mamalis, 2001).  This breakdown can be assessed by the amount of inflammation (flare and cells) within the anterior chamber, labelled in Figure 2.1.    

2. The cellular reaction on the anterior surface of the lOL.  A protein membrane forming on the IOL surface, followed by adhesion of small lymphocytic and fibroblast cells, causes the cellular reaction mentioned.  The macrophages and epithelioid cells then form on the surface as giant foreign body cells.  These cells can be examined postoperatively using specular microscopy to asses their foreign body response to the IOL.  

3. The effect of the IOL on the lens capsule.  Lens Epithelial Cell (LEC) proliferation, is the effect the IOL has on the lens capsule.  Surgeons try to remove all LECs from the lens during surgery but some remain.  This proliferation causes anterior and posterior capsule opacification (ACO & PCO), which leads to the progressive deterioration of visual acuity, similar to the original cataract, Figure 1.1.  Posterior refers to the back of the IOL and anterior refers to the front.  Opacification is discussed in more detail in section 2.3.3.  Manufacturers are constantly trying to improve capsular biocompatibility by reducing the occurrence of opacification (O’Brien, 2003).

The main materials to consider in IOL ophthalmology are hydrophobic Silicone, hydrophilic acrylic/hydrogels, hydrophobic acrylics and PMMA.  The first IOL implanted by Ridley was made of rigid perspex or Polymethylmethacrylate (PMMA).  The use of this material followed from the observation that perspex caused little or no inflammation in the eyes of pilots who had suffered penetrating eye injuries from the Shattered perspex windows of airplanes.  PMMA causes minimum inflammation, is not degradable in the eye and is not adversely affected by UV light.  It maintains a smooth surface and is inexpensive (Hollik, 2001).  Sample 4 in this study, the anterior chamber lens, is comprised of PMMA.  The material’s main disadvantage is the rigid nature of the lens, requiring implantation through larger surgical incisions. 

 With the development of small incision surgery more flexible materials were required.  The first foldable lenses were made from readily available biomaterials such as poolyhydroxyethylmethacrylate (polyHEMA) and Hydrogel.  The need for a thinner lens increased and so new biomaterials with higher refractive indices were introduced.  These included Acrylic hydrogels and silicone elastomers.  The success of the PMMA material was also built on and a new synthetic acrylic foldable IOL material was developed (Lane 2001). 

Silicone elastomers (elastic polymers) are made up of highly cross-linked polysiloxane chains.  They are heat resistant, compressible (inserted through small incision) and transparent to visible light.  Silicone does have a lower refractive index than PMMA, which requires the implant to be thicker.  Nd:YAG laser treatment causes pitting on silicone surfaces and it has been shown that these hydrophobic materials have a greater percentage of cellular reactions than hydrophilic materials (Hollik, 2001).  Further disadvantages include the material becoming slippery when wet making them difficult to handle.  

Hydrophilic acrylics or hydrogels are cross-linked polymers based on a hydrophilic monomer.  They swell in water but are not soluble, making them soft to touch like natural tissues, reducing mechanical friction with ocular tissues and adding to their biocompatibility.  There is less protein adhesion on the surface of hydrogel lenses but there have been reports of high incidences of PCO (Hollik, 2001).  Silicone and Hydrogel lenses will be referred to later on in the text but they do not concern the experimental procedures as no samples of these materials were received. 

Acrysof by Alcon (samples 1, 2 and 3) is the first material designed specifically for use in IOLs to be approves by the FDA.  Alcon Acrysof is an hydrophobic acrylic IOL and its material is made up of crosslinked polymers or copolymers of acrylic esters.  The lens is thin due to its high refractive index.  It becomes flexible when warmed, for easy insertion and then unfolds in the capsular bag where it remains unchanged.  Chemical stability, purity from leachable monomers and thin optic profile, which minimises iris touch, all contributes to the exceptional biocompatibility of Acrysof lenses (Lane, 2001).

The Sensar lens (sample 5) is the second hydrophobic acrylic IOL to be approved by the FDA.  The IOL comprises of an acrylic crosslinked terpolymer optic and PMMA haptics.  Although both Sensar and Alcon are classed under the same IOL material headings they do have some significant differences in chemical structure and physical properties.  The Acrysof material is a copolymer of 2-phenylethyl acrylate and 2-phenylethyl methacrylate crosslinked with 1,4-butanediol diacrylate.  The Sensar material is a terpolymer of ethyl methacrylate and 2,2,2-trifluoroethyl methacrylate (TFEMA) crosslinked with ethylene glycol dimethacrylate (Lane, 2001).  Some disadvantages of acrylic lenses include their tacky nature causing them to stick to forceps.  They also becomes sticky when wet making them more difficult to remove if need be.  Many surgeons find Acrylic lenses more difficult to fold than silicone lenses as they becomes rigid when cooled.  The advantages and disadvantages of different IOL materials can be seen in Table 2.1.

Table 2.1: Advantages and disadvantages of different IOL materials (Hollik, 2001).

	IOL Type
	Advantages
	Disadvantages

	PMMA
	Long term experience
	Rigid so need large incision

Pits with YAG laser

High incidence of PCO

	Silicone
	Foldable –small incision

Fairly low incidence of PCO
	Low refractive index – thicker IOLs (1st generation silicone)

High refractive index – thinner IOLs (2nd generation silicone)

Pits with YAG laser

Rapid unfolding in the eye

Dislocation after YAG

More decentration

More anterior capsule opacification

Slippery when wet

Cannot use with silicone oil

	Acrysof
	Foldable – small incision

High refractive index – thin IOLs

Low incidence of PCO

LEC regression

Biocompatible

Fewer pits with YAG laser

Slow uncontrolled folding
	Short experience

Tacky surface – sticks to forceps

More difficult to fold

Glistenings

Glare

	Hydroview
	Foldable – small incision

Good biocompatibility

- low inflammatory cell reaction

Fewer pits with YAG laser

Controlled unfolding

Less endothelial cell damage with iris touch
	LECs on anterior lens surface

More incidence of PCO


Percival, (2001), states that silicone is now insignificant in comparison to acrylic and hydrophilic materials in terms of biocompatibility, centration (stability in the eye) and the need for second time surgery.  
2.3 Causes of explantation

Carlson et al., (1998), explains that IOL related complications are primarily caused by mechanical trauma, inflammation, infectious complications or optical problems.  Complications may occur at the time of surgery.  Mechanical injury to the eye and inflammatory reactions may cause uveitis, reduced vision or severe pain.  Optical problems may be due to incorrect power calculations of the IOL or to decentration or dislocation (displacement) of the lens within the eye.  In a study conducted by Auffarth et al., (1995), he found the two most important causes of explantation were IOL decentration and inflammation.  The lenses removed as a result of inflammation were implanted for a significantly longer period than the others were.  Lane, (2001), agrees with this stating decentration is the most common cause of silicone lens explantation.  He explains that within the months after surgery the anterior capsule can contract causing decentration of the IOL or even posterior capsule opacification, PCO.  He states that Acrysof lenses produce less movement than PMMA or silicone lenses, meaning they have a lower chance of becoming displaced.  Hollik, (2001), says that lens displacement and decentration is much less common when IOLs are positioned within the natural lens capsule but a remaining complication is PCO. 

2.3.1 Dislocation and injury

IOL malpositions can range from complete dislocation, where only a portion of the optic covers the pupil space, as shown in Figure 2.2, to luxation where the IOL totally dislocates, or tilts, into the posterior segment of the eye.  Decentration can occur as a result of the original surgery or may develop postoperatively due to external forces such as injury and severe eye rubbing or internal forces such as capsular contraction (Monsanto, 2001).  
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Figure 2.2:  A Dislocated IOL (Revophth, 2005). 
Monstanto, (2001), explains that although the displacement of posterior capsule lenses causes decreased vision and discomfort the displacement of anterior capsule lenses may cause inflammation as a response.  He also says that some studies have shown diabetes may be a factor for excessive IOL tilt, decentration or even both after phacoemulsification surgery with a foldable IOL.  Masket, (2005), agrees with this statement saying patients at greater risk for dislocations include those with diabetes and inflammatory problems.  Nearly 2% of IOLs implanted become dislocated or decentered in the U.S.  This is becoming more prevalent in posterior capsule lenses as they constitute most of the lenses implanted (Monsanto, 2001).  This is contradicted by Bopp, (2001a), who claims posterior dislocation of IOLs, in this new generation of phacoemulsification in-the-bag surgery is a rare complication.  She later explains that removal of a dislocated IOL is a difficult surgical procedure and may require implantation of a second IOL into the anterior chamber.  Masket, (2005), provides three options when faced with dislocation complications: 1) Observation, 2) removal or 3) repositioning of the existing lens. 

2.3.2 Cell reaction, inflammation and cell deposits

Postoperative endophthalmitis following IOL implantation is one of the most feared complications of cataract surgery (Kodjikian et al, 2003).  Endophthalmitis is inflammation of the tissues in the internal structures of the eye, retained intraocular foreign bodies, such as an IOL are often the cause (Cancer web, 1998). Inflammatory cells adhere to the IOL surface, replicate, congregate and form colonies creating a film layer which can destroy the retina within hours, creating a 15% risk of blindness (Bopp, 2001b).  Aaberg et al., (1998), found the overall incidence of endophthalmitis after intraocular surgery was 0.093%, the incidence was higher in patients after receiving secondary IOL implantation.  Silicone intraocular lenses and rupture of the posterior capsule are also risk factors of acute endophthalmitus after cataract surgery (Wong and Chee, 2004).

Lumme and Laatikainen, (1994), noted that the giant cell reactions found on lenses were associated with the presence of exfoliation, an ocular manifestation that causes glaucoma, but that previous ocular diseases did not contribute to extra cellular reaction.  Manuchehri et al., (2004), do not agree, they found that patients with uveitis frequently encounter giant cell deposits on optic surfaces.  Tognetto and Ravalico, (2001), agree.  After completing a study on diabetic patients they observed that all patients showed signs of cell growth on the IOL surfaces 7 days postoperatively.  Surface defects, such as scratches, seem to harbour more cells.  Tognetto and Ravalico, (2001), saw inflammatory cells were inside the scratches of lenses studied as opposed to throughout the IOL surface.  

After conducting research Tagnetto et al., (2003), found Acrysof lenses showed the lowest presence of fibrosis on the anterior capsule and no membrane growth was observed on the lens implant.  Schauersberger et al., (1999), also conducted postoperative examinations on different types of intraocular lenses.  The Acrysof (Acrylic) group of lenses showed a higher flare rate on the first day, otherwise they found no other clinically significant differences in flare value between the samples.  A peak in flare values was observed on the seventh day with all samples, they concluded that this was due to the proliferation of LECs causing a renewed aggravation on the blood aqueous barrier.  Akahoshi, (2002), contradicts Schauersberger et al, (1999), by implying there is a different flare rate with different foldable lenses.  Being a surgeon he states he has stopped using silicone lenses because of the high post operative inflammation they cause and maintains that post operative inflammation with Acrysof lenses is negligible with laser flare data showing less than 10%.  

House et al., (1999), followed up cases of Acrysof lens implantation postoperatively.  Deposits were noted on 43% of the lenses 3-5 weeks post surgery.  No deposits had been found on the first week postoperatively and all changes had resolved themselves within 3 months.  The deposits noted had no significant impact on the visual acuity of the patient.  Manuchehri et al., (2004), also found deposits on acrylic lenses saying they also did not affect the patient’s visual acuity.  They studied uveitis patients and found brown deposits on 82% of the Alcon Acrysof (MA60BM, sample 1) IOLs looked at.  The exact nature of the deposits still remains unknown.
Liekfeld et al., (2004), found significant differences in the formation of lens epithelial cells on the surfaces of PMMA and acrylic hydrophobic lenses.  A layer of LECs were seen to develop on an average of 8 days postoperatively on PMMA lenses and 60 days postoperatively on Acrylic lenses. Mullner-Eidenbock et al., (2001), noted the presence of foreign-body giant cells more often on hydrophobic acrylic lenses but that LECs were seen extensively in hydrophilic acrylic lenses.

 Oshika et al., (1998), conducted an experimental study to asses the adhesive force between different IOL materials and the lens capsule and to evaluate its role in preventing the migration of LECs.  They found that the acrylic foldable IOL adheres to the lens capsule more than the PMMA IOL does, and the silicone IOL showed no adhesiveness.  This adherence means the edge of the lens suppressed the LECs from migrating towards the centre of the posterior capsule, preventing opacification.  Hollick et al., (1998), found similar positive results from the acrylic material.  They found the presence of LECs on the posterior capsule was lower on acrylic lenses compared to PMMA or silicone IOLs.  They also found cell regression on the acrylic lens was higher.  This explains why PCO formation, discussed more in the following section, appears less often in acrylic lenses.

2.3.3 Opacification, glare and edge design
Capsular opacification remains an important complication after cataract surgery.  Opacification is defined as the process of making something opaque (Cancer Web, 2000).  PCO occurs in 20-50% of patients two years after surgery (Hollik, 2001).  It can be treated using Nd(neodymium):YAG laser posterior capsulotomy.  The laser beam makes a tiny hole in the posterior membrane to let light pass through and restore clear vision.  Nd:YAG can be associated with a number of complications including pitting of the IOL, intraocular pressure, inflammation, Cystoid Macular Oedema, CMO,  and retinal detachment (Hollik, 2001).  CMO is a swelling in the eye caused by disease, injury and sometimes eye surgery.  Posterior Capsule Opacification following cataract surgery is the result of migration and proliferation of lens epithelial cells onto the central region of the posterior capsule.  Wound healing after surgery involves cells undergoing epithelial transition resulting in the generation of fibroblastic cells and the accumulation of extracellular matrix.  Such cellular behaviour is regulated by fibroblastic growth factors that can result in postoperative opacification (Saika, 2004).  Also known as after-cataract, the LECs migrate between the IOL and the posterior lens capsule, which results in a decrease in visual acuity, just like the origional cataract.  

The Sandwich theory is a bioactivity-based idea that would allow maximal adhesion of the IOL prosthesis to the corneal tissue.  If the IOL were made of a bioactive material it would allow a single LEC layer to bond to the IOL and the posterior capsule at the same time.  The sealed sandwich structure would prevent further epithelial ingrowths.  It was found that there was better adhesion of corneal tissue to hydrophobic acrylic lenses than to PMMA, silicon or hydrogel IOLs. Acrysof showed the highest binding of fibronectin.  The results obtained by Linnola, (2000), suggest that fibronectin may be the major extracellular protein responsible for the attachment of acrylate IOLs to the capsular bag, and may be the reason these lenses are responsible for less PCO compared to other IOL materials examined. 

Eyes with uveitis posses a greater risk of developing PCO (Davis, 2003).  This is confirmed in a study conducted by Abela-Formanek et al., (2002), regarding PCO and ACO occurrence in patients with uveitis.  They found that ACO was more prominent in patients with uveitis than the control group used and the PCO was significantly greater also.

Anterior capsule opacification, ACO, is also recognised clinically.  It generally occurs much earlier than PCO, within one month postoperatively.  Histopathological studies have demonstrated ACO consists of LEC type cells but is also associated with extracellular matrix, ECM, consisting of collagen fibrils (Werner et al., 1999).  Werner et al., (1999), compared the degree of ACO in human eyes using various IOLs.  They concluded that the rate of ACO is considerably high in silicone lenses and that the lowest rate of ACO was noted in the acrylic foldable lenses.  This confirms that the IOL design and material are significant factors in the prevention of ACO.

IOLs implanted in the posterior capsule are known to reduce the occurrence of PCO by acting as a mechanical barrier to the proliferation of cells.  It is thought that the more contact a lens has with the capsular bag the better, as there is a greater barrier to cells and less wrinkling of the capsule (Oshika, et al., 1998).    
The edge design of IOLs is proving to be a highly significant factor in the prevention of PCO.  Buehl et al., (2002), compared the PCO inhibiting effect of two Sensar lenses, the square edged AR40e (sample 5) and the round edged AR40.  The authors found that the sharp-edged design of the AR40e IOL led to significantly less PCO than the round edged design 1 year postoperatively. 

The Sensar AR40 was also used in another study conducted by Casprini et al., (2002), comparing it with the square edged Acrysof MA30BA (sample 3).  The results showed that the Acrysof lens had less PCO than the Sensar lens.  The Sensar IOL however induced less glare.  The dysphotopsias (unwanted images) experienced by the patients with the Alcon Acrysof lens did not seem to disturb them and the symptoms decreased after one year.  Beltrame et al., (2002), also found positive results with Alcon lenses, this time using the MA60MA (sample 1).  They found the square edged Alcon Acrysof lens to have significantly lower rates of PCO and hypothesized that these positive results are a combination of a bioactive material and a square-edged optic design.  Results show that a square edge IOL exerts 60% to 70% more pressure on the posterior capsule at the optic edge than a round edge IOL.  Researchers are consistent in their findings that a square edged IOL is more effective than a round edge one in preventing lens epithelial cells from engulfing the posterior capsule (Sabbagh, 2003).  These findings demonstrate that optic design influences postoperative clinical results.

There are, however, drawbacks to the vertical edge design.  Some patients complain of dysphotopsias, which are unwanted images, such as glare and halos.  Most patients voice their concerns 1 week postoperatively and only a fraction still experience the symptoms one month postoperatively (Dewey, 2003).  Dewey, (2003), explains that the round edge design distributes light over a greater retinal area than the sharp edge.  The peak intensity of the reflected glare image is reduced by the rounded edge, and so eliminates the possibility of unwanted images, this can be seen in Figure 2.3.
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Figure 2.3: Comparison of reflected light rays in different edge designs of IOLs (Dewey, 2003).
Shambhu et al., (2004), compared the severity of dysphotopsias in three different lens types.  Patients with severe symptoms were uncommon, but the ones that did exist were mostly from the group implanted with the Alcon Acrysof lens.  They put forward the idea that the combination of a biconvex lens design and high refractive index of the Acrysof IOL may explain some of their clinical findings.  Farbowitz et al., (2000), also studied the Acrysof lenses with regards to visual complaints.  They discovered symptoms were worse at night and agreed with Shambhu et al., (2004), that the optical properties of the lenses including the high refractive index and the truncated edge design may explain these findings.

2.4 Experimental Methods used

The following concerns the experimental methods used in this study and how they are relevant to this analysis.  Many researchers study IOLs and some of their results and findings are outlined, including the experimental methods they used.  These experimental procedures provide guidelines for the practical portion of this project.

2.4.1 Microscopy

Dick et al., (2001), examined Acrysof IOLs (Alcon, MA60BM, sample 2) using light microscopy after incubation in aqueous humour with human serum for 3-6 months at 37°C, to simulate in vivo (in the body) conditions.  Vacuoles were noticed on the surface of the lenses, the number of which increased with incubation time.  The human serum increased the proportion of lipids and proteins in the solution, which normally occurs during the breakdown of the blood aqueous barrier.  These minute vacuoles are known to form glistenings in Lenses.

Apple et al., (2002), examined 10 explanted PMMA lenses using light microscopy.  In the 10 cases the IOLs were explanted because of glare and a progressive decrease in visual acuity.  The samples were received in various media including dehydrated or in a balanced salt solution.  Snowflake deposits were seen on all of the samples occurring at different intensities.  The authors concluded that manufacturing variation in the IOLs was responsible and the snowflake lesions seemed to represent degeneration of the PMMA material.

Optical microscopy on an explanted Acrysof lens by Dogru et al., (2000), showed numerous vacuoles on both surfaces of the IOL as seen in Figure 2.4.  Glistenings in this model of IOL were previously clinically observed. 

[image: image4.wmf]
Figure 2.4: Microvacuoles on an explanted Acrysof lens using microscopy (Dogru et al., 2000)
2.4.2 Optical Measurements

Optical properties of lens materials are relevant to the performance of the IOL within the eye.  A ray of light depends on ‘n’, the refractive index.  Snell’s Law, illustrated in Figure 2.5, defines refractive index as the ratio of the speed of light in a vacuum to the speed of light in the medium:
n1Sinθ1 = n2Sinθ2
(Park and Lakes, 1992).









Figure 2.5: Diagram denoting Snell’s Law.
The refractive indexes of some materials are given in Table 2.2 overleaf. 
Table 2.2: The refractive index of some materials (Park and Lakes, 1992).
	Vacuum
	1
	Vitreous Humor
	1.338

	Air
	1.00032
	Cornea
	1.376

	Water
	1.33
	Lens (average)*
	1.42

	Aqueous Humor
	1.336
	PMMA
	1.49


*The natural lens is formed of a material of variable index with respect to both radius and axial position, as a result the above index is an average.

Gobin and Tassingnon, (2000), report the lens shape optically defines an IOL, meaning the radius of curvature of its anterior and posterior surface is defined by the refractive index of the biomaterial used.  The thickness of an IOL is inversely proportional to its refractive index, shown in Figure 2.6.
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Figure 2.6: Lens thickness V refractive index (n) (Gobin and Tassignon, 2000).  

IOL materials have different refractive indexes that determine their thickness and curvature.  Table 2.3 below shows the refractive index of some of the most popular IOL materials.

Table 2.3: IOL refractive indexes values (Gobin and Tassignon, 2000).
	Silicone
	1.41

	Hydrogel
	1.43

	Acrylic
	1.47-1.55

	PMMA
	1.49


As seen in Table 2.3, acrylic lenses have the highest refractive index, allowing them to be the thinnest and therefore most flexible IOL on the market.  Alcon biconvex lenses have a refractive index of 1.55 (Alcon labs, 2005).  Gobin and Tassignon, (2000), conclude that the thinnest IOL for a given refractive index will be easier to insert by small incision surgery but will cause more distortion of images for the patient through slight bending of the lens.

2.4.4 Atomic Force Microscopy

Dogru et al., (2000), proposed to asses the surface morphology of an explanted Acrysof intraocular lens using Atomic force microscopy.  Before explantation the patient had nd:YAG laser capsulotomy for PCO which changed the position of the lens in the capsular bag.  A few months later he experienced glare and a decrease in visual acuity.  A control sample was also analysed after being kept in a balanced salt solution at steady body temperature for 2 months.  The control samples were also folded before analysis to simulate the surgical procedure lenses undergo.  The AFM was conducted in contact mode with a Silicone tip, which is explained in more detain in section 4.1.4 of this study.  All samples were analysed in a dehydrated state.  The AFM revealed depressions of 100 to 200nm deep on the posterior side of the explanted lens shown in Figure 2.6.  

[image: image6.wmf]
Figure 2.6: Depressions on the posterior side of an explanted Acrysof IOL 
(Dogru et al., 2000).
The anterior surface showed numerous peaks and valleys measuring no more than 200nm.  There was a definite increase in surface roughness compared to that of the control sample seen in Figure 2.7.

[image: image7.wmf]
Figure 2.7: AFM images of the control sample (a) and the anterior surface of the explanted lens (b), (Dogru et al., 2000).

Dogru et al., (2000), believe the surface changes of the lens were deformed microvacuoles within the lens optic that emerged as a result of dehydration.  Considering the deposits on the anterior surface of the lens, they did not rule out protein being the cause, although no cellular deposits were noted during light microscopy.  They believe that the surface changes of the lens may be a form of polymer degradation caused by the dehydration and re-hydration of the lens or transformation of part of the IOL’s polymers.  They hypothesize the glistenings are caused by a temperature related change in the free space volume within the lens which is then filled by aqueous humour and becomes visible due to the different refractive indexes.  Henning-Menz et al., (2004), disagrees with these findings by explaining that surface differences in AFM pictures are usually caused by the preparation method.  If lenses are rinsed in a BSS, balanced salt solution, some droplets from the BSS may remain on the lens surface, which causes crystals after the water evaporates.

2.4.5 UV Analysis 
The human eye is exposed to ultraviolet light between 286nm and 400nm (Ernest, 2004).  Figure 2.8 shows the natural light spectrum.  Only a minimal amount of this reaches the retina thanks to the natural UV absorption properties of the natural lens.  In the 80’s IOL manufacturers realised their lenses would have to absorb UV light.  All IOLs manufactured today contain a UV chromophore as standard to protect the retina from UV exposure up to 400nm (Davison, 2002).
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Figure 2.8: The visible spectrum (Ernest, 2004).

Ernest, 2004, obtained the UV-visible transition spectra of some IOLs using a spectrophotometer.  Acrysof and Sensar lenses were used in this study.  All samples showed excellent UV absorbance but only the Acrysof natural lens absorbed blue light, mimicking the human natural lens as seen in Figure 2.9.
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Figure 2.9: The Transmission spectra of select marketed IOLs (Ernest, 2004).
Sanker et al., (2004), measured the percentage light transmittance of PMMA using a UV spectrophotometer in the wavelength range of 250-400nm.  The percentage transmittance was found to be 78%.  Hall, 2004, undertook a study to establish the solar retinal protection qualities of a number of commonly used IOLs.  The radiation transmittance properties were measured from 300nm to 515nm.  The Alcon Acrysof Natural showed the highest Retinal Protection Factor (RPF).  All the others scored lower values, as seen in Table 2.4 (Hall, 2004). 
Table 2.4: Showing the UV, Blue light and RPFs for 5 different IOLs (Hall, 2004).
	IOL
	UV Factor
	Blue Light Factor
	RPF

	Pfizer
	100
	77
	77

	Sensar AR40e
	97
	76
	72

	Acrysof MA60BM
	99
	79
	78

	PhacoFlex II
	99
	80
	79

	Acrysof Natural
	100
	89
	89


Figure 2.10 shows the percentage UV transmittance obtained by Hall, (2004), for various lenses from 300 – 400 nm.  UV Transmittance refers to the amount of harmful rays the IOL allows to pass, reaching the very sensitive retina.
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Figure 2.10: Percentage UV transmittance of different IOLs (Hall, 2004).
These results correspond with those of Ernest, (2004).  The percentage transmission of UV light steadily rises from the 380nm wavelength value in both Figure 2.9 and Figure 2.10.  The wavelengths begin to enter the blue light region after 400nm.  Lane, (2001), describes key differences in the area of UV light absorbency between the Acrysof and Sensar acrylic lenses.  The Acrysof incorporates a more effective benzotriazole UV absorber, allowing it to exclude almost all radiation below 400nm.  Lane’s UV transmittance value for Sensar material differs slightly from that found by Hall, Figure 2.10.  He claims Sensar demonstrate UV transmittance at 372nm, but it can be seen from Figure 2.10 that this happens at a slightly lower value of 360nm according to Hall’s experimental results.  Lane and Hall’s transmittance values for Acrysof correlate well, Lane giving a value of 393nm that compares favourably to Hall’s graph, Figure 2.10.

2.4.6 Swell Testing
When an IOL is immersed in water a tiny amount of water enters the material.  This is due to non-homogenous gaps in the polymer.  This gap is called a void and thought to cause glistening formation (Miyata et al, 2001).  Dhaliwal, (1995), agrees with this and after their investigation of glistenings in acrylic lenses they concluded that the glistenings were most likely caused by water vacuoles, forming within the lens after hydration in the eye.  If the material was polymerised with the ideal homogeneity, these gaps would not be present and glistenings would not form, but void formation is unavoidable in the manufacturing process (Miyata and Yaguchi, 2004).  Tognetto et al., (2002), studied glistening formation in 7 different foldable IOLs.  They found the Acrysof group had a higher percentage and density of glistenings.

Miyata and Yaguchi, (2004), conducted swell tests on two hydrophobic acrylic lenses to calculate their equilibrium water content.  They also conducted this experiment at different temperatures to determine if there was a relationship between temperature and water content.  The amount of water infiltration depends on the IOL material, it is about 0.5% for hydrophobic acrylic and 0.1% for silicone (Miyata, 2002).  They found greater water content in the Sensar lens (sample 5) compared to the Alcon lens (Samples 1, 2 & 3) at all temperatures.  A temperature dependent increase in water content was observed in both IOL types, more so in the Alcon lens.  They concluded that the change in the equilibrium water content caused by temperature changes between 30°C and 40°C is an important factor in glistening formation and therefore they summarize that an IOL showing less temperature dependent water absorption would be less likely to form glistenings.  The average body temperature is 37°C, which is the assumed temperature of a lens in vivo (in the body).  The percentage equilibrium water contents calculated by Miyata and Yaguchi, (2004), can be seen in table 2.5.

Table 2.5: Results from Miyata and Yaguchi, (2004).


[image: image11.wmf]IOL

30°C

40°C

50°C

Alcon Acrysof

0.12% ± 0.02%

0.2% ± 0.03%

0.43% ± 0.06%

Sensar

0.66% ± 0.06%

0.69% ± 0.09%

0.81% ± 0.07%


Sensar IOLs contain a fluorinated methacrylate component, its purpose to decrease the surface energy of the lens and its tackiness to itself and to surgical instruments.  Lane, (2001), claims Sensar is more hydrophobic than Acrysof as a result of the material’s water contact angle.  This does not compare well with the results from Miyata and Yaguchi, (2004), seen in Table 2.5 above.

2.4.7 Scanning Electron Microscopy (SEM)
Yong et al., (2004), conducted SEM on three explanted hydrogel lenses.  SEM showed deposits, located a depth of 7μm on the superficial surface of the lens.  There also appeared to be traces of cellular material including basement membrane and plasmalemma.  They concluded that there were signs of cell-mediated calcification of the lens surface.  Tehrani et al., (2004), found smooth dispersion of fibrin on hydrophobic IOLs after viewing with SEM.  Werner et al., (2001), viewed 9 hydrophilic acrylic lenses explanted as a result of visual problems.  The analysis showed multiple, fine, granular deposits of various sizes within the lens optic.  
2.4.8 Microhardness

The hardness testing of plastics is most frequently measured by the Shore (Durometer) test or Rockwell hardness test.  Both methods measure the resistance of the plastic towards indentation.  Their scales provide empirical hardness values that do not correlate to other properties or fundamental characteristics and so can only be used as relative comparisons.  Shore hardness is the preferred method for rubbers/elastomers and is also used for softer plastics.  The shore A scale is used for ‘softer’ rubbers while the shore D scale is used for ‘harder’ ones (MatWeb, 2005).

2.4.9 Differential Scanning Calorimetry (DSC)
Various intraocular lenses were investigated using DSC for the estimation of glass transition temperature.  The resulting values for the glass transition temperatures found are seen in Table 2.6 (Tehrani et al., 2004).  
Table 2.6: Glass transition temperatures found by Tehrani et al., (2004).

	PMMA IOLs
	118.8°C – 113.5°C

	Acrylic IOLs
	15.5°C – 14°C


They concluded that the results demonstrate the material properties for various IOL materials are consistent within classes of IOL materials.  Sankar et al., (2004), used DSC to study the thermal properties of PMMA IOLs.  The DSC curve of the PMMA was obtained by uniform heating at a rate of 10°C/min over a temperature range of 30-300°C in a nitrogen atmosphere.  The glass transition temperature, Tg, was measured to be 108°C.  The endothermic peak was seen on the DSC curve at 205°C, which is a characteristic of high molecular weight PMMA and is believed to be due to disentanglements of the high molecular weight chains.  A small second endothermic peak was also observed which might be due to the relaxation phenomena.  The Acrysof IOL material has a glass transition temperature, Tg, of 11°C which allows it to be folded at room temperature and inserted through a small incision.  The lens then unfolds slowly as it gently warms inside the body.  Sensar’s Tg is also below room temperature (Lane, 2001).

2.4.10 Calcium Testing and Energy Dispersive X-Ray Analysis

Yong et al., (2004), confirmed surface calcification on 3 explanted hydrogel IOLs.  The granular deposits stained positive for calcium phosphate using von kossa and alizarin stains for calcium.  These findings were confirmed by the use of X-Ray microanalysis on the samples.  Werner et al., (2001), reported similar findings on 9 explanted hydrophilic acrylic lenses.  The granular deposits seen using microscopy stained positive for calcium with the alizarin red and the Von Kossa method.  X-Ray spectroscopy again confirmed this presence of calcium within the deposits.

2.4.11 Fourior Transform Infra Red (FTIR)

Sankar et al., (2004), performed FTIR on PMMA IOL samples to find out the total conversion of MMA monomer into polymer.  This experimental procedure is explained in more detail in Section 4.  Potassium bromide (KBr) pellets were used to obtain the IR spectrum of PMMA.  Some of the sample was powdered and mixed with KBr.  The mixture was then pressed in a special dye at a pressure of 10,000 pounds per square inch to yield a transparent disk.  The IR spectrum of the samples was then taken using a Fourier Transform Infrared Spectrophotometer.  The spectrum showed the characteristic band at 1740cm-1, a very strong peak.  This corresponds to the ester carbonyl group and the band around 1050-1300cm-1 is a stretching vibration of C-O-C group.  The peak then disappeared after 1650cm-1, which corresponds, to the terminal methylene group of the monomer clearly indicating the complete polymerization of the vinyl group. 

(1





n1





n2





(2





Internally 


Reflected rays





Focused rays





Displaced rays





Focused rays








PAGE  
7


_1174314683.xls
Sheet1

		IOL		30°C		40°C		50°C

		Alcon Acrysof		0.12% ± 0.02%		0.2% ± 0.03%		0.43% ± 0.06%

		Sensar		0.66% ± 0.06%		0.69% ± 0.09%		0.81% ± 0.07%






