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    Cataract surgery accompanied with implantation of an intraocular lens implant remains the most commonly performed surgery in the field of ophthalmology. It is estimated that over 18,000,000 cataract surgeries are performed each year in the world. Perhaps even more amazing, experts in the public health field tell us that in spite of this large number of cataract surgeries, every year more people suffer from visual and functional handicap secondary to cataract. In the advanced countries, approximately 8 per 1000 population undergo cataract surgery each year, and in the USA where surgeons and health care resources are widely available, the number is 10 per thousand. If these are the ideal numbers in a world with unlimited resources, we should be doing 50,000,000 cataract surgeries per year, or 2.5 times the number currently performed. In most cases, an intraocular lens is implanted, today usually a posterior chamber IOL .We are all aware that intraocular lens implantation began with Sir Harold Ridley’s first surgery on November 29, 1949, and that this brilliant innovator started with and persisted throughout his decades of innovation in implanting intraocular lens implants exclusively in the posterior chamber after extracapsular cataract extraction. History has confirmed the wisdom of this preference. Intraocular Lens Implant Surgery, while at a high state of development, continues to evolve as a combination of innovative surgeons and a well capitalized supporting industry work their magic through the innovation cycle. There remain many unmet needs in the field of intraocular lens implantation. With growing demand in the face of reduced healthcare financial resources, we need in many parts of the world more efficient and economical models of surgery. Even in advanced countries, the variability of outcome one surgeon and one patient to another is a concern, and should respond to improved technology and education. At the cutting edge, specialized intraocular lens implants customized to the needs and desires of a small cohorts of patients are being developed and utilized. In the future, we can imagine a single lens implant customized to the needs, optics and ocular anatomy of the individual patient. These new and unique intraocular lens implants are the subject of this fascinating new book on “Premium and Specialized Intraocular Lenses’ edited by Guy Kleinmann, Ehud I. Assia and the late David J. Apple. In this book we are treated to an introductory chapter on ‘The Evolution of Intraocular Lenses” that was likely one of my friends David Apple’s last works to be published. For me ,this chapter alone makes the book worthy of acquiring, as it is a priceless summary by Dr. Apple and two of his close colleagues regarding his thoughts near the end of his extraordinary career. Following this fascinating and historical summary are Chapters on Accommodating IOL’s, Telescopic IOL’s, Supplementary IOL’s, Full Size IOL’s, and Iris Prosthesis. The authors selected are experienced and knowledgeable. Each of the Chapters is well written, illustrated and full of cutting edge information and clinical pearls not easily accessed in any other source. The book is an easy read, and I learned many clinically useful details regarding these specialized IOL’s. I recommend this book to the cataract surgeon who wishes to stay current with the newest emerging technologies in the intraocular lens and iris implantation field. I thank the editors for a well written, concise and clinically useful summary of the state of the art, and for another opportunity to learn from my much missed friend and colleague David J. Apple.
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    We are living in exciting times. The field of IOL has moved forward significantly since the first IOLs that Sir Harold Ridley implanted back in the early 50th. We can guarantee an excellent far uncorrected vision to our patients in most cases where no other ophthalmic pathology exists. The field of premium IOL and special intraocular devices is the new frontier. With advances in surgical technology, IOL power calculation and patients leading a more active lifestyle well into their seventies and beyond, cataract surgery can no longer be considered a functional procedure to remove an opacified lens, and visual acuity alone can no longer be considered the sole criterion of surgical success. As cataract surgery has evolved from a sightsaving operation to a refractive procedure, quality of vision and optical outcomes have become of crucial importance, with the goal being to improve not only acuity, but also quality of life. Lower order visual aberrations such as astigmatism can be effectively reduced by a combination of spectacle correction, corneal surface modification and/or specialized IOLs, improving quality of vision in pseudophakic patients to a great degree. Range of vision can be addressed with multifocal and accommodative IOLs, higher order aberration can be treated with aspheric IOLs, and extra-protection for the blue light is being promised by the blue blocking IOLs. Attempt to implant the IOLs trough a smaller and smaller corneal incisions focusing on lowering the induced astigmatism. The advances in the IOL field are not focused only on premium IOL. Special cases like aphakia and end stage AMD also get attention and special solutions.




    In this book we have tried to summarize the up to date knowledge and to base it on evidence based medicine as much as possible.




    We hope that you will find this book a useful tool in understanding and practicing premium and special intraocular devices.
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      Abstract




      The development of foldable lenses, and perhaps more importantly, the small-incision capsular surgical techniques that accompany them, have been instrumental in achieving a vast reduction in cataract surgery complications. The excellent optical and visual rehabilitory benefits of small incision phacoemulsification-foldable intraocular lens (IOL) surgery, including reduced astigmatism, quick recovery, and many other advantages, are well known. This modern procedure has achieved a state of vision restoration as well as vision rehabilitation. Modern cataract surgery is now a genuine form of refractive surgery.




      The history of cataract surgery with IOLs is one of the extensive trial and errors, with many dead ends. By far, the most important and basic element required for success with IOLs is fixation. Indeed, the generations of IOLs are named according to the type of fixation used during each era.




      The six generations that we identify signify the continuous movement forward, as surgeons attempted to improve IOL fixation. The move from Ridley's initial lens (Generation I) to the early anterior chamber lenses and iris-fixated lenses (Generations II and III) were basically attempts to overcome decentration issues (recall that Ridley’s IOL had no haptics). In addition, the move toward a second generation of anterior chamber lenses (Generation IV), usually implanted after intracapsular cataract extraction (ICCE), was in part caused by a desire to avoid the posterior capsule opacification (PCO) or secondary cataract that often occurred after early methods of extracapsular cataract extraction (ECCE). The last generation includes “specialized” IOLs, which are the focus of this book.
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      Introduction: The Evolution of Intraocular Lenses (Generations I to VI)




      The evolution of cataract surgery has been long and very slow, with little change from antiquity until the late 18th to early 19th century (Figs. 1-3).
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Figure 1)




      Illustrations from a 1966 facsimile of a 1583 German atlas of “renaissance” eye surgery, showing the ancient technique of couching. Top: Frontal view. Bottom: an example of ornamental couching needles. (from: Bartisch, G., Augendienst, Dresden, Germany, 1583).
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Figure 2)




      Daviel’s description of extracapsular surgery (ECCE) in 1755 showed remarkable foresight. This figure shows the steps of the procedure from entrance into the eye from what is almost a clear corneal incision (labeled Fig. 40 in this sketch) to extracapsular removal of the cataract (labeled Fig. 44). (Translated legends: Fig. 40: Incision with lance-shaped keratome [Aiguille pointue]; Fig. 41: Extending the incision with the Aiguille; Fig. 42: Completion of the incision with scissors, Fig. 43: Opening of the capsule [anterior capsulotomy]; Fig. 44: Removal of the cataractous lens).




      
[image: ]


Figure 3)




      By the early 20th Century, intracapsular cataract extraction (ICCE) had become popular. A. Front cover of a classic monograph by Dr. Henry Smith. B. An illustration from Smith’s book with a schematic illustration of a lens extraction by suction.




      Apple and associates have classified the development of intraocular lenses (IOLs) into six generations, based primarily on mode of lens fixation (Fig. 4). Each step forward, beginning with Sir Harold Ridley's 1949-1950 invention, represented an advance in both surgical technique and IOL design and quality. A brief overview of each generation, with a description of the numerous failures and successes occurring in each throughout almost 50 years of development, is provided to help the reader understand how we have arrived at the excellent procedure available today.
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Figure 4)




      Six generations of IOLs, 1949 to present. Each generation is named according to the mode of IOL fixation.




      

        Generation I, The Ridley IOL




        There is no doubt that credit for the invention and first implantation of the IOL belongs solely to Sir Harold Ridley of London (Fig. 5). Details regarding Sir Harold and his invention are provided in a 1996 monograph by Dr. David Apple (DJA) and John Sims, Harold Ridley and the Invention of the Intraocular Lens. DJA, Ridley’s official biographer, also published a comprehensive text outlining this in 2006 (David J. Apple, MD, Sir Harold Ridley and his Fight for Sight, Slack, 2006).




        D. Peter Choyce of London, who was involved in many of the early IOL and refractive procedures, was the earliest colleague and supporter of Ridley. He not only played a significant role in guiding the implantation procedure through its evolutionary process (indeed, he was present in the operating theatre on several of the very first cases), but was also a major spokesman for Ridley’s cause in the dark days between 1950 and 1980 when there was much criticism of the implant.
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Figure 5)




        Sir Harold Ridley, photograph circa 1986.




        The first Ridley implants (Figs. 6 and 7) were manufactured by Rayner, Ltd., London, UK. Sir Harold's IOL was a biconvex disc that was designed in conjunction with Mr. John Pike, an optical scientist at Rayner. It was designed for implantation in the posterior chamber. Ridley filmed several of his early operations.




        Sir Harold's first lens was implanted as a two-step procedure. The extracapsular cataract extraction (ECCE) was performed on November 29, 1949. Rather than permanently implanting the IOL, he chose to wait and implant it secondarily a few months later, on February 8, 1950, after the eye was quiet and suitable for implantation.
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Figure 6)




        Ridley IOL. Ridley's original IOL was manufactured by Rayner, Ltd., UK. Note the early brochure describing the Ridley lens and a superimposed, a schematic illustration showing a sagittal section of the anterior segment of the eye with a Ridley IOL and a frontal and side sketch of the lens.
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Figure 7)




        Ridley PC-IOLs from the first manufacturing batch (lot), late 1940s – retained and secured by Sir Harold at his retirement home near Salisbury. A. Gross photograph of this memento. B. Scanning electronic micrograph (SEM) of another Ridley IOL, showing equatorial rims from the manufacturing process.




        From his very first cases, Ridley encountered the two major problems of lens implantation that have nagged ophthalmologists for over half a century; namely, IOL malposition and PCO. Regarding the malposition, the main reasons for the decentrations were often attributed to excessive weight of the implant. However, two other important causes, which were directly applicable to the implantation procedure were 1) the IOL did not have appropriate fixation haptics, and 2) the anterior capsulotomy, in which he essentially opened and removed almost all of the anterior capsule in a very irregular fashion, almost always leaving a relatively jagged and irregular anterior edge, was insufficient for good equatorial fixation of the edge of the lens. It did not permit stable and permanent fixation of the pseudophakos. These shortcomings have, of course, been overcome with modern surgical techniques by the addition of appropriate haptics, and, especially by the invention and perfection of continuous curvilinear capsulorrhexis (CCC) by Doctors Howard Gimbel and Thomas Neuhann. These, especially the continuous CCC came much later—not until the mid-to-late 1980s. The problem of lens decentration is largely solved now that advanced surgical techniques are available.




        After PCO developed in his first cases, Ridley quickly realized the need for copious irrigation and removal of lens substance. Not until the mid-to-late 1980s was the significance of this observation truly appreciated and applied, with the development of improved nucleus and cortical removal techniques. Especially important was the development of phacoemulsification and hydrodissection-enhanced removal of the cortex. In 2001, we published a list of six factors (3 surgical and 3 IOL-related) that, when applied using modern surgical procedures, have helped reduce the incidence of PCO to less than 10% (Fig. 8).
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Figure 8)




        A relatively simple, understandable, clinically useful, and widely accepted list of the most important factors related to the prevention of PCO based on analysis performed in our laboratory (From Apple and Associates, 2001).


      




      

        Generation II




        The movement toward Generation II, the early anterior chamber (AC) IOLs implanted after intracapsular cataract extraction (ICCE), was initiated to circumvent the two above mentioned complications of the Ridley lens — malposition and PCO.




        This generation (Fig. 9) represents the first attempt at implantation of various AC IOLs. The first AC IOL was implanted by Baron of France in 1952. A quick glance at this figure immediately explains why this lens failed; namely, because the excessive built-in anterior vaulting of the entire pseudophakos caused inappropriate contact with the corneal endothelium. At this time, surgeons began to pay attention to the fragility of the corneal endothelium and the severe problem of corneal decompensation, a problem that has plagued all subsequent generations of IOL implantations, especially AC IOLs. This was our predecessors' first lesson in avoidance of any type of intermittent or constant corneal contact with a pseudophakos. This is mandatory to prevent corneal decompensation (including pseudophakic bullous keratopathy [PBK]) and other secondary intraocular changes, such as cystoid macular edema (CME). Corneal problems persisted well into Generations III and IV, with many IOL designs and surgical techniques. Today's surgeon-in-training who is learning modern, high-quality PC IOL implantation of foldable lenses through a small incision, is much better able to avoid cornea-related problems, but awareness of the delicate nature of the corneal endothelium should always be maintained, even today.
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Figure 9)




        Generation II, the original AC-IOL design of Baron (1952). This lens and other similar designs failed because of the close proximity of the pseudophakos to the corneal endothelium, with inevitable subsequent corneal decompensation. It was during this generation that surgeons began to appreciate the fragility of the corneal endothelium.


      




      

        Generation III




        The move toward Generation III, iris-fixated IOLs (Figs. 10 and 11), represented an attempt to fixate the IOL more posterior from the cornea to avoid the disastrous corneal problems encountered in the previous decade.
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Figure 10)




        Schematic illustrations of two iris clip IOL designs (above, left and right) and analogous drawings of Binkhorst's two-loop irido-capsular design (below). The latter was intended for placement of the posterior haptics into the capsular bag after ECCE.
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Figure 11)




        Scientific illustration of 4 loop iris clip IOL designs implanted after ICCE (above) and an irido-capsular IOL implanted after ECCE (below).




        This step was an improvement. However, at this time surgeons learned about the very delicate nature of the uveal tissues when brought into contact with elements of a pseudophakos. Physical contact of IOL haptics, especially metal haptics (Fig. 12), with uveal tissue often caused inflammation and its sequelae, including corneal decompensation, CME, and membrane formation.
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Figure 12)




        Iris-supported IOLs (medallion style) with metal loops. Iris-fixated IOLs were developed to enhance fixation and avoid the decentration that occurred with some of the Ridley designs and to avoid the corneal complications of the early AC-IOLs. It was soon found that contact with the delicate tissues of the iris, especially with metal haptics such as these, caused a myriad of complications. Further experimentation with anterior chamber lenses therefore ensued, leading to generation IV.




        At this time, Cornelius Binkhorst made an important modification to his early four-loop iris clip lens, creating the two-loop iridocapsular lens. With the newer design, the optical component remained in front of the iris but the haptics were inserted into the capsular bag after ECCE. This step represented an important return to ECCE and capsular fixation; both had largely been abandoned since the time of Ridley's first implant.


      




      

        Generation IV




        Generation IV, (Figs. 13 and 14), a move again to the AC, was an attempt to avoid the complications of the iris-fixated IOLs.
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Figure 13)




        The modern generation of AC-IOLs is characterized by much better vaulting with improved protection of the cornea (compare this illustration with Fig. 9). The transition toward modern AC-IOLs began in the industrialized world about 1987, but was delayed until after 1992 in the developing world.
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Figure 14)




        Illustrations of the two modern style AC-IOLs that are now available for implantation. Both are characterized by no-hole fixation elements. On the left is a four-point fixation design, currently the most commonly used worldwide. On the right is a Kelman-Choyce-Clemente design, a three-point fixation design, developed by Peter Clemente, MD, in Munich, Germany, which we believe represents today’s state-of-the art.




        With most activity between ca. 1963 and 1992, this was a transitional period in which numerous designs were attempted, some successful, but many ends in failure. Details regarding this process are documented in several references from our Center and are not reiterated here. This generation again called our attention to the problem of direct or indirect, constant or intermittent corneal contact. In addition, at this time problems of erosion of small-diameter round-loop fixation haptics into delicate uveal tissues were recognized. These were common with many of the closed-loop IOL designs of that era, and caused severe problems due to tissue contact and chafing. Many of these lenses had to be removed and were often replaced by retro-pupillary sutured IOLs, which sometimes induced other complications. During this period, the concept of a protective membrane was recognized; i.e., the usefulness of any sort of fibrous or hyaline-elastic membrane (callus) that could be situated between the fixation element of the IOL and adjacent delicate, vascular uveal tissues. With respect to AC IOLs, it was learned that Choyce-style haptics or footplates (Figs. 15a and 15 b) provided markedly improved results.




        Stable fixation could be achieved whenever a fibrous scar or callus formed at the site of contact within the AC angle recess. All successful modern AC IOLs now have solid Choyce-style haptics or footplates as fixation elements. In contrast, the principle of a solid versus fenestrated haptic in the case of modern silicone plate IOLs is based on another principle in which solid or small hole footplates are less satisfactory for establishing good fixation of the IOL in the capsular bag than are large hole footplates.
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Figure 15)




        Choyce style haptics or footplates. A. Scanning electron micrograph showing the profile of a solid fixation element of a Choyce-style footplate or haptic. It is well-polished and tissue-friendly (original magnification x75). B. Photomicrograph of the site of a Choyce-style footplate (empty space because the biomaterial dissolves during processing). Note the fibrous membrane or “callus” that forms shortly after implantation. This effectively separates the pseudophakos biomaterial from direct contact with the trabecular meshwork, the canal of Schlemm (above) and the adjacent uveal tissue of the AC recess. The barrier formed by this type of membrane is entirely analogous to that formed by the surrounding lens capsule in the case of in-the-bag fixed PC-IOLs (hematoxylin and eosin stain, original magnification x200).


      




      

        Generation V




        Generation V occurred as surgeons returned to ECCE and PC IOLs. Cornelius Binkhorst of Holland clearly deserves recognition as a visionary and thoughtful investigator who spearheaded the now permanent transition toward ECCE. Early on, he recognized the advantages of in-the-bag (capsular) fixation, which led to the important transition toward Generation V.




        Most fixation of the early posterior chamber lenses throughout Generation V was uveal (one or both haptics out of the capsular bag) (Fig. 16).
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Figure 16)




        Schematic illustration of sulcus fixation of PC-IOLs.




        Asymmetric fixation causes an almost automatic decentration of the IOL optic and any contact with adjacent uveal tissues by either the IOL optic component or the haptic component—very common in any form of out-of-the-bag fixation—has the potential to cause tissue changes due to chafing. This was very much exaggerated in the early 1980s when lens manufacture was poor, often with sharp edges to the IOL optic component (Figs. 17A and B).
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Figure 17)




        Scanning electron micrograph (SEM) of edge formation of early IOLs. A. Poorly finished early PC-IOL optic (O) edges (E) (original magnification x100). B. Haptic-optic junction of an early PC-IOL, showing imperfect staking of the haptic loop (L) into the lens optic (O) with a large space around the loop. (arrows = sharp-edged surfaces) (original magnification x100).




        Tissue chafing commonly caused transillumination defects (Fig. 18) with pigmentary dispersion. Subsequent breakdown of the blood-aqueous barrier could cause sequelae such as inflammation or even hemorrhage; e.g., the UGH syndrome.
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Figure 18)




        When uveal contact with any component of the pseudophakos (optic or haptic) occurred (as was often the case with sulcus-sulcus or asymmetric bag-sulcus fixation), tissue chafing with significant clinical sequelae sometimes occurred. This clinical photograph shows a transillumination defect of the iris caused by chafing of the lens optic edge against the posterior iris pigment epithelium. This could create a pigmentary dispersion syndrome and even lead to pigmentary glaucoma. Such changes were particularly prone to occur with early, poorly polished IOLs.




        Improved polishing techniques began to appear by the mid-to-late 1980s (Fig. 19). This, coupled with better in-the-bag fixation techniques, has largely solved the problem.
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Figure 19)




        By the late 1980s, improved polishing techniques were implemented and high-quality lenses, as noted here, evolved. This high-power scanning electron micrograph shows the loop-optic junction of a well-made three-piece PC-IOL.




        Concurrently, surgeons became aware of the marked superiority of in-the-bag capsular fixation, a fact that was rarely appreciated during the 1970s and early 1980s, and indeed, remained highly controversial even through the late 1980s. Also during the 1980s, there was extensive experimentation with haptic fixation and PC-IOL designs. After many false starts, the advantages of total in-the-bag fixation became apparent. Ridley himself preferred in-the-bag fixation, but he and his contemporaries found this difficult because of the relatively unsophisticated surgical techniques available in the mid-twentieth century. Successful transition toward in-the-bag fixation defined the transition from Generation V (precapsular surgery era) to Generation VI (capsular surgery era).




        As PC-IOLs were reintroduced in the mid-1970s, John Pearce in England and Axis Anis and William Harrs in the United States were leading advocates of capsular fixation of PC-IOLs. Irrefutable evidence that clearly established the efficacy of in-the-bag fixation and delineated its overwhelming advantages was provided in the senior author’s (DJA) laboratory in Salt Lake City, especially utilizing the Miyake-Apple posterior video/photographic technique (Fig. 20).
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Figure 20)




        A human eye obtained postmortem with PC-IOL viewed from behind (Miyake-Apple posterior video/photographic technique) shows a transitional phase, still with asymmetric fixation of haptics, but with improved centration of the IOL and relatively good cortical clean up, with residual cortical material still visible to the left and above. The decentration caused by the asymmetric fixation seen here (inferior haptic in-the-bag and superior haptic in the ciliary sulcus is compensated by the use of a large diameter, 7 mm optic).




        This formed the basis of what is required for successful foldable implantation today. Indeed, one major false start with foldable lenses occurred in the mid-to-late 1980s. Some of the early foldable designs at that time were either intentionally or unintentionally implanted into the ciliary sulcus (usually one haptic in the bag and one haptic in the sulcus), creating an unnecessarily high incidence of complications.


      




      

        Generation VI-a




        This era was a crucial period in which surgeons learned and began to apply important new techniques needed to advance to Generation VI-a, in which most importantly, the transition to viscoelastics, CCC, hydro-dissection-enhanced cortical clean up and modern ECCE and phaco made the future implementation of foldable IOLs possible. In Generation VI-a, the move toward consistent in-the-bag (capsular) fixation was underway (Fig. 21).




        
[image: ]


Figure 21)




        Generations V and VI (most activity circa 1977 to the present) form the basis for modern foldable IOL insertion via a small incision after phacoemulsification. Note that each generation is divided into two groups, ranging from Generation V-a, the early years (circa 1977 to 1982) when ECCE PC-IOL implantation was first being attempted and researched, to Generation V-b, the important transitional period when modern capsular surgery techniques were first being attempted (circa 1982 to 1987), culminating in the two subgroups of Generation VI (circa 1987 to 1992). Generation VI-a was the period when high-quality capsular surgery using mostly rigid lenses inserted via large incisions was common (circa 1987 to 1992). Generation VI-b (circa 1992 to present) is the era of small-incision phacoemulsification surgery with implantation of the foldable IOL designs that we discuss here.




        It is noteworthy that the first attempts at implantation of soft IOLs, the forerunners of today's foldable IOLs began during the early phase of Generation V, from the later 1970s until the early 1980s. These designs culminated in modern foldable IOLs manufactured primarily from three groups of biomaterials: silicone and hydrophobic and hydrophilic acrylic materials.


      




      

        Generation VI-b




        This generation is represented by the evolution of various “specialized” IOL designs, mostly used for refractive purposes or vision correction — lenses that are now creating great interest. These include both specialized IOLs intended for use both after classic ECCE/phaco surgery in aphakic eyes, e.g. multifocal and accommodative IOLs, as well as use in phakic eyes, i.e. refractive AC IOLs and the Artisan IOL.




        We have noted how Ridley “opened up the capsular bag” for various techniques. Strampelli in Italy, Barraquer in Spain, and Peter Choyce in England were leading pioneers of refractive IOL surgery. The jury is still out regarding the preferred category of refractive IOLs, both in terms of value compared to corneal procedures, and with respect to which type: anterior chamber, posterior chamber or iris-fixated.
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      Abstract




      During the aging process, the spherical aberration (SA) induced by the natural lens shifts from negative to positive values, impairing optical quality. Standard spherical intraocular lenses (IOLs) similarly induce positive SA. To deal with this problem aspheric IOLs have been designed to induce a negative or neutral SA, effectively reducing optical SA in a manner similar to the lens in a young phakic eye. It has been postulated that implanting an aspheric IOL would improve image clarity over that provided by a standard spherical IOL because of reduced optical aberrations. Multiple simulations, as well as clinical trials evaluating mesopic and photopic contrast sensitivity, have shown that aspheric IOLs indeed provide improved spectacle corrected contrast function over comparable spherical IOLs. This is especially true for under scotopic conditions where maximal pupillary dilation increases the magnitude of optical SA errors. However, the clinical significance of these contrast improvements for the average cataract patient has been called into question for many reasons, primarily because senile miosis effectively minimizes the magnitude of post-operative optical SA. Recent efforts to use aspheric IOLs to individualize post-operative ocular SA have shown promising visual results; however the ideal post-operative spherical aberration has not yet been determined. Further study into optimizing the interaction between the full spectrum of higher order aberrations in the pseudophakic eye may be useful in defining the future role for aspheric IOL technology in enhancing visual function in pseudophakia.
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      Introduction




      With advances in surgical technology and patients leading a more active lifestyle well into their seventies and beyond, cataract surgery can no longer be considered a functional procedure to remove an opacified lens, and visual acuity alone can no




      longer be considered the sole criterion of surgical success. As cataract surgery has evolved from a sight-saving operation to a refractive procedure, quality of vision and optical outcomes have become of crucial importance, with the goal being to improve not only acuity, but also quality of life. Lower order visual aberrations such as astigmatism can be effectively reduced by a combination of spectacle correction, corneal surface modification and/or specialized IOLs, improving quality of vision in pseudophakic patients to a great degree. The purpose of aspheric lenses is to continue this process of optimizing image quality by minimizing higher order aberrations (HOAs) in the pseudophakic eye.
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Figure 1)




      Spherical aberration in the younger and older eye. (a) The corneal positive spherical aberration in counteracted by the negative spherical aberration of the young phakic lens, and augmented (b) by the positive spherical aeration of the older phakic lens.




      The aim in minimizing HOAs is to improve visual function by returning the pseudophakic eye to a more ‘youthful’ state. In humans, the magnitude of ocular HOAs has been estimated to increase significantly between the ages of 20 and 70 [1]. In young patients, the magnitude of ocular HOA is often lower than the levels induced by the cornea alone, indicating that the young crystalline lens partially negates corneal HOAs such as coma [1, 2]. With age and concomitant changes in the dimensions and composition of the phakic lens, rather than negating corneal HOAs, the elderly phakic lens increases HOAs over the level induced by the cornea alone (Fig. 1). The purpose of the aspheric IOL is to lower the total optical HOA level by minimizing a particular fourth order HOA known as spherical aberration (SA). SA is a symmetrical HOA induced in an optical system when peripheral rays have a different focus than central rays.


    




    

      Why focus on correcting spherical aberration?




      There are a number of reasons why advances in IOL design technology have specifically targeted SA reduction out of the many different HOAs that affect visual function in pseudophakia. First, the major internal optic HOA in elderly pseudophakic patients with pupils larger than 4 mm has been shown to be SA [3] and the level of total HOAs in pseudophakic patients with an average pupil size of 4.1 mm has been shown to be correlated with mesopic contrast sensitivity [4]. Therefore, reducing SA could potentially improve mesopic contrast sensitivity. Second, unlike other HOAs, ocular SA has been shown to progressively and consistently increase with age [1, 5]. Increased SA is therefore associated with the progressive decline in quality of vision associated with aging. It is hoped that by reducing SA, aspheric IOLs can restore ‘youthful’ quality of vision. Another major reason SA correction has been targeted is that SA is a rotationally symmetrical aberration and therefore is a relatively easy HOA to correct with an artificial lens. An IOL that modifies ocular SA will be equally effective in any rotational orientation.


    




    

      Ocular spherical aberration




      The major contributors to ocular SA are the cornea and the lens. The SA of the cornea is positive [6, 7]. This means when central rays are focused on the retina, peripheral rays are focused in front of the retina. Several large studies [6-8] have determined that the average SA induced by the cornea for a 6 mm aperture is approximately +0.27 um, a value that remains relatively unchanged with age [7]. The magnitude of corneal SA error is progressively lower for smaller apertures. As pupil diameter increases, more off axis peripheral rays are focused in front of the retina increasing the magnitude of the SA. Approximate magnitudes of corneal SA at decreasing aperture diameters are 0.13 um at 5 mm, 0.051 um at 4 mm and 0.016 um at 3 mm [9]. Therefore, the effect of this aberration is sensed most acutely under scotopic conditions when pupils are maximally dilated. Based on the progressive decline in corneal SA with pupil diameter, many simulations [8-12] have shown that although there is expected to be improvement in visual function in reducing SA with a 5 mm pupil, there is quite possibly no clinical benefit to correcting SA with a 3 mm pupil.




      In young people the crystalline lens counteracts positive corneal SA by exhibiting a negative SA and as a result ocular SA remains low. With age the crystalline lens undergoes changes and the SA induced by the lens becomes progressively more positive. Although there is interpatient variability, on average by ages 40-50 the lens SA has risen such that ocular SA is greater than zero, with lenticular SA continuing to progressively higher positive values [5]. As corneal SA is consistently positive, and ocular SA is a combination of the corneal and lenticular SA, ocular SA changes form a value near zero in young people to a progressively higher positive value with age. By the age when most patients present for cataract surgery the lens is a major factor in inducing a positive ocular SA.




      Typical spherical IOLs act similarly to the aged crystalline lens in that they induce a positive SA by over-refraction at the lens periphery. The SA induced by a given spherical IOL is proportional to the lens power [8] and increases with pupil dilation. This raises total ocular SA over and above the level already induced by the cornea. For this reason, spherical IOLs are also expected to reduce visual function below optimum levels post-operatively (Fig. 2).




      Aspheric IOLs are different. Through a modification of one or both of the IOL interfaces, aspheric IOLs do not induce a positive SA. Aspheric IOLs can even be modified to induce a negative SA similar to the role of the crystalline lens in young people, potentially eliminating ocular SA altogether. If all other factors remain constant, a given pseudophakic eye will have a lower ocular SA if an aspheric IOL is implanted in place of a spherical IOL [13-20] (Fig. 3). But the question remains, can reducing SA produce a clinically meaningful improvement in quality of vision?
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Figure 2)




      Illustration of the addition of the positive spherical aberration of a spherical IOL to the positive spherical aberration of the cornea. For this reason, spherical IOLs are also expected to reduce visual function below optimum levels post-operatively.
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Figure 3)




      Illustration of the sharpest focus expected by a full neutralization of the positive corneal spherical aberration by a negative spherical aberration IOL. This has the potential to improve visual acuity.


    




    

      Simulations




      Optical simulations have long suggested that aspheric IOLs have the potential to improve quality of vision. One early article [21] noted that although the potential to improve visual quality existed, these specialized IOLs would need to be well centered to outperform spherical IOLs. If the aspheric IOL was not well centered then quality of vision would be reduced in comparison with a standard spherical IOL of similar power due to HOAs induced by the aspheric surface. The authors suggested that given the state of cataract surgery circa 1991, typical IOL decentration meant that there was no general benefit to aspherizing surfaces of IOLs. More recent articles [11] have confirmed the prediction of improved quality of vision with a well centered aspheric IOL, especially under reduced lighting conditions that stimulate pupil dilation.




      Although aspheric IOLs tend to be most sensitive to decentration [11] errors, both IOL tilt and decentration reduce the benefit of an aspheric IOL designed to neutralize corneal SA. A study performed by Holliday et al. simulated the effect of IOL tilt and decentration with an IOL designed to fully correct an SA of 0.27 um at a 6 mm aperture. For a 5 mm pupil, an IOL designed to fully correct this corneal SA outperformed a spherical IOL at up to 7 degrees of tilt and 0.4 mm decentration. Today, with continuous circumlinear capsulorhexis and in-the-bag IOL placement, the average amount of IOL decentration is approximately 0.3 mm and the average IOL tilt is less than 3 degrees [22]. Therefore in patients with a 5 mm pupil, an SA correcting aspheric IOL would be expected to provide a clinical benefit despite an average amount of tilt and decentration.


    




    

      The IOLS




      The first aspheric IOL to appear commercially was the Tecnis Z9000, a foldable, 3-piece silicone IOL manufactured by Abbott Medical Optics. The Tecnis Z9000 is a CeeOn Edge IOL model 911 with a modified prolate anterior surface. This alteration lowers the refractive power of the IOL at its periphery, inducing a negative spherical aberration (SA). This negates the effects of over-refraction at the periphery of the optical zone at the cornea responsible for corneal induced spherical aberration. The Tecnis Z9000 and the related Tecnis Z9002 and Tecnis ZA9003, were designed to fully negate the average corneal SA by inducing a negative SA at 6 mm of -0.27 µm (Fig. 4).
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Figure 4)




      The Technis aspheric IOL – The first implantable aspheric lens with negative spherical aberration.




      Another aspheric IOL, the AcrySof IQ, was developed by Alcon. It has the same ultraviolet and blue light filtering chromophores as those found in the single piece acrylic AcrySof Natural IOL [SN60AT, Alcon] (Fig. 5). The unique feature of the AcrySof IOL is the posterior aspheric surface that adds -0.20 um of spherical aberration to the eye at the 6.0 mm optical zone. This only partially corrects corneal SA, leaving the average patient with residual positive SA. A small amount of residual SA could benefit the patient by increasing depth of field, allowing the patient to better tolerate some residual ametropia and be less dependent on spectacle correction for near tasks.
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Figure 5)




      The AcrySof IQ– A hydrophobic acrylic intraocular lens.




      In order for aspheric IOLs that induce negative SA, such as the Tecnis or Acrysof IQ, to be maximally beneficial they need to be well centered and without tilt [21]. If the aspheric IOL is not well centered, the induced HOAs from the malpositioned aspheric can cause the IOL to perform worse than a spherical IOL decentered to the same degree [12, 21]. Decentered spherical IOLS are expected to increase ocular coma and other aberrations as well [9] but not to the same degree.




      In light of this problem, Bausch and Lomb introduced the SofPort Advanced Optics model LI61AO (Fig. 6). The SofPort IOL is an equiconvex silicone lens with prolate anterior and posterior surfaces. The aim of the IOL is to be perfectly aspheric and not induce HOA with tilt or decentration. Unlike the Acrisof IQ or Tecnis IOLs which are designed to outperform spherical IOLs only up to a specific limit of tilt and/or decentration [9], the Sofport IOL should outperform a spherical IOL at a much larger range of optic orientations [22]. However, because the SofPort does not reduce corneally induced SA, a well centered Tecnis or AcrySof IQ IOL with minimal decentration or tilt should theoretically outperform the Sofport IOL in the average patient.
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Figure 6)




      The Sofport AO - An aspheric silicone IOL designed to leave the spherical aberration of the corneal surface unchanged.




      A simulation performed by Halladay et al. [8] predicted that a Tecnis IOL centered within 0.4 mm and tilted less than 7 degrees, would exceed the optical performance of a conventional spherical IOL. A separate study by Baumeister et al. [23] compared the level of HOAs and simulated visual function parameters in patients in which one eye received a Tecnis IOL and the other eye received the Sensar AR40e, a spherical IOL. Scheimpflug imagery determined mean IOL tilt and decentration to be less than 3 degrees and 0.3 mm respectively. At this level, Holladay et al. [8] predicted the Tecnis IOL would improve visual function. Although the Tecnis IOL did significantly reduce total HOA levels with 6.0 mm pupils, simulations with 6 mm pupils indicated that visual function with best spectacle correction was not significantly improved.




      One explanation for this discrepancy is that the Holladay simulation [8] overestimated the benefit of the Tecnis IOL by assuming it would completely eliminate ocular SA through its negation of the average corneal SA. In reality, negating the average SA will leave many pseudophakic patients with significant residual SA if their pre-operative SA is significantly different from the population average. The corneal SA in cataract patients has been shown to range between 0.055 um and 0.544 um at 6 mm [7].




      The simulation by Holladay et al. also used monochromatic light. Simulations using monochromatic light may overestimate the benefit of the elimination of SA by not incorporating the general blurring effect of chromatic aberration into the models. Other simulations [24, 25] that have predicted improved visual function with aspheric IOLs at pupil sizes greater than 4-5 mm also used monochromatic light in their models and as such, their results need to be understood in the context of this limitation.




      Also in doubt is the utility of correcting SA when many simulations have shown little to no expected benefit with 3 mm pupils. The 70-year-old pupil is approximately 2 mm smaller than the 20 year-old pupil [26]. This helps reduce deterioration of visual quality with increased age and increased corneal and lenticular HOA. It also limits the benefit of SA correction with aspheric IOLs. One simulation [26] estimated that for a patient with a 4 mm pupil, a centered spherical IOL and full spectacle correction, fully neutralizing SA adds less benefit than would be gained by correcting 0.25D of defocus. This potential benefit increases with increased pupil size, but with senile miosis it is unclear whether these effects are clinically significant. In light of these doubts as to the clinical benefits of aspheric IOLs, let us turn to the results of clinical studies which compared spherical and aspheric IOLs.


    




    

      CLINICAL STUDIES COMPARING ASPHERIC AND SPHERICAL INTRAOCULAR LENSES




      

        Ocular Aberrations




        The following review includes reports comparing spherical and aspheric IOLs, as well as reports comparing aspheric IOLs to each other. The IOLs that appear most often in the literature were the first to be made commercially available and so the review focuses on these three models: the Tecnis, AcrySof IQ and SofPort IOLs. In recent years, other aspheric IOLs appeared on the market. These new models tend to imitate the basic strategy of one of the three IOLs mentioned above (Table 1); they either fully correct the average corneal SA like the Tecnis, partially correct the average corneal SA like the AcrySof IQ or are aberration free like the SofPort.




        

          Table 1 Selected aspheric intraocular lenses and their induced asphericity




          

            

              

                	



                	IOL Asphericity with a 6 mm Pupil [µm]

              


            



            

              

                	Tecnis Z series (AMO)



                	-0.27

              




              

                	Acrysof IQ (Alcon)



                	-0.2

              




              

                	SeeLens AF (Hanita)



                	-0.14

              




              

                	ReStore aspheric (Alcon)



                	-0.1

              




              

                	Staar Affinity (STAAR Surgical)



                	-0.02

              




              

                	Sofport AO (B&L)



                	0

              


            

          




        


      




      

        Spherical Aberration




        All reviewed studies comparing spherical and aspheric IOLs found significantly lower ocular SA in eyes with an aspheric IOL. Eyes implanted with either the Tecnis [14, 16, 18-20, 27-30] or AcrySof [31-34] IOLs had significantly lower ocular SA even at 3 and 4 mm apertures, while the SofPort [35-38] IOL significantly lowered SA at a 5 mm aperture. In studies comparing different aspheric IOLs [35, 38-40] the trend was for the residual SA at 6 mm with a Tecnis IOL to be approximately 0 um, with the AcrySof IQ 0.1 um and with the SofPort AO about 0.2 um. Considering that the average corneal SA at 6 mm in the population is 0.27 um [6-8], and the SA correction at 6 mm in the Tecnis (-0.27 um), AcrySof IQ (-0.20 um) and SofPort AO (0) IOLs, these results are in line with pre-operative expectations. It can be concluded that all three aspheric IOLs affect post-operative SA in the pseudophakic eye to the degree intended and significantly reduce SA in comparison with spherical IOLs.


      




      

        Higher Order Aberrations




        The effectiveness of aspheric IOLs at significantly reducing the level of total ocular HOAs is less clear. The Tecnis IOL was found to not significantly reduce total ocular HOAs at 4mm [16, 18-20, 27, 29] in comparison with a variety of spherical IOLs. At 5 mm two studies [15, 41] found no significant reduction in HOAs with the Tecnis and one study [tc4] found lower total HOAs. Two studies found the Tecnis IOL reduced HOAs at 6 mm [20, 41], while three studies [27, 29, 42] found no significant reduction. Many of these trials compared the Tecnis with an IOL with a different shape, optic angulation, refractive index and material. This confounding factor makes it difficult to clearly determine whether differences in HOAs were induced by IOL asphericity alone or whether other factors played a role. When HOAs at 4mm were compared between a Tecnis Z9000 and the 911 Edge (a spherical IOL with the same platform) one study found HOAs significantly reduced at 4 mm [14] and the other study found no difference [18].




        Nearly all of the trials that tested the AcrySof IQ compared it to the Alcon Acrisof Natural [SN60AT], a spherical IOL with the same basic design and material as the AcrySof IQ. At a 4 mm aperture, eyes with the IQ had significantly lower HOAs in comparison with the SN60AT in one trial [32], and no significant difference was found in two other trials [31,33]. At 5 mm, four trials found significantly lower HOAs in eyes implanted with the IQ [43-46] and two other trials found no difference [33, 39]. All three HOA magnitude comparisons performed at 6 mm [31-33] found that the IQ significantly reduced HOAs.




        The trend in both of these groups of studies is that the Tecnis and AcrySof IQ are more likely to reduce the magnitude of ocular HOAs at wider pupil diameters. This result is in line with expectations because the IOLs are designed to reduce only SA, and the magnitude of the SA correction is greater at larger aperture diameters where SA forms a larger proportion of total HOA magnitude. In contrast, spherical IOLs increase ocular SA, especially at larger aperture diameters, which magnifies the difference between aspheric and spherical IOLs with pupil dilation. In fact, it is possible that the reduced HOA levels are due to not implanting a spherical IOL that induces HOAs, rather than the magnitude of SA correction in the aspheric IOL. Studies which compared the Tecnis, AcrySof IQ and SofPort IOLs to each other [39, 47] found no difference in HOA magnitude at any aperture diameter between 4 and 6 mm. Still the question remains, even if aspheric IOLs effectively reduce HOAs compared with spherical IOLs, do they provide any clinical benefit?


      


    




    

      Visual Acuity




      Nearly all reports in the literature have concluded that there is no evidence that aspheric IOLs improve visual acuity post-operatively [13, 15-17, 19, 20, 27, 29, 30, 32-38, 41, 43, 44, 46-55]. Two papers did find a small but statistically significant BCVA advantage in eyes implanted with the Tecnis 9000 [28,56]. One of these compared the Tecnis 9000 to the Alcon SA60AT [56], a result not corroborated by another similar study which compared the same two IOLs [27]. Given the weight of evidence in the literature it can be concluded that high contrast photopic BCVA measurements are not significantly improved by implanting an aspheric IOL in the place of a standard spherical IOL.


    




    

      Contrast Sensitivity




      Contrast sensitivity measurements, more than visual acuity, have been shown to predict functional vision and visual performance for a range of object scales. A significant improvement in contrast sensitivity might, if present, support the widespread implantation of aspheric IOLs despite the lack of evidence demonstrating improved visual acuity. Comparative studies of aspheric and spherical IOLs have been carried out mainly under either photopic or mesopic testing conditions at between 1.5 and 18 cycles per degree (cpd).


    




    

      PHOTOPIC CONTRAST SENSITIVITY




      

        Tecnis




        Fourteen studies compared photopic contrast sensitivity between eyes with a Tecnis IOL and those with spherical IOLs. Seven studies [27-28, 41, 49, 56-58] found the group with the Tecnis IOL to have significantly better photopic contrast sensitivity at one or more spatial frequency. In seven other studies [15-16, 19, 29-30, 48, 59] no significant difference was found between IOLs at any spatial frequency. A significant benefit, if present, was most likely to be found at 6 cpd, where six studies [27, 28, 49, 56-58] found the Tecnis to significantly outperform the spherical IOL. A problem with many of these comparative studies involving the Tecnis IOL is that the spherical and aspheric IOLs often differed in more ways than just the aspheric surface. Differences in material and design of the IOLs may have played a role in the results. In the two studies that compared the Tecnis IOLs with spherical IOLs using the same platform, [15, 30] both found no significant difference in photopic contrast sensitivity.


      




      

        AcrySof IQ




        Nine articles compared the Acrysof IQ to the Acrisof Natural model SN60AT, an IOL with the same platform. Five showed no improved photopic contrast sensitivity at any spatial frequency [32, 34, 44, 46, 52], while four showed improved contrast sensitivity at one or more spatial frequencies [43, 51, 54, 60]. As with the Tecnis IOL, benefit of an aspheric IOL was most likely to be found at 6 cpd, although only three studies demonstrated a significant benefit at that spatial frequency [43, 54, 60].




        In summary, while there is some evidence that aspheric IOLs can improve photopic contrast sensitivity, especially at around 6 cpd, the contradictory outcomes in the literature make it difficult to draw definitive conclusions. It is possible that the small study populations in many of these studies, the large majority of which contained less than 50 eyes per subgroup, did not provide enough power for a small benefit of aspheric IOLs to achieve statistical significance. Even if true, it is unclear if this small benefit would provide the average patient with any clinically significant improvement in quality of vision. Another point to consider is that at a luminance of 85 cd/m2, where most of these photopic measurements were performed, the average pupil diameter in the population analyzed was approximately 3 mm [17, 32, 35, 36, 43, 52, 56]. At this aperture width, no significant improvement in the magnitude of HOAs with aspheric IOLs has been demonstrated as shown previously. If an improved HOA level is associated with improved visual function, it is more likely that improved contrast sensitivity will be conclusively found to occur at the larger pupil diameters induced by reduced lighting conditions.


      


    




    

      MESOPIC CONTRAST SENSITIVITY




      

        Tecnis




        Twelve studies compared mesopic contrast sensitivity between eyes with spherical IOLs and eyes with a Tecnis IOL. In nine of these studies [16, 27, 28, 30, 41, 49, 56, 58], a significant advantage was found with the Tecnis IOL at one or more spatial frequency and only three reports [19, 29, 59] found no significant difference. A benefit, if present, was most likely to be found at a spatial frequency of 3 or 6 cpd where seven reports found the Tecnis provided improved contrast sensitivity.


      




      

        AcrySof IQ




        Results with the AcrySof IQ also suggested a significant benefit with aspheric IOLs. All seven studies [43, 44, 46, 51, 52, 54, 60] found the aspheric IOL to provide the recipient with significantly better mesopic contrast sensitivity at one or more spatial frequency. Six of these studies found significantly improved contrast sensitivity at a spatial frequency of 3 cpd.




        These mesopic contrast sensitivity measurements were performed at a median luminance of 3-6 cd/m2 where the average pupil diameter in the study population is of about 4 mm [28, 32, 35, 43, 44, 48, 52, 56, 61]. At this larger pupil diameter there is more potential benefit in correcting SA as it causes a larger proportion of total HOAs. As expected by simulations, contrast sensitivity improved significantly under these conditions, with a large majority of studies showing a benefit for aspheric IOLs over spherical counterparts at one or more spatial frequency. But the question remains: are these benefits clinically significant?


      


    




    

      Subjective Visual Function




      Two studies compared patient satisfaction with aspheric and spherical IOLs. One [48] compared subjective visual function in patients with bilaterally implanted Tecnis 9000 or AcrySof MA60AC IOLs and found no difference in Visual Function-14 scores. Another study [50] compared the AcrySof IQ to the AcrySof SA60AT and found no statistically significant differences in vision- related quality of life with the National Eye Institute Visual Functioning Questionnaire [NEI VFQ-25], despite significantly lower HOAs and SA levels in eyes with the aspheric IOL. The authors explained this discrepancy by stating that many people in their patient population performed few tasks requiring highly functioning nighttime contrast sensitivity like night driving. More careful patient selection may have improved the subjective benefit enjoyed by trial subjects.


    




    

      Optimal Spherical Aberration Correction




      A more fundamental flaw than poor patient selection in many of the comparative studies between spherical and aspheric IOLs is the assumption that any single aspheric IOL should be a one-size-fits-all solution. In one study the corneal SA in patients presenting for cataract surgery ranged from 0.055 um and 0.544 um at 6 mm [7]. Implanting a Tecnis IOL into each patient may leave a large group with an average post-operative ocular near zero [17], but individual patients with nearly no preoperative SA would end up with a highly negative final ocular SA. As a consequence, the group would experience suboptimal benefit from the aspheric IOL. Selecting an IOL based on the patient’s specific corneal SA error and aiming for a particular value of post-operative asphericity may provide more predictable results for each patient.
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