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Hans GoLDMANN:

o0 am not manually skilled by nature,

so when it came to surgery I had to carefully ponder,
and try to understand rationally,

each step of the procedure...”

{From a casual conversalion)

PETER NIESEL:

Purely intuitive skills are difficuli 1o analyze.

The underlving causes of success or failure remain obscure.

This may be why the operative methods

described by one author are often less successful in other hands.
While the method has been learned, the craftmanship has not.
Experience, dexterity and intuition are not consclous processes
and are thus difficull o transfer to others.

The present book is concerned with finding a rational basis
Sor specific surgical manipulations.

{(From the introduction to the first edition of Eye Surgery 1978)



Preface

The second English-language edition of my book Eye Swrgery is almost
a new book. This reflects the developments during the ten years since the
first manuscript was completed. Indeed, the changes have been so far-reach-
ing that a fundamental different ophthalmic surgery has evolved. In the
process, a new “way of surgical thinking™ has emerged, calling for extensive
revisions even in a book that is concerned with the elucidation of basic
principles rather than with individual methods.

In keeping with modern developments, it has been necessary to add new
chapters to this book and revise the old ones. The revisions took the author,
working in his spare time, several vears to complete.

While a book by one author has the advantage of being uniform in
its style and presentation, it also has shortcomings due to the limitations
inherent in a single-author work. It is my hope that, on the whole, the
advantages will outweigh the shortcomings.

Though singly authored, the book would not have been possible without
the help of others. It has thrived on the friendly exchange of ideas at
our University Eye Hospital in Bern — an interchange that was already
lively when the first edition was created, while Prof. Hans Goldmann was
still clinical director, and which has been carricd on by his successors.
I am indebted to Prof. Peter Niesel, who based on his tireless research
into causes and approaches offered important suggestions for the first edi-
tion and continued to offer helpful comments during the development of
this second edition. Besides his daily support, he critically reviewed the
first chapter on spatial tactics and helped to present the material with
greater clarity and precision. I am grateful to Prof. Franz Fankhauser for
reviewing the chapter on laser surgery. I also express thanks to the staff
physicians and residents at our clinic, who by their useful questions and
comments contributed many good ideas.

The number of illustrations has been expanded to 546. 1 was pleased
to rely once more on the help of our university illustrator, Mr. Peter
Schneider, who, in addition to his technical competence as an artist, dis-
played an insight and critical ability which clarified and enhanced my ideas.
Although the new illustrations took a great amount of time and effort
to complete, Mr. Schneider accomplished the job with patience and uncom-
promising accuracy. The reader will readily appreciate the quality of his
work, a quality attested to by the fact that many of his drawings have
since been reproduced in other books, I am very grateful to him,

I also wish to thank the translator of the German text, Mr. T.C. Telger.
After his outstanding work on the first edition, 1 was greatly relieved to
learn that he could undertake the job — a job made more difficult by the
fact that the novel approach and new terminology in this book made it
necessary to incorporate terms from other technical fields. Anyone familiar
with the difficulty of reformulating complicated German syntax into read-
able English will appreciate his achievement.



VIl Preface

My thanks go to Mrs. F. Meier-Gibbons MD and to Dr. Walter Lotmar
for the careful proof-reading.

I express special thanks to my secretary, Ms. Christine Lehmann, for
her tireless work in typing and retyping the text and its revisions. Her
diligence and reliability were an important asset.

I also wish to thank Hans Grieshaber (Ophthalmic instruments Schaff-
hausen, Switzerland), Alcon Ltd. (USA), and Pharmacia AG (Uppsala,
Sweden) for their financial support in the production of this book. Other-
wise the many illustrations would have made the cost of the book prohibi-
tive, With their assistance, it was possible to keep the didactic concept
of the book intact.

I am again grateful to the staff at Springer Verlag for all their care
and effort in the production of the book. They deserve recognition for
the fact that the first German-language edition of Eyve Surgery was listed
among the 50 most beautiful German books by the Book Art Foundation
of the Association of the German Book Trade,

Finally, I thank my wife Susanne and my children Daniel, Miriam, and
Simone for their patience and understanding in accepting all the impositions
upon family life that were inevitable during the creation of this book.

Bern : G. EisnER
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Introduction

Eye Surgery is intended as a “grammar™ of intraocular surgery. However,
is such a grammar really necessary? Is it not better o learn by practice
than by theory?

What is the role of grammar in learning a language? Indeed, there are
people who learn by practice alone. However, while practice may be a
fine way to acquire language skills rapidly for everyday use, it is a laborious
way Lo acquire more sophisticated language skills. It is difficult to recognize
and correct errors without a knowledge of the basic structure of the lan-
guage. Furthermore, grammar makes it easier lo acguire new knowledge
because it facilitates the integration of newly learned material into a whole,
Actually, grammar shortens the path to perfection.

In the same way, it is possible Lo learn surgery by practice alone. Bul
the road to experience is long, and if this is true of routine procedures,
it is even more true when it comes to dealing with complications, ic.,
finding optimum solutions in unexpected situations. [ do not believe that
the trial-and-error quest for experience is compatible with the interests of
the patient. A knowledge of surgical “grammar™ shortens the learning
process. Furthermore, it helps in comparing different methods and weighing
their advantages and disadvantages. Finally, a mastery of grammar makes
it easier to develop new methods, because the basic principles, once learned,
can be applied to novel situations in which experience is necessarily lacking.

The present book s taillored to this * grammatical™ way of thinking.
It describes basic principles of operating technique rather than specific
methods. Like a language grammar that is concerned less with what is
said in the language than with how well it is expressed, Eve Surgery focuscs
not on what is done but on fow something is done,

And just as the length of the paragraphs in a grammar book does not
necessarily reflect the frequency of the problems (“the rules are usually
shorter than the exceptions™), the lengths of the sections in this book do
not correlate with the practical frequency of surgical situations, If selected
problems are presented, they are merely examples intended for training
the reader in a surgical way of thinking that will prove valuable in entirely
different and perhaps unexpected situations.

Our grammatical approach is appropriate for the standard procedures
in the anterior segment of the eve. which usually are performed on normal
tissue in a normal anatomic position. For such tissucs whose properties
are reasonably predictable, the surgeon can rely on geometrical and physical
principles. This applies much less in surgery of the posierior segment, how-
ever, where we are dealing with pathologically altered tissue that has been
displaced from its original position. The primary concerns of the surgeon
are the careful clinical evaluation of the pathology and the development
ol a strategy appropriate [or that pathology. The * grammatical™ aspects
in this tvpe ol surgery play a minor role. Therclore, posterior segment
surgery is not specifically treated in this book. However, a structured
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approach can be derived by analogy with the rules for surgery of the anterior
segment, i.e., space-tactical requirements, instrumentation, the treatment
of lamellar and elastic tissues, etc. When faced with pathology, it is the
surgeon's task to recognize which of the respective rules are applicable
and to find the best solution.

One point must be emphasized: Just as a grammar cannot replace a
language textbook, this book is not meant to replace textbooks on ocular
surgery. Here we tend to assume that the reader is already familiar with
standard operative goals and methods; and when we do detail the steps
in a specific procedure, il is only for the purpose of illustrating essential
technical principles. A clinical evaluation of specific operations is outside
our present scope.

Every learning process poses a dilemma: The whole cannot be known
without understanding its parts, and the parts cannot be grasped without
understanding the whole. A * grammar book™ can be a helpful roadmap
on this complicated path.



The Paradox of High Success

Our goal in studying principles of
surgical technique is to achieve the
highest possible rate of success. Yet
the closer we come Lo this goal, the
more difficult it becomes to per-
ceive the result of our efforts. The
reason for this is what 1 call the
“paradox ol high success” — the cu-
rious fact that, as success rates im-
prove, it becomes increasingly diffi-
cult to substantiate further im-
provements, because they become
— increasingly less apparent

and increasingly difficult to

prove.
The reason for the poor perceptibi-
lity of increments at high success
levels stems from the practice of ex-
pressing success rales as percent-
ages. However, the significance of
a percentage change depends on
whether it occurs at the middle or
extreme end of the percentage scale.
For example, a 10% improvement
from 45% to 55% means very little,
because both rates imply that there
is roughly one success for every fail-
ure. Thus, the success rate (about
1:2) remains essentially unchanged
despite the percentage improve-
ment. In contrast, an improvement
from 80% to 90% means that,
where formerly we could expect
about 5 successes for every failure,
we can now expect about 10. In this
case, then, the 10% improvement
has led to a doubling of the success
rate. Following this trend toward
the extreme end of the scale, we will
find that percentage improvements
that appear negligibly small have a

profound effect on the success rate.
Thus, a rise of only 1% from 98%
to 99% means that, where formerly
we could expect 50 successes per
failure, we can now expect about
100. A further improvement of only
0.5% beyond this point, from 99%
to 99.5%, would be a tremendous
advance, implying that only 1 in
200 patients would be at risk for
failure.

As the percentages rise, of
course, there 15 a corresponding in-
crease in the intellectual and mate-
rial investment necessary to effect
the improvement. Whereas little ef-
fort is needed to boost the rate from
45% to 55%, an increase from 80%
to 90% calls for considerably
greater know-how and technical ex-
pertise, while an increase from 99%
to 99.5% demands a tremendous
investment indeed. The basic prob-
lem is that, as success rates climb,
it becomes increasingly difficult to
justify the expense necessary f[or
further improvements, since the im-
provement may not be amenable to
statistical prool.

This brings us to part two of the
“paradox of high success™: the un-
provability of extremely high suc-
cess rates, The case numbers neces-
sary for statistical proof increase
dramatically with the success rate,
For example, proof (p<0.01) that
a success rate of 80% has been
raised to 30% by a new technigque
would require a data base of 250
cases. Proof of improvement from
98% to 99% would require about

2900 cases, and proof of a 99% to
99.5% increase would require
about 5800 cases. Clearly, the case
numbers necessary for a valid sta-
tistical study (one involving compa-
rable patient populations, the same
operator using a constant, slan-
dardized technigque over the course
of the study, and standardized fol-
low-up procedures) cannot be
achieved in practice. This implies
that extremely high success rates
cannot be proved.

1 address this problem at the start
of the book in the hope that the
reader who seeks to optimize his
surgical technique through inten-
sive study will not become discour-
aged. Even though the results of his
efforts may not be obvious or prov-
able, the certainty of having done
his best for the individual patient
— always the primary concern — will
still bring him satisfaction and will
motivate him toward further refine-
ments of his technique.

LT follows that success rales are more eas-
ily appreciated when they are expressed
as fractions.

* It is important for the surgeon to under-
stand the paradox of high success not just
for his own motivation, but also so that
he can discuss the problem intelligently
with political and adminisirative authorn-
tics who make funding decisions. Obvious-
Iy it is difficult to justify the enormous
costs of increasing & high success rate
when the improvement is neither numeri-
cally impressive nor provable.
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Tactics in Ophthalmic Surgery

Modern microsurgery has revolu-
tionized the conduct of eve opera-
tions. Above all, it has changed the
mode of feedback on which the sur-
geon relies to guide his manipula-
tions. The classic concept of ractile
Sfeedback, in which the operator 13
guided by tissue resistance, has
been largely superseded by a visual
Sfeedback that relies on the evalua-
tion of spatial relationships. With
tissue resistance no longer a critical
factor in guiding the application of
forces, it has been possible to devel-
op finer instruments that are more
in line with the demands of atrau-
matic technique.

But modern ophthalmologic mi-
crosurgery implies more than im-
proved visualization and finer in-
strumentation. It embodies an en-

Tahle 1. Surgical tactics in ophthalmology

tirely new approach to surgical ract-
icy in general. The way of *“classi-
cal™ surgery is to accomphlish a giv-
en lask in a minimum number of
sieps, with ecach step achieving as
many individual goals as possible.
The success of this “synthetic” ap-
proach requires extremely high skill
and dexterity on the part of the op-
erator.”

This contrasts with the *analyti-
cal™ approach of the microsurgical
technique, which permits every sur-
gical action to be broken down into
its individual components. The ad-
vantage of this approach is that
each step can be adapted to a spe-
cific situation, making it easier for
the surgeon to deal with any com-
plications that arise. ?

Tactical goals Targets of Instruments
surgical action
Tissue Diwision Cormea = Knives
Laclics Remowval of tissue Iris Forceps
Uniting Lens - Sutures
Vitreous
Retina
Surface Protection of Endothelium Viscous materials
tactics surfaces Lens capsule - Plastic sheeting
Anterior hyaloid
Inmer limiting
membrane
Spatial - Maintenance or Intranscular Hydrodynamic flow
tactics expansion of chambers and systems
intraocular subcompartments — Viseoelastic
compartmenls materials
- Blockade of Bubbles with
connecting surface * membranes ™
pathways (gas, oil)

Microsurgical technigue, then, is
characterized by an increased
mumber of individual manipulations.
While this has advantages, it also
increases the potential for tissue le-
sions caused by inadvertent move-
ments of instruments or lissues.
Consequently, modern microsur-
gery is concerned not just with the
intended effects of a surgical action
(offensive 1actics) but also with the

! Examples of * synthetic™ manipulations:

— The anterior chamber is opened in a
single maneuver with a cataract knife
or keratome, The incision requires si-
multaneous rotational movements
about various points and thrusting
movements of extreme precision (see
Fig. 5.48), The slightest error will jeop-
ardize the procedure by allowing pre-
mature  collapse  of the anterior
chamber. The result is a unigue tvpe
of incision profile; modifications and
corrections are nearly impossible,

~ Anterior capsulolomy with a forceps
(see Fig. §.44) excises and removes a
picce of the anterior capsule whose size
and shape are difficult 1o control. The
slightest error may result in an inade-
quate capsulotomy, rupture of the pos-
terior capsule, damage to the zonule,
or unintended extraction of the whole
lens.

? Examples of the * analytical ™ approach:

— By opening the anterior chamber with
step incisions made on multiple planes,
the surgeon can accurately control the
shape and profile of the incisions (see
Fig. 5.62) and modify them as needed.
Each step requires special manipula-
tions, but errors in previous steps can
be corrected in subsequent steps, pro-
viding an increased margin of safety.

- Anterior capsulolomics can be per-
formed in multiple “ministeps™ (see
Fig. 8.38) to create an opening of any
desired shape and size. With cach new
step the surgeon is able to correct errors
made in previous steps.



avoidance of undesired side-effects
on the surrounding tissues (defen-
sive lactics).

Offensive tactics, also referred to
as tissue tactics, include such ac-
tions as the grasping, division, re-
moval, and uniting of tissues. The
instruments used for these actions
are forceps, knives, sutures, etc.

Defensive tactics may be subdi-
vided into surface tactics and spa-
tial tactics. Surface tactics are pas-
sive defensive measures in which
protective materials such as plastic
film or viscous substances are used
to keep tissue surfaces from coming
in contact with instruments, im-
plants, or other tissues. Spatial tac-

Tactics in Ophthalmic Surgery 3

tics are active defensive measures in
which surrounding tissues are pro-
tected by maintaining or augmeniing
tissue spaces to create sufficient
room for the numerous micromani-
pulations. This can be accom-
plished by the use of hydrodynamic
systems, viscoelastic materials, or
“membranous implants™ (Table 1).



1 Spatial Tactics

Spatial tactics in ophthalmic sur-
gery are concerned with the shape
and volume of the globe and its in-
terior compartments (Fig. 1.1). The
objective is to alter these parame-
ters or maintain them in a con-
trolled way during the application
of external forces. Spatial tactics
provide the immediate context
within which the cutting, removing,
and uniting of tissues are per-
formed.

The shape of an intraocular
chamber, and thus its volume, i a
function of its wall tension. This
tension results from the physical
properties of the wall tissue and/or
from the pressure inside the
chamber. For a given tissue, then,
a change in the volume of the
chamber is associated with a change
in its internal pressure.

Fig. 1.1. The globe and its compartments
Left side - Mormal anatomy
Righi side: Pathologic spaces

Cloged chamber systens:
1 Antenior chamber
2 Vitreous chamber

Open subcompariments :

3 Iridocorneal sinus

4 Indocapsular interspace
5 Intercapsular sinus

6 Hyalocapsular interspace

7 Cilioscleral interspace (after cyclodia-
lysis)

8 Iridohyaloid interspace (after intracap-
sular cataract extraction)

9 Vitreoretinal inlerspace (afler posten-
or vitreous detachment)

10 Chorioretinal inlerspace (after retinal
detachment)

11 Sclerochoroidal interspace (after cho-
roidal detachment)

1.1 Pressure Systems
for Regulating
Chamber Volume

A pressure sysiem is illustrated in
Fig. 1.2. The pressure in a chamber
P, is determined by the relation be-
tween the inflow volume (V,,) and
the outflow volume (V). The
pressure in the chamber will remain
constant as long as the inflow and
outflow volumes are equal (formu-
la 4). However, the pressure cannot
be set to a predetermined level just
by stipulating the flow-through pa-
rameters because it 15 a ratio and,
as such, P cannot be expressed in
isolation from the other parameters
in formula 5. A given pressure can
be established and maintained only
by a regulating system which mea-
sures the chamber pressure and uses
the measured pressure as feedback
to make appropriate adjustments, !

Of practical importance are the
exireme values that can develop in
a pressure system and the condi-
tions under which they occur (for-
mula 6): The highest pressure is the
initial pressure (P,,,,,), and the pres-
sure inside the chamber approaches
that value when the inflow resis-
tance tends toward zero or the out-
flow resistance tends toward infin-
ity.* The lowest pressure is the ter-

! In the absence of such a measuring sys-
tem, one must rely on an “adequate™
pressure as determined by visual observa-
tion of the chamber volume.

* As a practical example, the occlusion of
a tightly inserted outflow cannula would
produce an infinite outflow resistance.
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minal pressure (P__,). It develops in
the chamber when the inflow resis-
tance tends toward infinity or the
outflow resistance tends toward
zero,

When values are selected for the
initial pressure and terminal pres-
sure, it must be considered that
these extreme values can indeed de-
velop in the chamber under extreme
conditions, so they should remain
within limits that can be tolerated
by the chamber.

In selecting the inflow resistance,
very low values are advantageous
because they permit the selection of
a low initial pressure.* On the other
hand, a high value is advantageous
for the outflow resistance, as this
makes it easier to stabilize the
chamber volume. Free selection of
the outflow resistance is limited by
the fact that surgical goals prescribe

Pressure Systems for Regulating Chamber Yolume 5

entry

out

minimal widths lor openings. Thus,
when planning the pressure system
for a particular procedure, the sur-
geon should first define the outflow
resistance and then adapt the other
parameters to that value.

[n surgical practice, then, the var-
ious types of space-tactical system
that are utilized to control the
shape and volume of intraocular
spaces are classified according to
their outflow resistance:

- systems in which the outflow re-
sistance is so high that, under or-
dinary conditions, there is no
drainage of the chamber con-
tents, and no inflow is needed to
maintain the chamber pressure
(no-outflow systems, Fig. 1.3a);

— systems in which the outflow re-
sistance is within limits that allow
the pressure to be controlled by

Fig. 1.2, Schematic diagram of a system for

regulating pressure in a chamber, Top: in-
flow line. Cenrer: chamber. Borrom: out-
flow line

[1] Inflow pressure Py, =Pun—Pon
Outllow pressure P, =Pou—F..a

[2] Chamber pressure P, = s+ Peut

for small differences between

Ptﬂll'j'un'd Pout Pop= Pulr_r= P
[3] Valumeofinflow V,, = ;i"
P
Yolume of cutllow ¥, =
R
P P
4] V=V hen St = e
[ ] En e WIKCQ Ri" R,.“
Pll Rlﬂ
ar =
Pout Rw-i

[5] Inserting [1] and [2] into [4]:
Pﬂ-rL_Prh i R':n

Prh . P-:M 2 H'nmlu

[6] Therefore:
Whl:l'l Rln _'{'1 lh:“ Pil._' Pmn
when Ry, — oo, then P —=P_ 4
when R, =0, then Py —F,.,
when R, — oo, then P, — P,

regulating the inflow and outflow
(controlled-outflow systems, Fig.
1.3b);

— systems in which the outflow re-
sistance is so low that a given in-
flow system is incapable of pres-

surizing the chamber (wncon-
trolled-outflow  systems,  Fig.
1.3¢).

? As practical examples, the inflow resis-
tance approaches infinity when the inflow
tubing is inadvertently bent; the outflow
resistance tends toward zero when an out-
flow orifice is widely opened.

* As we will see later, however, low values
are problematic when external forces act
on the chamber. Limits are imposed as
well by topographic factors (the size of the
cannula).



1] Spatial Tactics

5

[ , <]

Fig. 1.3. Space-tactical systems

a Mo-outflow system: As outfllow resis-
tance tends toward infinity, no drainage
ocours, 50 there is no need for inflow,

b Controlled-outflow system: The out-
flow resistance is finite and greater than
zero. The available inflow capacity can
compensate for the outflow.

¢ Uncontrolled-outflow system: As out-
flow resistance tends toward zero, the
pressure in chambers open to the outside
approaches atmospheric (=0)

1.1.1 Ne-Outflow Systems

No-putflow systems are technically
straightforward. Primary no-out-
flow systems are those in which the
contents of the chamber remain un-
changed (Fig. 1.4.a, b). It is neces-
sary only to introduce instruments
into the chamber in such a way that
the access opening remains water-
right. Surgical options are limited,
however, since no material may be
removed from the eye, and such
systems are suitable only for proce-
dures involving the division of tis-
sues. * Absolute no-outflow systems
are procedures performed with
lasers.

In secondary no-outflow systems
the chamber is filled with a highly
viscous material (Fig. 1.4¢). Since
the size of the outflow opening is
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not a critical concern in this system,
bulky instruments and implants
may be introduced into the
chamber, and tissue fragments may
be removed. Actually, uncon-
trolled-outflow systems can be con-
verted to secondary no-outflow sys-
tems by filling the chamber with
viscous malterial.

1.1.2 Controlled-Outflow
Systems

The controlled-outflow system is a
regulating system that uses a feed-
back mechanism to coordinate in-
flow and outflow. Theoretically it
would be ideal to have an inflow
capacity large enough to compen-
sate for any outflow that might oc-
cur. In practice, however, there are
constraints: Once the inflow limit
is reached it becomes necessary to
reverse the control mechanism and
regulate the outflow so that it does
not outstrip the available inflow ca-
pacity. With resistance-modulated
outflow, the inflow capacity limits
the permissible size of the outflow
opening (Fig. 1.5a). With pressure-
modulated outflow, this capacity
limits the permissible level of the
suction (Fig. 1.5b).

Controlled outflow systems im-
ply that inflow ceases when outflow
is obstructed. If continuous flow is
required because the infusion must
perform functions in addition to
volume control (e.g., cooling an ul-
trasonic vibrator or a coagulator),
it is essential to avoid total obstruc-
tion of outflow. This danger can be
eliminated by providing a second,
reserve outflow path in addition to
the controlled-outflow path (Fig.
1.5¢c).®

1.1.3 Uncontrolled-Outflow
Systems

If the inflow capacity is not ade-
quate for a given outflow, the
chamber volume can no longer be
pressure-modulated. This is the
case when there is a large chamber
opening, whose lack of outflow re-
sistance would require an inflow ca-
pacity of infinite size (Fig. 1.6a). In
a chamber that has no inflow sys-
tem, even the slightest leak will pro-
duce a state of uncontrolled out-
flow (Fig. 1.6Db).

¥ Such as capsulotomies, iridotomies, and
synechiotomies.

® This is the case in phacoemulsification,
where a deliberate “leak™ iz left in the
comeoscleral opening next to the irrigat-
ing tube to ensure an uninterrupted flow
of cooling liguid.
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Fig. 1.4, No-putflow systems

a.b Primary no-outfllow svstem: The high
outflow resistance is based on the size of
the outfllow opening. A seal is obtained
by adapting the opening to the instrument
diameter.

a An inflow line may be connected 1o the
chamber o alter its pressure (the initial
pressure P, becomes the chamber pres-
sure).

b If just the existing chamber pressure is
to be maintained, no inflow is required.

¢ Secondary no-outfllow system: The high
outflow resistance is hased on the high
flow resistance of the chamber contents,
i.c., the chamber is filled with a material
that cannot drain because of its high vis-
cosity

Fig. 1.5. Controlled-outfow systems

a Modulation of resistance: Outflow is
controlled by modulating the resistance to
drainage through a leaking outflow ori-
fice. The necessary inflow capacity de-
pends on the sine of the leak at the outflow
orifice, which should not be opened to a
degree that would outstrip that capacity.
The outfllow pressure is constant {atmo-
spheric pressure),

b Modulation of pressure; Outflow s
controlled by a cannula whose junction
with the chamber 1s watertight. The neces-
sary inflow capacily depends on the nega-
tive pressure (suction), which should mot
be low enough to outstrip that capacity.
The outflow resistance is constant {(length
and caliber of aspiration cannula).

¢ Combined modulation of pressure and
resistance: The opening around the aspi-
ration cannula is not watertight. Control
is made more complex by parallel outflow
paths, which are partly pressure-modulat-
ed and partly resistance-modulated. A
correspondingly large inflow capacily is
required, and a second inflow line may be
advantageous

Fig. 1.6. Uncontrolled-outflow systems

a When the outllow resistance tends to-
ward zero, infinite inflow would be nesded
to pressurize the chamber.

b If no inflow is supplied (P, /R, =0),
even the slightest wound leak R, will al-
low uncontrolled drainage
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1.1.4 Effect of External Forces
on Regulating Systems

The principle that a particular
chamber volume correlates with a
particular pressure and can be sta-
bilized by maintaining that pressure
15 valid only as long as the pressure
surrounding the chamber remains
unchanged. If the ambient pressure
rises, the pressure inside the
chamber must also rise by a certain
amount to maintain a constant vol-
ume.

It is not enough, then, to deter-
mine how effectively regulating sys-
lems can maintain a specified pres-
sure., We must also determine how
they behave in response to the ap-
plication of external forces.

In chambers whose shape de-
pends on pressure, the pressure in-
side the chamber will rise when its
wall is deformed (Fig. 1.7).7 If out-
flow from the chamber is possible
(1.e., i the outllow resistance is fi-
nite), a portion of the chamber con-
tents will gradually discharge. The

pressure will fall until it again
reaches the level imposed by the
regulating system. This implies,
however, that the chamber has lost
some of its volume and has become
deformed.

The rate at which this loss occurs
is of practical importance. If the

TThe extreme case being a spherical
chamber, where any deformation causes
a volume change and even the slightest de-
formation raises the pressure (see Fig.
1.41).

Fig. 1.7. Response of space-tactical sys-
tems to external forces. When the pressure
in the chamber rises in response 1o exter-
nal forces, outfllow is increased umtil the
pressure reiurns to the stcady-siate level
imposed by the regulating svstem (S).

Meanwhile the chamber 1s deformed, with
maximum deformation occurring in the
steady state. The outfllow rate (for a given
total clasticity) depends both on the level
of the outflow resistance and on the inflow
resislance




volume loss 1s abrupt, the surgeon
has insufficient time to react. The
safest systems, then, are those in
which the pressure reacts very slow-
ly in response to external forces. ®
The critical lactor in this regard
is the owtflow resistance rom the
chamber. The lower the resistance,
the more rapid the volume loss.
This loss is most rapid in an wnrcon-
irofled outflow system, where an ap-
plied force causes immediate defor-
mation of the chamber. In a no-our-
Hflow system, on the other hand, the
force causes only a rise in pressure.
In a conirolled-ouiflow system the
rate of volume loss depends on the
openings that are available lor out-
flow. But in evaluating outflow, it
should be realized that a primary
inflow opening can become an out-
flow opening when the chamber
pressure rises. This means that low
inflow resistances are advantageous
in a controlled-outflow system only
when they serve to correct for pres-
sure fluctuations. They are disad-
vantageous under the action of ex-
ternal Forees becanse they make the
sysiem susceplible to volume loss,

¥ Even when the globe is intact, external
forces cause the imtraocular volume io
change, But aqueous drainage through the
comeoscleral trabeculum occurs against
such a high resistance that external defor-
mation is cffective only when sustained for
a long period (e.g.. seleral buckling in reti-
nal detachment surgery).

1.1.5 Basic Safety Sirategy
for Spatial Tactics

The difermima in pressure-regulating
systems 15 that the maintenance of
4 given pressure can ensure a con-
stant chamber volume only as long
as the environment 1s stable, but
that maintenance of the given pres-
sure means loss of volume from the
chamber as soon as external forces
are applied. Thus, if a system is
chosen that is extremely fast in re-
sponding to pressure changes, it
will also be very sensitive o exter-
nal forces. This is taken into ac-
count in the basic spatial safety
strategy : Optimum spatial stabiliza-
tion is achieved by a control system
that maintaing a constant pressure
by responding quickly Lo pressure
fluctuations within the chamber (in-
fringic factors), The problem of sus-
ceptibility to external forces (ex-
trinsic factors) is solved by imple-
menting measures to protect the
chamber from the action of those
external forces.

In the chapters that follow we
shall describe first the space-tactical
instruments that can be used to
control intrinsic factors, and later
we shall consider means for pre-
venting the deformation of
chambers by extrinsic factors,

Space-Tactical Instruments 9

1.2 Space-Tactical
Instruments

Intraccular spaces can be main-
tained or expanded by the use of
substances which, when introduced
through a small access opening, can
occupy a large volume inside the
chamber, i.c., implants that can be
injected through thin cannulas:

watery implants, whose flow re-
sistance depends chiefly on exter-
nal friction, i.e., on the wall prop-
erties ol the [low sysiem;

= viscons and viscoelastic implants,
which create resistance through
high internal friction; and
“membranous " implanis  (bub-
bles), whose efficacy is based on
surlace lension.
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1.2.1 Watery Fluids
Properties

Watery fluds have an extremely
high molecular mobility and ex-
tremely low internal resistance.
Even the slightest external force will
cause displacement of the fluid.

The initial and terminal pressures
of the Auid are determined by the
pressure sources. In graviiy systems
they are determined by the height
of the water column, which of
course is limited by available space.
Pumps can generate very high pres-
sures, which require valves for their
control (Fig. 1.8).

The initial and terminal pressures
are extreme values. They cannot be
used to calculate the pressure inside
the chamber (see Fig. 1.2). If there
is no precise regulating system, the
surgeon’s only option is to rely on
“experience” for determining and
maintaining the desired chamber
pressure. But this experience is val-
id only for a particalar system
whose parameters are strictly main-
tained. One has to be aware of dis-
turbing factors which alter pressures
and resistances in unforeseen ways,
causing the actual chamber pres-
sure to deviate from empirical
values. The pressure, for example,
can be influenced by elastic phe-
nomena associated with the pres-
ence of air bubbles or the use of
soft elastic tubing. A change of
pressure in the system can cause
elastic energy to become stored and
subsequently released. with corre-
sponding effects on the shape and
volume of the chamber (Fig. 1.9).
Flow resistances in the system are
subject to Poiseuille’s law.® This
? Poiseuille’s law: R =c-"éf-‘

R = resistance

= fluid viscosity

L =length of flow path

r =radius of lumen

The law applies to ideal fluids. For real
fluids, the resistances increase by a signifi-

cantly greater amount when the radius is
decreased.

low high

slow fast

Ulns

pressure

fast {} slm-.ré} L
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Fig. 1.8. Control of pump-driven Muid trans-
port systems. The pressure level is limited
by a valve and can be raised or lowered
by adjusting the pressure dial. The speed

a b

Fig. 1.9, Effect of soft elastic tubing on
pressure control

a When a particle becomes lodged in the
outllow cannula, the outflow resistance
K, rises precipitously. The pressure in the
chamber approaches the initial pressure
P, 8nd the chamber wall expands. The
pressure in the ouwtflow tube falls, ap-
proaching P_,,. But when this pressure,
which 15 set by the valve, is reached the
walls of the tubing have contracted (there-
by storing elastic energy).

at which this pressure level is attained de-
pends on the delivery rate of the pump,
which is controlled by the velocity dial

hpﬂlam

>

b When the obstruction is cleared, the
pressures would return to the preset levels
if the tubing were rigid. But with sofl elas-
tic tubing, the previously stored elastic en-
ergy is abrupily released and briefly aug-
ments the suction, causing a precipilous,
unplanned pressure drop in the chamber.
¢ For reliable pressure stabilization, the
valve should be connected directly to the
chamber



Fig. 1,10, Sources of increased resistance in
the fluid transport path

1. Connector betwesn tubing and drip
chamber

2. Clamp-type Mlow regulator

3, Tubing connecctors

4. Redundant extension tubing

5. Cannula

6. Kink in tubing

7. Connectors and lumina of three-way
stopcock

Fig. 1.11. High- and low-resistance trans-
port systems

a High-resistance sysem. The tubing con-
nector (A) and the handle of the cannula
have a smaller inside diameter than the
tubing itself. Therefore, in this arrange-
ment the ends of the Nexible tubes are not
expanded at their connections with the ri-

gid tubes.

law states that resistance to fluid
flow through a tube is proportional
to the length of the tube and inver-
sely proportional to the fourth
power of its radius. Thus, doubling
the length of the tube increases the
resistance two-fold, while halving
its radius increases the resistance
16-fold. It follows, then, that even
slight reductions in cross-section
will greatly reduce the volume rate
of flow (Fig. 1.10). Unnecessary
constrictions should be avoided in
a fuid transport system, and if such

Watery Fluids 11

b Lowsresistance system: The lumen re-
mains constant und unconstricted as far
as the inlet of the cannula. Therefore, the
ends of the Mexible tubes must expand at
the connections. The lumen of the handle
should be wide, but this 15 not apparent
from external inspection and must be
checked before the equipment is procured.
The cannula should be as short as possible
to decrease resistance

constrictions are necessary due to
space limitations (e.g., cannulas in-
serted into the eye), they should be
kept as short as possible
(Fig. 1.11).'*°

10 Because computational means are not
available for evaluating an optimally bal-
anced Muid trapsport system, the system
should be tested beforehand on a phantom
chamber whose wall characteristics are
like those of the chamber to be protected.
In that way the response of the sysiem
to disturbances (e.g., obstruction of a tube
and storage of elastic energy) can be tested
and optimally adjusted.
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Application of Watery Fluids

Watery fluids are distributed rapid-
ly to all parts of the chamber, re-
gardless of their site of introduc-
tion. Thus, cannulas do not have
to be inserted deep into the
chamber, and the conditions at the
entry site are the only eritical factor
from the standpoint of spatial tac-
tics, 't

Resistance parameters relating to
instrument geometry are not vari-
able and depend on cross-sectional
dimensions: lumen  and external
shape (Figs. 1.12 and 1.13). The po-
sition of the cannula at the entry site
15 variable, however. Raising or low-
ering the cannula reduces the out-
flow resistance, whereas swiveling
movements of the cannula in a later-

o

®
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c

al direction increase it (Fig, 1.14).
Thus, these movements are an im-
portant means by which the sur-
geon can regulate outflow resis-
tance. On the other hand, mowve-
ments of this kind can have signifi-
cant adverse effects when per-
formed inadvertently, especially
when they are unnoticed by the op-
erator. Monitoring of the cannmua
position at the entry site, then, is the
most important safety measure for
the application of watery fluids in
spatial tactics.

11 The direction of Muid Now is immaterial
from the standpoint of spatial tactics.
However, il the fluid stream is used fo
achieve tissue-tactical goals (mobilization
and transport of tissue particles), the posi-
tion of the cannula tip is critical. This is
discussed more fully in Figs. 2.18 and 2.23.

Fig, 1.12. Methods of sealing the access
opening with simple cannulas

a When a cannula with a sharply beveled
tip is thrust directly through the tissue it
creates an opening that conforms exactly
to the outside diameter of the cannula.
Leakage does not occur.

b When a cylindrical cannula is inserted
through a stab incision, the cross-seclions
of the cannula and ingision are incon-
gruent, and the opening around the can-
nula is not watertight.

¢ A flattened cannula conforms betler to
the incision and permits less leakage.

d When a cannula with a sharp bevel is
applied to the incision such that its entire
rim apposes snugly to the tissue, the in-
Jected flwid will wsell open the incision,
and the opening will conform exactly to
the cross-section of the siream. [ remains
open only while the stream 15 maintained,
and reflux cannot occur,

Nete: Whereas the cannula is perpendicu-
lar to the tissue surface in a, b and ¢ (fnsef
top), the cannula in d is applied at an angle
equal to the bevel angle of the tip (inser
hottiant)
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Fig. 1.13. Double cannulas for infusion and
aspiration. Below the perspective drawings
are cross-sectional diagrams in which the
surfaces that critically affect Mow resis-
tance are shown in red. Inflow resistance
depends chiefly on the lumen of the infu-
sion cannula, while outfllow resistance de-
pends on both the lumen and external
shape of the aspirating cannula.

a Parallel arrangement: Both cannulas
are cylindrical with equal ratios of lumen
to surface area. The tolal external cross-
section of this arrangement is analogous
to that in Fig. 1.12¢.

Fig. 1.14. Effect of cannula placement on
wound leak

Left: Perpendicular movements of the
cannula,

a Overhead view,

b Cross-section: When the cannula is pre-
cisely on the wound plane, the degree of
leak depends only on its external shape
(as in Fig. 1.12b, c).

¢,d Vertical movements of the cannula in-
crease the leak, and outflow resistance
falls. Elevating the cannula (c) creates a
fold in the chamber wall above the open-
ing. The fold is visible when viewed from
above. Lowering the cannula (d) makes a
fold below the opening, and the surgeon
is less likely to perceive the danger of in-
creased leak adjacent to the cannula.
Right: Horizontal movements of the can-
nula.

e Slewing movements of the cannula may
occlude the access opening and increase
cutflow resistance

; :

b Coaxial arcangement: Fluid s infused
through the outer tube and aspirated
through the inner tube. The surface area
bordering the stream in the outer tube is
twice that in a circular lumen of equal di-
ameter, creating a correspondingly high
infusion resistance. Hence, the diameter of
the cuter tube must be relatively large 1o
allow for an adequate infusion capacity,
thus accentuating the problem of leakage
around the tube (analogous to Fig. 1.12h).

¢ Coaxial arrangement with a sofl outer
sheath: Since the compliant outer tube
conforms to the wound canal, the lumen
can be enlarged without encountering the
leakage problems in Fig. 1.12b "2

12 Due to their high inflow resistance, rig-
id coaxial cannulas require systems with
a high inflow pressure (pumps or syr-
inges). Soft coaxial cannulas, with their
low inflow resistance, are also suitable for
infusion systems with a low inflow pres-
sure (gravity systems).
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1.2.2 Viscous
and Viscoelastic Materials

Properties

Viscous and viscoelastic materials
are characterized by their high in-
ternal friction. While [low resis-
tance in watery {luids is determined
chiefly by the wall characteristics of
the perfused system (Fig. 1.15a), in

Fig. 1.15, Behavior of fowing watery,
viscous, and viscoclastic substances at con-
strictions

a Watery fluids: As the channel narrows,
the molecules speed up because equal vol-
umes of fuid must traverse all portions
of the channel per unit time.

b Viscous fluid: The relationship of the
degree of viscosity to the lumen of the con-
striction determines whether or not the
Muid can negotiate the constriction.

¢ Viscoclastic materials: The maolecular
chains deform when passing the constrie-
tion, and flow resistance decreases with in-
creasing flow due to molecular rearrange-
ment. Ciiven enough space, the molecules
will regain their original form

viscous and viscoelastic materials it
is determined largely by the specific
rheologic properties of the material
itself.

The basic difference between
viscous and viscoelastic matenals 15
that viscous materials behave like
pure fluids and develop internal
forces only when their volume is
changed; shape changes have no
such effect. Viscoelastic materials,

on the other hand, develop internal
forces when their shape and/or vol-
ume is changed, so they also have
properties of solids.

In purely viscous materials'® the
resistance to flow is based on the
relationship between the degree of
viscosity and the lumen of the per-

13 WViscosity = shear stress per shear rate.

Fig. 1.16. Behavior of viscoclastic material
in a chamber deformed by an external
force: significance of the time factor

a When the force is applied gradually, the
material displays viscous properties initial-
lyv. The outflow resistance, defined by the
viscosity and the size of the outlet, deter-
mines whether any of the material will be
discharged.

b With continued application of the force,
the material displays shear thinning as the
maolecules rearrange and conform to the
outlet. This lowers their outflow resis-
tance, and the material flows from the
chamber at an increasing rate.

¢ When a sherter-acting, violent force is
applied, the material behaves as an clastic
body. The molecules deform without rear-
ranging, and the force 15 stored locally as
elastic energy. No material escapes from
the chamber



fused channel (Fig.1.15b). Flow
propertics arc more complex in
viscoelastic materials'* in that the
resistance to flow changes when the
material is moved. As a model, we
can think of the material as a tan-
gled mass of elastically deformable
molecular chains (Fig. 1.15¢). The
chains are deformed by the action
of external forces, and once the
forees are removed, the chains can
return Lo their original shape. This
process is tme-dependent (Fig.
1.16). If the force is applied violent-
ly, the molecules pack tightly to-
gether and then rebound. If the
force is applied more slowly, the
molecules have time to rearrange.
As a result, viscosity decreases as
soon as fow commences, and the
material flows more readily (" shear
thinning ") (Figs. 1.17 and 1.18).
During phases in which the mate-
rial has viscous properties, the me-
chanical energy of friction is con-
verted to heat. In phases where the
material is in an elasric state, me-
chanical effects lead to the storage
of elastic energy. It is characteristic
of viscoelastic materials that their
rheologic properties change contin-
ually during use, depending on the
speed (change from viscous to clas-
tic behavior) and duration of the
impact {change [rom a high-viscosi-
ty to low-viscosity state).'® The
usefulness of a substance for specif-
ic surgical goals depends on the
shear rate at which the material
changes from one state to another.

" In a strict sense all fuids from water
Lo gas are “viscoelastic,” but the size and
ratic of the viscous and elastic compo-
nents vary greally, In surgical use the term
has come to denole viscous substances
whose elastic component 15 so large that
it can be used 1o achieve specilic operative
goals,

'* Therefore viscosity data are of lintle
vilue as a basis for comparing different
viscoelastic products, since the data are
valid onlv for a given testing method.

Viscosity

]
Shear rate

Fig. 1.17. Viscosity and viscoclasticity. De-
pendence of viscosily on shear rate (scale
in log log units). Substance 4 has a high
viscosity and substance B a low viscosity.
Both are purely viscous, Le., their viscosity
remains constant with increasing shear
rale. Bul i substance C, which is viscoe-
lastic, the viscosily changes with the shear
rate. The material is highly viscous at a
low shear rate and becomes increasingly
flurd as the shear rate increases, This prop-
erty is called shear thinning (* pseudoplas-
ticity™)

Viseous and Viscoelastic Materials 15
Viscosity 1 hiah m.w.
[owe m.w.
T T T T
Shear rate

Fig. 1,18, Dependence of shear thinning on
muolecular structure and concentration. Vis-
cosily depends on the volume occupicd by
the molecules in the flow channel (hydro-
dynamic volume). Maximum viscosity (i.e.
at a low shear rate) is determined chielly
bw the shape and lengih of the molecules
(malecular weight), ie., by the hydrody-
namic volume of the undeformed molecu-
lar mass. Minimum viscosily depends on
the concertration of the molecules in salu-
tion, i.e., on the number of optimally
aligned molecules per cross-section in the
flow.

The curves represent two substances of
different molecular weights in the same
concentration. At a low shear rate, the vis-
cosily of the high-molecular-weight sub-
stance is higher; at a high shear rate, both
substances display nearly equal viscositics
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Criteria for the Selection
of Viscous or Viscoelastic Materials

For the ophthalmic surgeon, wis-
cous and viscoelastic materials have
applications in surface tactics as
well as spatial tactics. If they are
to be used to maximum advantage,
it is necessary to take their different
physical properties into account
even though both types of material
may closely resemble each other in
the resting state.

Viscous fluids are best for appli-
cations in surface tacties, since they
form a thick, uniform protective
coating when applied to surfaces
(Fig. 1.19b). Viscoclastic materials
form *plugs™ which retain their
shape well but protect only against
the action of perpendicular forces
(Fig. 1.19¢).

In spatial tactics, viscous and
viscoelastic materials are used to
create secondary no-outflow sys-
tems. In this application viscous im-
plants behave as fluids which, ow-
ing to their high outflow resistance,
can pressurize a chamber with
larger outfllow openings than can
pure watery fluids (Fig. 1.19b).
Viscoelastic implants behave more
as solids and can be used in either
of two ways: to occupy a space
completely (** visco-occupation ™) or
simply Lo prevent outflow through
orifices (**visco-blockade ™).

In visco-blockade (Fig. 1.20) the
material is used simply to occlude
and seal chamber outlets.'® This
prevents the drainage of fluid that
should remain in the chamber to
keep it pressurized. Visco-blockade
also serves o prevent the undesired

Fig. 119, Comparison of watery, viscous,
and viscoelastic substances.

Lefi: Applications in surface tactics.
Right: Applications in spatial tactics.

a Watery luids: Because of their very low
viscosity, watery fluids are always applied
in & continuous Sstream.

b Viscous substances flow evenly onto Lis-
gue and implant surfaces to form a stable,
uniform protective coating. In spatial tac-
tics, the efficacy of the substance (for a
given viscosity) depends on the size of the
drainage opening.

¢ Viscoclastic substances: A plug of
viscoelastic  material protects  swrfaces
from perpendicular forces (A) but is easily
displaced by shear (8). The efficacy of
viscoelastic materials in sparial tactics de-
pends little on the size of the drainage
opening, 50 they can convert ocular
chambers and subcompartments into sac-
ondary no-ouiflow systems thal maintain
their intcgrity over a given range of
stresses (see Fig, 1.14¢)



Fig. 1.20. Visco-blockade

a Principle: The drainage opening is oc-
cluded with a plug of viscoelastic material.
b Sample ndication: Aqueous drainage
through an antiglavcomatous fistula s
blocked with the object of keeping the
chamber formed in the carly postoperative
period. Aqueous circulation in the remain-
ing paris of the chamber is not affected

influx of extraneous material
(blood, lens cortex, vitrcous) into
certain compartments of the eye.

In visco-occupation (Fig. 1.21) the
size of the chamber outlet has vir-
tually no effect on the maintenance
of pressure, because volume loss is
resisted by forces within the visco-
elastic material itsell (Fig. 1.19¢).
Hence a space can be stabilized
even in the presence of a large out-
fMlow opening. This is of particular
interest in the subcompartments of
the chambers, which cannot be ef-
fectively pressurized by any other
means.

The stabilization of spaces by
visco-occupation differs from stabi-
lization by visco-blockade in the
rheologic situarion that prevails in-
side the space. Visco-blockade does
not alter the environment within

the chamber, whercas visco-occu-
pation replaces the physiologic mi-
lieu in the chamber with a viscoelas-
tic medium which retards the move-
ment of instruments, implants, and
mobile tissues. *”

Side-Effects

The very properties that are advan-
tageous when applied at the appro-
priate sites can be disadvantageous
at other sites.

Visco-occupation of the wrong
compartment in the eye can obliter-
ate the portion of the intraccular
volume that would otherwise be
needed to expand the target com-
partment, making it impossible to
achieve that expansion. Fisco-
blockade at the wrong siles can

Viscous and Viscoelastic Materials 17
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Fig, 1.21. Visco-occupation

a Principle: The entire chamber is filled
with viscoclastic material,

b Sample indication: During the removal
of a sharp-edged foreign body from the
posterior corneal surface, visco-occupa-
tion protects the endothelium and lens
capsule by stabilizing the chamber. Addi-
tionally, the matenal slows the movement
of ohjects, making it easier to control the
foreign body during the extraction

Y6 Pyurely viscous substances are not well
suited for this purpose. A substance
viscous enough Lo eflfectively blockade a
wound (that in Poisenille’s formula has a
large r and a small L) cannot be injected
through a cannula (that has a small r and
a large L) unless it is pseudoplastic. Con-
versely, il a non-pseudoplastic substance
can pass through an injection cannula, it
could only occlude openings that are even
narrower and longer than the cannula.

' The damping of movements (visco-tam-
ponade) s am important protection
against inadvertent movements of instru-
ments and implants. But visco-ltamponade
can also have disadvantages such as the
prevenlion of spontancous iris move-
ments. Further, it allows the transmission
ol shear forces lrom instruments with Fast-
moving parts {e.g., electrically powered
trephines, vibrating knifes) to adjacent tis-
sue (¢.g., corneal endothelium). Visco-oc-
cupation ¢an also prevent the uniform dis-
tribution of drugs injecled intraoperative-
Iy (e.g., acetylcholine, alpha-chymotryp-
sin), making it necessary to flush the
viscoclastic material from the target area
before the drug is injected.
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Fig. 1.22. Application of viscoclastic mate-
rial: avoidance of side-effects when inject-
ing into the anterior chamber through a
small opening, Comparison of injections
into an intact chamber (a, b) and a
chamber that has been drained (e, d).

a, ¢ Injection techniques that lead to side-
effects.

b, d Injection techniques that avoid side-
effects,

a If injection of the material 15 started at
the access opening, a visco-blockade 15
formed. This prevents compensatory
aqueous discharge, the chamber pressure
rises, and the chamber cannot be filled
with the material.

b If the injection is started well past the
access opening, aquecus can leak, and the
anterior chamber can be completely filled
with viscoelastic material.

¢ There is no problem of compensatory
aqueous discharge in an  evacuated
chamber. However, starting the injection
opposite the opening may allow some ma-
terial to get behind the ipsilateral iris. This
occurs when the material presses the con-
tralateral ins and lens downward, thus
widening the access 1o the ipsilateral re-
troiridal space.

d Starting the injection just inside the
opening pushes the iris onto the lens and
keeps the material from entering the ipsi-
lateral retroiridal space. Additional depots
(2 to 5) are then placed about the circum-
ference of the iris until the whole pupillary
margin is blocked. At that time the rest
of the anterior chamber may be filled.

Note: The iwo inseis emphasize that injec-
tion into an agqueous-containing chamber
(started opposite the access opening) is ex-
actly opposite to the procedure used for
an empty chamber (where injection is
started at the opening)



obliterate passages that should re-
main clear in the context of the op-
erative goal. This underscores the
importance of placing viscoelastic
materials only ar the sites where they
are needed and leaving them in
place only as long as they are
needed.

Application

The injection technique differs from
that used for watery fluids, because
the viscoelastic material must be
placed precisely at the target site
and nowhere else. In addition. the
technique should take into consid-
cration that the injection of visco-
elastic implants always produces
volume shifts in surrounding com-
partments. This leads to the follow-
ing rules for the placement of
viscoelastic materials:

- If compensatory volume shifts
are desired (Fig. 1.22b), the path-
ways through which the shifts oc-
cur should ned be obstructed.

- If compensatory shifts are not
desired, the corresponding path-
ways showld be obstructed
(Figs. 1.22d, 1.23b).

Removal of Viscoelastic Materials

The localized removal of viscoelas-
tic material is dilficult. Material 1s
most easily removed from a sub-
compartment if that subcompart-
ment has a compliant, compressible
wall (Fig. 1.24).

rials: avoidance of side-effects following in-
tracapsular lems extraction. Volume shills
inside the chamber.

a Injecting into the pupil first can incite
compensatory vitreous prolapse through
the peripheral indectomy. The prolapse,
often unrecognized, may be injured by fur-
ther maneuvers in the anterior chamber.

Viscous and Viscoelastic Matenals
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b This is avoided by occluding the iridec-
tomy with viscoclastic material (1) before
injecting into the pupil (2)

{

Fig. 1.24. Selective removal of viscoelastic
material from a subcompartment (here: the
retroiridal space). The anterior wall of the
space (i.e., the irs) is pressed inward with
a broad spatula to expel the viscoelastic
material.

Nore: Depression of the iris is maintained
for a sufficient time to allow expulsion of
the slow-Mowing material.

a A large pupil provides an adequate out-
let for the expulsion.

b If the pupil s small, a second, more fa-
vorably positioned outlet is created by iri-
dectomy
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Fig. 1.2:5. Evacuation of an entire chamber
by irrigation with watery Muid

a Evacuation in bulk.. Watery fluid in-
jecied apposite to the access opeming 15
kept inside the chamber by the viscoelastic
material (visco-blockade). When the in-
traocular pressure rises sufficiently, the
viscoelastic plug is expelled abruptly in
one piece.

b Irrigation by dilution. The watery Tuid
is injected just inside the access opening.
The material there is diluted and progres-
sively removed with the irrigating stream

Fig. 1.26. Evacuation by aspiration

a Use of an infusion-aspiration cannula
allows concomitant replacement of the as-
pirated volume.

b Aspiration of viscoelastic material by
dilution. The infusion port should be as
close to the aspiration port as possible
(i.e., at the tp of the cannula) so that the
diluted material is presented directly 1o the
aspiration port.
¢ Aspiration in bulk. This technigque re-
quires an aspiration channel of large cali-
ber due to the high flow resistance of the
- wiscous material, The infusion and aspira-
tion ports should be well separated ; other-
wise Muid of lower viscosily may be pre-
sented to the aspiration port and hinder
the aspiration of more viscous material




Whole chambers can be evacuat-
ed by means of frrigation (Fig. 1.25)
or aspiration (Fig. 1.26). In both
procedures the material can be re-
moved cither in dufk (Figs. 1.25a,
1.26¢) or by difwiion (Figs. 1.23b,
1.26h).

In evacuation in bulk a large vol-
ume of material is extruded at one
time. Thus, a sufficiently large in-
MNow capacity is needed to compen-
sate for the sudden volume loss.
Evacuation by dilution is a more
gradual process in which a continu-
ous fuid stream is trained against
the material to be evacuated. The
pressure in the chamber remains
relatively  constant, and  the
chamber wvolume is easily con-
trolled. On the other hand, the ef-
fect is not easily monitored since it
becomes increasingly difficult to
distinguish the diluted material
from the watery ambient fluid as
the evacuation proceeds.

The slowest way o evacuate by
dilution is to leave the material in
the eye. Over time the material will
be gradually diluted by aqueous
and removed from the eye by natu-

Fig. 1,27, Development of surface tension
at interfaces

a At a water/gas interface, the forces of
altraclion among the waler molecules can-
cel out within the water-filled volume. No
such forces exist on the gas side of the
interface, so the water molecules closest
to the surface experience a net inward pull,

b At a water/oil interface, molecular at-
tractions in the water are opposed by the
(weaker) molecular attractions in the oil.
Surface tension is the result of opposing
force vectors. It is weaker at the water/oil
interface than at the water/gas interface

ral mechanisms, This option is ac-
ceplable when there is reason Lo
continue the effect of the viscoelas-
tic material into the postoperative
period. '®

1.2.3 “Membranous™ Implants
(Bubbles)

When substances that are imperme-
able to watery fluids are injected
into the eye, they form bubbles
whose surface behaves like a mem-
brane with respect to its watery en-
vironment,

Properties

Bubbles are essentially artificial
pressure chambers. They are main-
tained by the surface tension pro-
duced by forces of attraction
among the molecules in the adja-
cent media (Fig. 1.27). For a given
compaosition of the bubble and the
ambicnt medium, the surface ten-
sion of the bubble is inversely pro-
portional to its size. Small bubbles

>
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have a higher tension than larger
bubbles, and smaller coalesce with
larger on contact (Fig. 1.34¢). The
largest “bubble™ is the atmosphere,
and when intraocular gas bubbles
come in contact with the open air,
they collapse.

8 Should evacuation of the material be-
come necessary later (the main indication
being a postoperative rise of intraocular
pressure caused by visco-blockade of natu-
ral pathways for agueous drainage), it can
be released through a small keratotomy.
Small, valve-like keratotomies are opened
by depressing the lower wound margin
{see Figs. 1.14c and 5.22b). The pressur-
ized agqueous will expel the residual visco-
elastic plug through the meision, where-
upon the valve will close spontanecusly.

Gas
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To intraoperative spatial tactics
mainly the surface properties of
bubbles are relevant. Their contents
are significant only in the way of
determining the specific gravity of
the bubble. '*

The surface tension gives bubbles
their spherical shape. Their ten-
dency to retain that shape under the
action of outside forces depends on
the level of the surface tension.

Once in place within the eye,
bubbles move and transmit forces
without direct intervention by the
surgeon. They do this under the ac-
tion of gravity, whose effect is based
on the difference between the spe-
cific gravities of the bubble contents
and the medium.

Gravitational forces are opposed
by friction, which is higher in bub-
bles injected into viscoelastic mate-
rial than in a watery milieu. Ac-
cordingly, the surgeon can control
the behavior of the bubble by ap-
propriate selection of the bubble
contents and ambient fluid. He can
control the direction of bubble mo-
tion by using a light or heavy mate-
rial, *® and he can control the speed
of its motion by providing a watery
or viscous milieu,

The discussions that follow refer
essentially to compressible air bub-
bles, although the specific condi-
tions for incompressible silicone oil
can be inferred from them.

The size of the bubble formed by
injecting a given volume of air de-
pends on the ambient pressure. Be-
cause air 15 compressible, a high
ambient pressure in the chamber
will result in smaller bubbles, and
the volume of the bubble will
change with the pressure in the
chamber.?' The maximum attain-
able size in any given situation is
determined ultimately by the level
of intraccular pressure that can be
tolerated.

Indications for Bubbles

Bubbles, like viscoelastic materials,
have two basic applications in spa-
tial tactics: outflow blockade and
space occuparion.

For outflow blockade, bubbles
produce an occlusive seal of leaks
by virtue of their impermeability.
The integrity of the seal depends on
keeping the eye positioned so that
the site to be occluded is uppermost
(Fig. 1.28). Further the bubble
must maintain sufficient contact
with the margins of the opening
that is to be occluded. The larger
the bubble, the ecasier the blockade,

Fig. 1.28. Outflow blockade with bubbles

a Principle: The outlet is placed in a posi-
tiom where it will be occluded by the bub-
ble, and it is maintained in that position.

b Example: Temporary blockade of aque-
ous drainage through an antiglavcoma-
tous fistula, analogous to the situation in
Fig. 1.20b. In contrast 1o a viscoelastic
blockade, the effect depends on how well
the necessary wpright position can be
maintained

¥ On the other hand the chemical compo-
sition of the bubble contents is relevant
to postoperative goals, for it determines
the duration of placement (absorption
time) and size progression of the bubble
in the postoperative period. Gases that are
soluble in blood are rapidly absorbed.
Bubbles composed of exogenous gases
(e.g.. sulfur hexafluoride, perfluorocar-
bons) in which the partial pressure of
blood gases is lower than in the environ-
ment tend to absorb oxygen, nitrogen, and
carbon dioxide. Therefore bubbles of this
type expand in the carly postoperative pe-
riod, and some time passes before the bub-
ble diminishes in size. By mixing air and
gazes forcign to the blood in appropriate
ways, the surgeon can have some control
over postoperative bubble size. Bubbles
composed of silicone oil may retain their
original size indefinitely, though with pas-

sage of time they may become emulsified
by the “stirring™ action of tissue irregular-
ities in the occupied compartment (e.g.,
vitreous strands),

0 Gases and light silicone oil are lighter
than agueous, heavy silicone oils are
heavier.

* Paradoxically, a bubble may become
smaller as additional air is injected (there-
by raising the chamber pressure). If a bub-
ble 15 injected into a chamber that is under
high pressure, it will enlarge postopera-
tively as the intraocular pressure falls due
to natural aqueous drainage. This expan-
sile effect is countered by the opposite and
simultancous effect of bubble absorption,
It should be noted that the énlargement
in this case is not due to the uptake of
blood gases but relates to a fall of intra-
ocular pressure.



For space occupation, bubbles

can be used to occupy and seal off

spaces that lack natural barriers
against the influx of extraneous tis-
sues and fluids (Fig. 1.29a).22 The
ambient pressure will determine
whether manipulations can be per-
formed within the occupied space.
If the vitreous pressure does not ex-
ceed atmospheric, the surgeon can

work in the occupied space while
the incision is held open. In this
case the air in the eye commumni-
cates with the air outside, which oc-
cupies the portion of the chamber
that was previously evacuated
(Fig. 1.29¢). However, if the vitre-
ous pressure does exceed atmo-
spheric, the bubble must remain
pressurized. Iis integrity as a pres-

>
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Fig. 1.29. Space occupation with a bubble

a A bubble completely Gilling a large com-
partment keeps the space free of tissue
parts and fluids. I the surgeon now at-
tempts to pass an instrument into the
chamber, open air may come in contact
with the bubble surface, causing the bub-
ble to burst and collapse.

b When used to aid the removal of a for-
eign body from the anterior chamber, the
air bubble must be positioned so that it
is isolated from the incision by a flud
layer (F).* If the layer is a watery Muid,
mstruments designed for wse in no-out-
flow svstems should be used because of
the low outfllow resistance. If the layer 15
a viscoelastic material, bulkier instruments
may be used.

¢ Air entering the anmterior chamber
through an open incision does nol form
a pressure chamber and is simply an exten-
sion of the outside environment. The pres-
ence of this air indicates that the vitreous
pressure does not exceed atmospheric. As
there is no danger that air will be expelled,
manipulations may be performed frecly.
Inset: When the anterior chamber pressure
equals atmospheric, the presence or ab-
sence of a formed chamber depends not
on relative pressures but on the intrinsic
stiffness of the cornea. The situations on
the left and right are identical in terms
of pressure

22 Example: When the anterior hyaloid
has been destroved, an air bubble can be
injected to define a space that is entirely
devoid of vitreous. The bubble surface
acts as an artificial hyaloid, enabling the
surgeon to develop an effective counter-
pressure in the anterior chamber to the
vilreous caviiy.

¥ In contrast to viscoelastic materials
(Fig. 1.21), air is suitable for space occu-
pation only if the globe can be appropri-
ately rotated.

sure chamber can be maintained
during manipulations only if instru-
ments are passed into it in a way
that keeps it separate from the out-
side air. This is done by keeping the
bubble surrounded by an adequate
fluid layer. The outflow resistance
of this MMuid then limits the pressure
at which the bubble can still be
maintaimed,
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Side-Effects of Bubbles

During operations the major prob-
lem with bubbles is their poor reli-
ability as spatial stabilizers. If ma-
nipulations bring their surface into
contact with the open air, they rup-
ture. In this case their surface ten-
sion and extremely low outflow re-
sistance allow a large volume Lo es-
cape the chamber so rapidly that
collapse is inevitable; the lost air
cannot be replaced with an equal
fluid volume at the same speed.
Consequently, bubbles provide reli-
able space-tactical instruments only
in situations where they can be kept
isolated from the environment by
suitable positioning (Fig. 1.29b).

Fig. 1.30, Obstruction of aqueous circula-
tion by an air bubble

a With the patient in an upright position,
the bubble occludes the superior basal iri-
dectomy. The possibility of agueous circu-
lation through the pupil depends on the
pupil size,

b If the pupil is too small, the basal iridec-
tomy can be uncovered by moving the pa-
tient 1o a supine posilion

Postoperatively, bubbles may ob-
struct paths that should remain
open for aqueous drainage, causing
a rise of intraocular pressure. This
problem is avoided by repositioning
the globe (or the patient) as required
{(Figs. 1.30 and 1.31). I the neces-
sary position cannot be maintained
around the clock, additional drain-
age openings can be created to
provide for adequate aqueous flow
drainage (Fig. 1.32).




b
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Fig. 1.31. Obstruction of agueous circula-
tion in the aphakic eye by an air bubble
in the wrong compartment

Application of Bubbles

The technique of bubble injection
into the eve affects the size of the
bubble but does not determine its
site of action. The latter depends on
the migratory tendency of the bub-
ble, i.e., on the position of the globe
(Fig. 1.33) and on the pattern of
flow resistances inside the chamber
(Fig. 1.34). Accordingly, the site of
action of bubbles can be influenced
by repositioning the eve and elimi-
nating resistances. 24

The size of bubbles can be con-
trolled by the application tech-
nigue, at least within the limits im-
posed by the intraocular pres-
sure.?* The choice of the injection
site affects the attainable size in the
sense that the bubble may collapse
il it can reach the atmosphere at
the access opening (Fig. 1.33). The

a Adr trapped behind the iris in an aphak-
ic eye blocks the pupil and obliteraies the
anterior chamber.

location of the access opening has
no effect on bubble size only if the
opening is completely sealed around
the injection cannula (see Fig.
1.12a), or il the pressure in the
chamber does not exceed atmo-
spheric (see Fig. 1.29¢).

The injection technigue influences
bubble size in that air injected forci-
bly is likely to form multiple small
buhbbles instead of a single large one
(Fig. 1.35a). A large bubble is
formed by advancing the cannula
to the center of the emerging bubble
and then inflating it gradually by
slow, steady pressure on  the
plunger (Fig. 1.35b, c). Thus, in
contrast to the injection of watery
fluids, where the cannula remains
near the access opening, an air-in-
jecting cannula should be inserted
well into the chamber. The tip
should be placed initially at a site

b Moving the patient to the prone posi-
tion removes the bubble from the irs and
restores circulation through the pupil

Fig. 1.32. Obstruction of aqueous circula-
tion in the aphakic, vitrectomized eye: vitre-
ous replacement with silicone oil

a A silicone bubble can obstruct the pupil
in the aphakic eve. Aqueous collects be-
hind the iris, forcing the silicone oil
through the pupil towards the cornea.

b Aqueous circulation 15 restored by iri-
dectomy. The silicone bubble returns to
a spherical shape and remains behind the
pupil. The indectomy 15 placed infenorly
for light silicone oil and superiorly for
heavy oil

where sufficient space is available
for the desired bubble size (this
does not coincide with the site of
action!) and then advanced into the
bubble itself.

4 Besides the problems shown in Fig. 1.34
associated with the presence of viscoelastic
material in a watery milieu, nonhomoge-
neities can result from the entry of vitreous
into the anterior chamber. This can lead
to the undesired spread of air bubbles into
the vitreous cavity.

2% If the bubble cannot attain a sufficient
size at the tolerable intraocular pressure,
the only recourse is first o lower the pres-
sure by the drainage of chamber Muid.
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Fig. 1.33. Injection of bubbles into a watery =
milicu

a If injection is attempted from a high
point, the air is in contact with the atmo-
sphere initially, and a bubble cannot be
formed — unless the chamber pressure does
not exceed atmospheric.

b A bubble injected from a low point will
rise from there to the highest point. Air
can be injected until the bubble reaches
the access site, i.e., downward expansion
of the bubble is limited by the position
of the access opening

Fig. 1.34, Injection of bubhles into a nonho-

mogeneous milien {irregular distribution of

watery and viscoelastic material)

a Air hubbles injected into 2 nonhomo- b
geneous milieu follow paths of least resis-

tance. Passing along walery “tracks.™

they mav become trapped behind the iris

or behind an implant.

b Preparation of a homogeneous milieu

in the target area (here, below the corneal 1.33
apex). Undesired spread is prevented by

injecting watery fuid into the target area

to create a lecalized homogeneous miliew.

¢ Air is then imjected into the homoge-

nized area




Fig. 1.36. Removal of bubbles: using buoy-
ancy to expel a light silicone oil bubble.
The globe is rotated until the outlet is up-
permost. Fluid is infused at another site
to replace the lost volume and maintain
the chamber pressure

Fig. 1.35. Technique of air bubble injection

a If the cannula tip is held stationary
while injecting air, the bubble will detach
and rise as soon as it has sufficient buoy-
ancy, and multiple small bubbles will
[orm.

b To obtain a single large bubhle, the can-
nula tip must be advanced into the bubble
during the injection.

¢ The bubble will gradually expand as air
is injected **

% Note: A slow injection rate is essential.
Rapid injection may produce multiple
small bubbles, especially if the surround-
ing aqueous contains emulsifying proteins.
As stated earlier, small bubbles have a
higher surface tension, 50 they require
more eénergy for their production than
large bubhbles.

Removal of Bubbles

The simplest way of removing bub-
bles is to position the access open-
ing so that the bubble is expelled
by its own buoyancy (Fig. 1.36).
This method is excellent for silicone
oil bubbles, which, because of their
viscosity, move slowly and allow
ample time for volume replacement
with fluid to prevent ocular col-
lapse. Gas bubbles are expelled too
rapidly for this type of volume re-
placement, and the suitability of
buoyancy expulsion for gas bubbles
depends on whether an abrupt vol-
ume loss of that size can be tolerat-
ed.

The needle aspiration of bubbles
can be more accurately con-
trolled.*” If the opening of the can-
nula is held ¢lase to the bubble sur-
face, Muid may be aspirated rather
than gas. The cannula should be in-
serted to the center of the bubble
to ensure that its contents are aspir-
ated (Fig. 1.37¢c). Small bubbles
that are displaced by the needle
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Fig. 1,37, Aspiration of air bubbles

a Small air bubbles are “capturcd ™ by in-
Jecting a second, contiguous bubble. (1t 15
paradoxical that the aspiration of air be-
gins with an injection!)

b The sccond bubble is enlarged by ad-
vancing the cannula tip to its center (se¢
Fig. 1.35¢). When the second bubble has
attained sulficient size, both bubbles will
coalesce,

¢ Finally the cannula is advanced to the
center of the single large bubble, The can-
nula should be kept at the center of the
bubble until the aspiration is completed

rather than penetrated because of
their high surface tension can be en-
gaged by injecting a large adjacent
bubble (Fig. 1.37a) and allowing
the bubbles to coalesce before as-
pirating (Fig. 1.37b).

*" This lechnique may cause problems
with silicone a1l bubbles because of thar
high viscosity (see Fig. 1.15b).
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1.3 The Field
of Spatial Tactics

1.3.1 The Pressure Chamber
of the Globe

The globe of the eye is a sphere
(Fig. 1.38), so any lorce that de-
forms the globe will reduce its vol-
ume and raise its internal pressure
(see Fig. 1.41). Very high pressures
may be reached owing to the me-
chanical strength of the cornea and
sclera. In the operated eye, the at-
tainable pressure level depends on
the quality of the wound closure.

Because of the very high out-
flow resistance through natural
aqueous dramage pathways, some
time is required for an increased
pressure to return to its initial level
and for any volume loss to occur
(see Fig. 1.7). Acute forces do no
more than raise the intraccular
pressure, while forces ol longer du-
ration lead ultimately to delorma-
tion of the globe. **

Fig. 1.35. The pressure chambers of the
eye. The pressure chamber of the overall
globe is approximately spherical. The dia-
phragm subdivides it into two smaller
pressure chambers that are nonspherical.
Besides anatomic factors, the position of
the diaphragm depends on the pressure
differential between the two chambers.
When the anterior chamber 15 breached,
the viltreous forms the only pressure
chamber, and vice versa

1.3.2 The Pressure Chamber
of the Vitreous

When the anterior chamber is
opened and communicates freely
with the outside air (i.e., anterior
chamber  pressure=atmospheric
pressure), the pressure chamber of
the vitreous humor remains. This
differs from the overall pressure
chamber of the globe in its shape
and wall strength. Because the vit-
reous pressure chamber is nof a
sphere, external forces will not nec-
essarily reduce ils volume or raise
its pressure. The anterior wall of the
vitreous chamber, the diaphragm, is
thinner and more distensible than
the cornea and sclera, and it may
be weakened further in the course
of operative mancuvers.

The diaphragm consists of several
membranes arranged in sequential
layers (Fig. 1.39). If one of these
membranes is perforated during the
course of an operation, it 15 no lon-
ger part of the pressure chamber, 2*
and the remaining wall is weak-
ened. The innermost layver of the di-
aphragm is the anterior hyaloid
membrane. Once this membrane is
breached, the vitreous ceases to
form a pressure chamber (Fig.
1.39d).

The distensibility of the dia-
phragm makes it a uscful guide for
evaluating the relative pressures in
the vitreous chamber and anterior
chamber. This forms the basis for
the semiology of the diaphragm

I8 Permanent deformations like those pro-
duced in buckling retinal detachment op-
erations cause a pressure rise immediately
after the sutures are tightened, posing a
threat to blood circulation in the eve. If
decompression by natural drainage is too
slow, lower-resistance drainage must be
established by surgical means (e.g., punc-
ture of the anterior chamber),

2% Mote: The iris, being perforated by the
pupil, does not actually contribute o the
anterior wall of the wvitreous chamber.
However, ils opacily makes il an impor-
tant indicator of the behavier of the trans-
parent membranes of the true diaphragm.

d

Fig. 1.39. The vitreous chamber: effects of
surgical measures on its anterior wall (the
diaphragm)

a When the anterior chamber is opened,
the anterior wall of the vitreous 15 [ormed
by the lenticulozonular membrane, con-
sisting of the weak, distensible zonule and
the rigid. stable lens.

b When the anterior lems capsule is
opened, the diaphragm consists of the
ronulocapsular membrane, which con-
tains no rigid parts.

¢ Il the zonulecapsular membrane is
breached, the witreous chamber is
bounded only by the very delicate anterior
hyaloid membrane.

d With rupture of the anterior hyaloid,
ihe wvitreous loses its containment and
ceases 1o oxist s a pressune chamber



(Fig. 1.40). As long as the dia-
phragm remains in its anatomic po-
sition, the pressure in the vitreous
chamber equals that in the anterior
chamber. Thus, when the anterior
chamber 1s opened, the diaphragm
will remain stationary only if the
vilreous pressure is zero (Le., equal
to atmospheric). Anterior movement
of the diaphragm signifies that the
vitreous pressure exceeds the pres-
sure in the anterior chamber. The
difference may result from negative
pressure in the anterior chamber
(capillary attragtion of the dia-
phragm to the posterior corneal
surface), in which case the pressure
in the vitreous may still be low
(Fig. 1.40a).*° But if the difference
results from elevated pressure in the
vitrcous chamber, the surge of the
diaphragm is not limited to the an-
terior chamber, and intraocular
contents may even be exteriorized
{Fig. 1.40¢).

Recession of the diaphragm signi-
fies a fall of pressure in the vitreous
space. If not caused by surgical ma-
nipulation, a recession of the iris
should raise suspicion of a ruptured
anterior hyaloid with prolapse of
free vitrcous into the anterior
chamber (Fig. 1.40¢).

Fig. 1.40. Semiology of the diaphragm. In-
dicators of vitreous pressure with an open
anterior chamber.

a “Megative pressure”” prevails in the an-
terior chamber when the diaphragm is
pulled forward by capillary attraction.
The iris trabeculae are pressed Nat against
the inner corneal surface, and their normal
contour is obliterated.

b With a positive pressure in the vitreous
chamber, the anterior chamber discharges
maost of 1ts contents, but the iris contour
15 preserved, and some chamber volume
is retained at the pupil. Iris flattening as
in & is very unusual in case of a non water-
tight chamber, and a further rise in vitre-
ous pressure would most likely produce
the situation in ¢.

¢ Vitrcous prolapse: If the vitreous pres-
sure hecomes high enough to overcome
the elastic resistance of the cornea, the dia-
phragm will protrude outward through
the wound.

=

>
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)

d When the anterior chamber is repressur-
ized 1o a level matching the vitreous pres-
sure (by cffective wound closure and fuid
infusion), the diaphragm returns 1o ils an-
alomic posilion.

¢ A fall of vitreous pressure is manifested
by recession of the diaphragm. This occurs
when the pressure chamber of the vitreous
is destroyed, and signifies perforation ol
the anterior hyaloid

1.3.3 Effect of Deforming Forces
on the Pressure Chambers
of the Eye

Any deformation of the entire globe
will raise the intraocular pressure
(Fig. 1.41). Only the magnitude of
the applied forces is significant; the
site at which the forces are applied
15 immatcrial. But lor the pressure
chamber of the vitreous, the site of
force application is an importani
Factor. Deformations above the dia-
phragm do not affect the vitreous
chamber or its pressure. Deforma-
tions ai the level of attachment of
the diaphragm reduce its area and
relax the membranes, which then
may undergo significant displace-
ment or prolapse.”! Deformations
below the attachment of the dia-
phragm do not change its arca, and
the diaphragm remains tense. The
pressurg in the chamber can rise
and stretch the membranes, possi-

M Besides referral Lo morphologic signs
(Fig. 1.40a, b), negative pressure in the
anterior chamber can be differentiated
from a high vitrcous pressure by placing
a few drops of watery Mluid on the wound
margn, With a negative pressure the flud
will be sucked into the wound, and the
diaphragm will recede. With a high viire-
ous pressure this will not occur, and it is
neeessary (o repressurize  the anlerior
chamber by effective wound closure so
that its internal pressure can again be in-
creased 1o the level of the vitreous pressure
(Fig. 1.40d).

3 Tris prolapse is based on different mech-
anisms, since the iris is not part of the
diaphragm (see footnote *°, p. 28). A pro-
lapsing iris first flattens against the wall
of the globe, for a time acting as a valve
and restoring the pressure chamber, A fur-
ther pressure rise will canse the ins (the
least stable part of the wall) to bulge and
protrude through the corneal opening (see
also Fig. 7.3¢). Ins prolapse thus depends
on the pressure in the entire globe, not
just in the vitreous chamber, and can be
produced even by deformations above the
diaphragm.
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Fig. 1.41. Deformation of the globe. A
sphere has the smallest possible ratio of
surface area to volume. Any change in its
shape will reduce the volume, No matter
where the deforming forces are applied,
the effect is the same (Pascal’s law)

bly to the point of prolapse or even
rupture (Fig. 1.42).%?

Even in the breached vitreous
chamber, the effects of a deforming
force depend on its site of applica-
tion. Since the pressure in the vitre-
ous can no longer rise, the only ef-
fect of applied forces is to deform
the vitreous body. For a given vol-
ume displacement, the rise in the
fluid level is greatest when the de-
forming force is applied at the level
of the vitreous face, thereby reduc-
ing its surface area (Fig. 1.43).

32 The two mechanisms of prolapse differ
fundamentally. The prolapse of Fig. 1.42b
is a purely anatomic displacement caused
by geometric factors at low pressure; the
membranes may remain intact and are re-
ducible when the cause has been removed.
The prolapse mechanism of Fig. 1.42¢ is
caused by increased pressure, is associated
with stretching of the membranes, and
poses significant risk of membrane rup-
ture,

Fig. 1.42. Deformations of the vitreous
chamber. The effect of deforming forces
on the vitreous body depends on the site
of application,

a Deformation of the globe antenor to
the diaphragm has no effect on the pres-
sure chamber.

b Deformations of the globe at the level
of the diaphragm relax the membranes
and can cawse significant vitreous dis-
placement without raising the vitreous
pressure.

¢ Deformations posterior to the dia-

phragm tense the membranes and raise the
vilreais pressung

effects  in  the

Fig. 1.43. Deformation
breached pressure chamber of the vitreous.
Here too, the effect of the deforming force
depends on the site of the deformation.

a Deformations of the globe above the
vitreous face do not affect its level.

b Deformations at the level of the vitreous
face reduce its surface area. The Nuid face
nses markedly in relation to the displaced
volume, and prolapse occurs.

¢ Deformations below the vitreous face
do not change its surface area, so the fluid
face rises less than in b



1.3.4 Deformations Caused
by External Forces

Mechanisms

Every external force acting on the
globe has two effects: displacement
of the globe within the orbit and
deformation of the globe itself
Which effect is predominant is a
matter of resistances. When there
is high resistance 1o ocular displace-
ment, an applied force will tend to
deform the globe rather than dis-
place it. Conversely, the globe will
undergo little or no deformation if
it is mobile enough to be pushed
aside by an applied force, i.e., if its
passive mobility is high. The inward
mobility of the globe is determined
chiefly by the resistance of the orbi-
tal cushion (Fig. 1.44a). Its outward
mobility is limited by the resistance

>
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of the extraocular muscles and of
any mechanical barriers such as lid
retractors, tense eyehids, etc
(Fig. 1.44b). Movements of the
globe about its center of rotation
meel minimal resistance because the
eve and orbit, much like a spheroi-
dal joint, are designed for maxi-
mum freedom of rotation (Fig,
1.44c).

External forces will deform the
globe only il its passive mobility is
restricted. ** Unrestricted passive
mobility, then, offers the best pro-
tection against unplanned deforma-
tions of the globe. On the other
hand, excessive mobility is clearly
disadvantageous when it interferes
with planned surgical actions.
Thus, unrestricted passive mobility
is appropriate as a general safety
strategy for most of the operation,
but for specific manipulations it may

be necessary to suspend passive mo-
bility by temporary fixation of the
globe.

In the immaobilized globe, the di-
rection of application of the force
vectors determines the effect on the
ocular pressure chambers. Maxi-
mum deformation is produced by
perpendicular  vector components
and minimum deformation by fan-
gential vector components (compo-
nents parallel wo the ocular surface).
Thus, manipulations with perpen-
dicular vectors are appropriate only
when deformation of the globe is
intended (Fig. 1.45a). Otherwise
they should be strictly avoided and
replaced with techniques that in-
volve just the application of tangen-
tial forces (Fig. 1.45b).

*? Examples: Passive ocular mobility may
be reduced by increased orbital resistance
dug to mfiltration with anesthetic or
blood, or by a high muscle tone.

Fig. 1.44. Factors influencing the passive
mobility of the globe

a The resistance to fmwaerd movement of
the globe depends on the compliance of
the orbital cushion.

b Resistance to owrward movement of the
globe depends on the distensibility of the
ocular muscles and other adnexa.

¢ Movemenis of the globe about its center
af rofation encounter minimal resistance
and actually are limited only in pathologic
states (e.g., abnormal muscle tension, ad-
nexal scarring)

Fig. 1.45. Effects of deforming forces on
the immobilized globe

a Perpendicular vector components (di-
rected toward the center of the globe)
cause maximal deformation of the ocular
chambers.

b Tangential vector components {parallel
Lo the ocular surface) cause mimimal defor-
mation
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Fig. 146, Stabilization of the chambers by
corsel systems

a Total protection can be achieved only
by the complete encasement of the eye
obviously an impractical solution.

b Partial corsel systems protect against lo-
cally applied forces. But if the forces dis-
place the corset as a whole, the corset sys-

Fig. 1.47. Stabilization of the vitreous
chamber

a A ring fixed to the globe at the level
of the diaphragm attachment stabilizes
against deformations that cavse the grea-
test shifis of intraocular tissue (see also
Figs. 1.42, 1.43).

b If the ring is attached at the insertions
of the extraocular muscles, the force of
the muscles is distributed over a larger and
more stable area, so their deforming ac-
tion is reduced

i |

Fig. 1,48, Protection of the equatorial zone

a Indentation of the equatorial region by
contraction of the extraccular muscles.

tem itself can be a source of deformation,
the effect depending on the width of the
System.

¢ Maximum reduction of the syvstem
width leads to a simple stabilizing ring.

-

d Specially configured rings for local use
protect specific arcas rom deformation
(e.g.. the marging of excisions) but do not
protect entire chambers, As static fixation
instruments, their application lies more in
the area of tissue tactics than spatial tac-
s

b

b The equator is protected by placement
of a second ring.

C

¢ In a simpler system having the same ef-
fective width (analogous to Fig. 1.46h),
the primary ring carries outrigger exten-
sions that slip beneath the muscle inser-
lions



Protection from External
Deforming Forces

External corset systems suitable for
practical use are always a compro-
mise (Fig. 1.46). In principle, sys-
tems with a large contact area
would be most effective in protect-
ing the eye from compression -
but a large contact arca is potential-
ly destructive when forces become
large enough to displace the entire
corset (Fig. 1.46b). Reducing the
contact area to a minimum leads
to a simple ring configuration.

Stabilizing rings arc most effec-
tive when they are used 1o protect
the greas whose deformation would
be most hazardous from the forces
most likely to cause such deforma-
lions. Rings attached at muscular
insertions accomplish both goals.
They reduce the pressure caused by
unforeseen muscular tension (Fig.
1.47b) while also stabilizing the
area of attachment of the dia-
phragm, whose deformation is
known to cause the greatest clinical
problems (Fig. 1.47a).

Of course such rings cannot pre-
vent indentation of the globe by the
eve muscles at the equator, where
the ocular diameter exceeds the ring
diameter, A second stabilizing ring
would be needed to prevent equato-
rial compression by muscle tension
(Fig. 1.48). %3

Internal stabilization can be ac-
complished with viscoelastic mate-
rials, which offer resistance to de-
forming forces by virtue of their
elasticity.

3 Pressure = force per unit surface area.
** The risk-to-benefit ratio of a two-ring
system 15 not very favorable, since defor-
mations in the equatorial region produce
a relatively minor effect (see Fig. 1.42¢)
that can be managed with an appropriate
margin of deformation (g.v.). Conversely,
a two ring sysiem, especially with con-
nected rings, behaves like the partial corset
in Fig. 1.46b,

1.3.5 Deformation by Hinge Folds

The mechanism for opening a flap-
shaped incision involves rotation of
the flap aboul an axis connecting
the ends of the incision {(Fig. 1.49).
This rotation produces a hinge fold,
which can deform the vitreous
chamber (Fig. 1.53).

The formation of a fold on a
sphere is associated with complex
tissue displacements (Fig. 1.50).

The most important of these effects
can be charactenized as “ intramural
alignment™ and " extramural align-
ment. "

Deformation by Hinge Folds 33

Fig. 1.49, Formation of a hinge fold. Any
incision that does not follow the path of
a great circle produces a Map that can be
clevated to open the wound. The flap ro-
tates on an imaginary “hinge axis™ (A)
connecting the ends of the incision. If the
fMap is turned upward, the domed ocular
surface along the hinge axis becomes Mat-
tened, and a fold is produced

Fig. 1.50. Analysis of fold formation,
When a fap is raised, the axis of rotation
must be straight even though the ocular
wall is spherical. To form the axis, all parts
of the ocular wall lying above the straight
ling conmecting the ends of the incision
must move onto that straight line (the im-
aginary hinge axis). Any change in the
spherical contour of the globe has far-
reaching effects. The most important of
these effects occur on the vertical plane
() through the axis (ends of the Nap-
shaped wound). This plane is indicated in
subsequent figures, which illustrate the
surgically relevant changes in detail
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Intramural alignment refers to the
rotation of the wound surfaces in the
direction of the hinge as the flap
is raised (Fig. 1.51). This rotation
is accompanied by stretching and
compression of the tissues encom-
passed by the incision, setting up
a resistance whose magnitude de-
pends on the angle between the
wound surface and the hinge line.

Extramural alignment is the flat-
tening of the ocular dome that oc-
curs over the hinge axis. This causes
the ends of the wound Lo move
apart, the degree 'of separation de-
pending on the height on the dome
above the hinge axis (Fig. 1.52). If
this diverging effect is opposed by
a high resistance (due, for example,
to the stiffening of the tissue during
intramural alignment), raising the
fap will cause an inversion of the
ocular dome with a correspondingly
greater mass effect upon the vitre-
ous (Fig. 1.52d).

The effects of a hinge fold on vit-
recus pressure depend on the posi-
rion of the hinge fold relative to the
vitreous chamber. With corneal
folds, the anterior chamber pro-
vides a certain spatial reserve, and
the position of the hinge axis in re-
lation to the diaphragm will deter-
mine whether a danger is posed to
the vitreous (Fig. 1.53).%% Scleral
flaps always affect the vitreous
chamber, and even the slightest in-
folding will elevate the vitreous
pressure,

The problems of hinge folds can
be reduced by an appropriate inci-
sion techmique., Thus, iniramural
alignment is influenced by the pro-
fife of the incision, which can be
modified so that the primary angle
between the wound surface and
hinge line is zero (Fig. 1.51b, d).
Extramural alignment is influenced
by the shape of the flap, which can
be tailored to minimize the height
of the ocular dome (Figs. 1.54,
1.55).

/’:"
A

Fig. 1.51. Intramural alignment

a The wound surfaces form the angle «
with the hinge axis. On elevation of the
flap, the wound surfaces rotate through
this angle as they align onto the plane of
the hinge axis.

b If the wound surfaces lie initially on one
plane, x is zero. The surfaces are not twis
ted as the flap is raised, and there is mini-
mal resistance to hinge formation. *”

¢ In other types of incision = is greater
than zero.*®

d When these incisions are opened as
flaps, the ends of the wound twist until
they are on a straight line. Resistance to
thiz torsion is climinated by giving the
wound surfaces the shape that would re-
sult from the twisting action, i.e., by cut-
ting the ends so that they lie on the hinge
axis primarily (see Fig. 5.55¢)

¥ With a shallow anterior chamber, rais-
ing a Map causes an immediate rise of vit-
reous pressure. Even the initial attempt to
raise the flap may incite vitreous prolapse.
** For example: keratome and cataract
knife incisions have surfaces that lie pri-
marily on the hinge line (see p. 164=168).
*¥ Arbitrary angles can be made when cut-
ting with scissors.



Fig. 1.52. Extramural alignment

a Because an arc is longer than its tendon,
the lateral ends of the wound must sepa-
rate as the domed wall Nattens, The extent
of this separation (E) depends on the
height of the dome (F) above the hinge
axis,

b £ is small in short Nap incisions, so lat-
cril separation is slight.

¢ H is large in long incisions, so there is
greater lateral divergenee of the wound
ends,

d If this divergence is opposed by a high
resistance (R), the dome will bow inward,
and hinge formation will have a greater
COMPTEssIve
chamber

effect on the vitreous

1.54

Fig. 1.54. Reducing the dome height over
the “hinge™ by dividing the Nap into seg-
ments. Dividing a scleral Map into multiple
subsegments shortens the distance be-
tween the wound ends for each segment.
The dome heights over the subsegmenis
are smaller than over the complete flap.
A Hinge of entire flap, B axcs of its sub-
segments

Fig. 1.55. Reducing the dome height by
converging the ends of the incision. 117 the
base of a scleral fap is made narrower
than its free border, the hinge line is short-
ened as the dissection proceeds, and the
depth of the fold is decreased

Deformation by Hinge Folds 5

Fig, 1,53, Effects of hinge-fold formation
on the vitreous chamber. [f the diaphragm
is above the imaginary hinge axis, it will
be pressed downward as the hinge lforms,
and the vitreous pressure will rise
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1.3.6 Margin of Deformation

Obviously the globe cannot be to-
tally protected from the effects of
deforming forces. Yet clinical expe-
rience shows that not every defor-
mation does jeopardize the surgical
goal. Some degree of deformation
can be tolerated in each phase of
the operation, and this degree,
which can be defined and quanti-
fied, is called the margin of deforma-
rion. It determines the necessary
precision of surgical manipulations.

The margin of deformation that
is available in a given case depends
on the surgical goal. If the pressure
chamber is intact (e.g., il the globe
has not been punctured or incised),
the margin of deformation is deter-
mined by the pressure that the ocu-
lar wall can withstand. If the
chamber is open, the margin of de-
formation equals the volume of ma-
terial that may escape from the eve
without compromising the surgical
goal. I any volume loss is unaccept-
able, the margin of deformation is
zero, If the loss of aqueous is accept-
able, the margin of deformation
equals the volume of the anterior
chamber, If removal of the lens is
also proposed, the margin of defor-
mation is increased by the lens vol-
ume. Finally, if vitreous loss is also
compatible with the surgical goal,
the margin of deformation equals
almost the entire volume of the
globe (Fig. 1.36).

A large margin of deformation is
an important safety factor and
gives the surgeon great freedom in
selecting a procedure. On the other
hand, a small margin of deforma-
tion limits surgical options, for it
excludes any procedure that would
deform the globe to an unaccept-
able degree. Increasing the margin
of deformation, then, is an impor-
tant aspect of safery straregy in
ophthalmic operations. There are
two ways of increasing the margin
of deformation for the pressure
chamber of the entire globe: One is

Fig. 1.56. Margin of deformation

a If the goal is to preserve the total intra-
ocular volume, no loss of fMuid or tissue
is acceptable, and the margin of deforma-
tion is zern, The force that the globe can
tolerate is determined by the pressure that
the wound closure can withstand.

b I the goal is lo preserve the vilreous
chamber, aqueous loss is acceptable, so
the margin of deformation equals the vol-
ume of the anterior chamber.

¢ Il the goal is to preserve the vitreous
chamber, and lens extraction is proposed,
the margin of deformation is increased by
the volume of the lens.

d If vitreous loss is acceptable, the margin
of deformation equals practically the
whole intraocular volume

to increase the strength of the ocu-
lar wall by providing a more secure
wound closure that will withstand
a higher pressure. Another way is
to lower the intraocular pressure so
that a greater volume displacement
would be needed to produce a criti-
cal rise in pressure. This can be ac-
complished by reducing the produc-
tion of aqueous®® or by reducing
the volume of vitreous_ *”

If the globe is opened and it is
necessary to preserve the integrity
of the vitreous chamber, there is
only one way to increasc the margin
of deformation: by reducing the vii-
reous volume. The reduction of
aqueous secretion is of no value in
this situation,

One point cannot be overempha-
sized: The margin of deformation is
not a staric quantity. It changes con-
tinually during the course of an op-
eration. All planned manipulations
that have deforming vector compo-
nents (see Fig. 1.45a) as well as all
unplanned deformations consume a
portion of the original safety mar-
gin. As a result, the tolerance to de-
formations may decrease as the op-
eration proceeds,

¥ Example: Carboanhydrase inhibitors,
40 Example: Osmotically active substances,
QCUPression.




The surgeon, then, must closely
monitor the available margin of de-
formation throughout the opera-
tion. It is the measure by which he
must plan the procedure, and it tells
him when he must switch to tech-
niques that cause less deformation.
A sudden decrease in the margin of
deformation*' is an important
warning sign. If it is caused by the
surgical measures themselves, the
remedy 15 to change at once to tech-
niques that have less deforming vec-
tor components. ** If a sudden de-
crease in the macgin of deformation
cannot be ascribed to surgical ma-
nipulations, it must result from oc-
cult deforming forces that must be
immediately identified and brought
under control.**

1.3.7 Summary of Safety Strategy
for External Forces

Deformations by external forces
can be utilized to achieve specific
goals, i.e., pressures can be raised
to effect the deliberaie expression of
tissues (e.g., the lens or its nucleus).
Unintended deformations, however,
are a major source of complica-

Summary of Safety Strategy for External Forces a7

tions, for they lead to inadvertent
tissue expulsions (e.g., iris or vitre-
ous prolapse). The goal of the safe-
ty strategy is to protect the intrao-
cular compartments from the ef-
fects of unplanned forces.

The immediate goal of protective
measures is to eliminate from the
outset forces that cause unintended
deformations of the ocular cham-
bers (prevention). Therefore, the
first step to safe surgery is the care-
ful preparation of the operative field
{(see Chap. 3). During the opera-
tion, planned forces are applied in
ways that cause minimal deforma-
tion, i.e. positioning movemenis are
performed about the center of rota-
tion of the globe (Fig. 1.44¢), and
working movements are applied tan-
gentially (Fig. 1.45b). Deformation
by hinge folds is prevented by em-
ploying techniques that do not re-
quire the elevation of flaps or, if
a flap must be raised, the incision
is tailored in a way that prevents
excessive infolding or inversion of
the ocular wall (sec Fig. 1.51d,
1.54, 1.55).

Because total prevention is im-
possible, defensive measures are im-
plemented to resist the deforming

forces and protect the chambers
from their effects. The ocular wall
may be reinforced externally by at-
taching a corset system or internally
by the introduction of viscoelastic
material.

Because all these measures are of
limited efficacy, every attempt is
made to increase the tolerance of the
chambers to deformations. A large
margin of deformation is the most
important safety factor that can be
provided. Preoperative measures
that reduce the pressure or volume
of the vitreous establish the baseline
margin of deformation. The intra-
operative safety strategy is to stay
within these established limits by
avoiding any deformations that are
not essential to accomplishing the
surgical goal.

*! Evidenced, for example, by a rise of in-
truocular pressure or vilreous pressure
(i.e., forward movement of the diaphragm,
see Fig. 1.400).

*2 E g., instrumenting parallel to the ocu-
lar surface rather than perpendicular to
it, avoiding techmiques that causs expres-
sion.

*3 E.g., the contraction of extraccular
muscles, choroidal hemorrhage (“expul-
sive hemorrhage™).
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