ABSTRACT

There is wide-spread recognition of
progressive addition lenses (PALs) as a
tool for the correction of preshbyopia. Less
heralded is their utilization when the need
SJor an addition is not based on this condi-
tion. The selective spatial effects of dif-
ferent PAL designs may prove useful in
more specific optomertric therapies. The
potential to make such applications
depends on an understanding of the under-
Iying principles and consequences of PAL
design. Those principles are dealt with
qualitatively, affording the practitioner the
opportunity to intelligently select and
apply progressive addition lenses.
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ne need only thumb
through almost any cur-
rent optometric journal to
see how much progressive addition lenses
(PALs) have become part of the routine
delivery of eye care. Not too long ago, at
least in the United States, PALs were only
fit by more adventurous optometrists and
opticians, but today there is hardly an oph-
thalmic professional who is not prescrib-
ing progressive addition lenses.

A number of factors have contributed
to that change. Perhaps most significant is
the technological progress that has stimu-
lated the manufacture and use of a wide
variety of alternative designs. Second in
importance, but related, is the changing
attilude of professionals toward the com-
promises that are required to achieve the
enhancement of continuously changing
POWeETr.

Beller designs and an improved un-
derstanding of the application of these len-
ses have led not only to their wider use,
but also to a realization that PALs have
applications for other than presbyopes. In
this paper I hope to spur you to think about
circumstances in which PALs might be a
ool for rendering care o your young
patients and to review the general charac-
teristics of PALs that might help you make
that determination.

There are both cosmetic and func-
tional reasons for considering the use of
PALs for the youthful patient. An early
and persistent criticism of progressive ad-
dition lenses was that the motivation for
their wear was solely cosmetic and that
they provided no useful intermediate lens
powers. However, clinical studies in

which PALs were clearly preferred over
blended bifocals, have established that
while cosmesis is probably a factor in the
growing use of PALs, the functional utility
of the intermediate zone is recognized and
appreciated.

Cosmesis is certainly to be con-
sidered when deciding on the form of near
correction to be provided the younger
patient. Children very often object to the
appearance of bifocals, and parents are
prone Lo interpreting their child’s wearing
a bifocal as an indication of a serious
defect reflecting unfavorably on their
parental performance or heredity. As a
result, it can be difficult to gain acceptance
of a correction and/or proper compliance
for its wear, when use of a near addition in
the form of multifocals is the therapy of
choice.

The issue of patient compliance is a
serious one. [t embraces not only wearing
the spectacles, but ensuring ils appropriate
use as well. Francis Young,” a research
psychologist who believes that the use of
near additions by the young can inhibit the
progression of myopia, was chagrined to
find that bifocals prescribed for his son
had failed to halt or slow the progression
of his myopia. A conversation with his son
indicated that he had been deliberately
looking over, rather than through, the near
addition. Subsequent refitting of a bifocal
with a greater segment height and careful
instruction as to the manner in which the
lenses were to be used eliminated that
problem and is reported to have resulted
in slowing the myopic progression.

Certainly, the PAL provides a solu-
tion to the problem of compliance based
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on cosmesis, but the PAL has aneven more
significant role to play because of its opti-
cal properties. Some of these are shared
with bifocals. Be it in simple accommeoda-
tive convergence problems or those suffi-
ciently serious to create strabismus, the
utility of an add in reducing esophoria and
esolropia at near is well recognized.3 The
use of a progressive addition lens for such
cases lends another dimension. Because
the add of the PAL increases as depression
of gaze advances, the effective convex
lens power is roughly proportional to the
accommodative demand. As a result, the
PAL. functionally decreases the accom-
modative convergence to accommodation
(AC/A) ratio. In contrast, the bifocal im-
poses a disconlinuily between the distance
and near visual functions. The effective
AC/A is unchanged, but accommodative
demand changes as viewing crosses the
line between the distance and near fields
of the lens. The choice between these al-
ternative forms of correction will depend
on the patient’s condition and the
practitioner’s rationale for therapy.

PALs also can be used in vision
therapy. Continuous change in accom-
modative demand can be created by either
raising or lowering the lens or changing
the direction of gaze. A hand-held pair of
PALs might be used in a therapy stage
after accommodative rock, going from
gross to more subtle changes in accom-
modative demand and response. Monitor-
ing the accommodative response as the
accommodative demand is changed
gradually might provide useful diagnostic
information.

Other optical characteristics of the
PAL are more directly related to the theme
of this journal. Behavioral optometry
places an emphasis on the developmental
aspects of vision and on the integration of
vision with total organismic function. Op-
tical manipulation of visual space is com-
monly used to that end at some stage of
therapy. The fact that the continuous
change in a PAL's power is accomplished
only by allowing some areas of the lens to
depart from its nominal power provides a
tool for spatial manipulation. Differences
in the design stratégies of the many PALs
enables the informed professional to
select from numerous optical and spatial
effects in dealing with visual problems,
both therapeutically and palliatively.

Blouin atiributes specific beneficial
effects to the use of a bifocal or PAL
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because they produce relatively sharp im-
ages on peripheral areas of the retina. He
deems the blend between the central and
peripheral stimulation afforded by the

PAL to be the more effective.*

Given the array of designs available,
the clinician has many options from which
10 choose. Technical information about
the design and features of lenses tends to
be skimpy. However, by understanding
the general design characteristics of
progressive addition lenses, the clinician
is in a position to evaluate unique spatial
effects and identify the lens best suited for
a particular clinical application. This
paper reviews the principles of PAL
design and their consequences, especially
for practitioners who might otherwise
tend to be less concerned with lens design,
s0 that they can appropriately integrate

PAL use into their clinical practices.

SIGNIFICANT PRINCIPLES OF
PAL DESIGN

A PAL is a lens that contains a
continuously changing range of
powers over some portion of its extent.
As most commonly prescribed, those
powers will range from a distance cor-
rection Lo a near correction, although
a new version aims only at providing
a range of powers at near or inter-
mediate points.

The continuous change of power
gives rise to a number of functional
properties. Most obviously, any object
between the distance and near fields
can be viewed with an appropriate
spherical correction. There is no dis-
continuity between the distance and
the near seeing zones, such as is char-
acteristic of fixed segment multifocal
lenses. This gives the progressive ad-
dition lens its desirable cosmetic fea-
ture--the absence of a visible line. All
of this is accomplished at a price. That
conlinuous change gives rise to areas
containing undesirable cylindrical
components--compromised lens
areas. Those compromises create the
potential for the distortion that
plagued early PAL wearers. Such dis-
tortion is not avoidable, but can be
decreased to be almost inconsequen-
tial. Those compromised lens areas
can also give rise to troublesome
binocular effects. Less often con-

sidered are aniseikonic differences in the
images for the two eyes and induced
prism. Attention has been paid to the ver-
tical prism, which can be significantin the
periphery of many progressive addition
lenses. Knowledge of how progressive
power is achieved will enable the clinician
to understand the differences between len-
ses and the way in which they produce
these effects.

The workings of the progressive ad-
dition lens can be understood as an exten-
sion of the Executive style trifocal, which
is depicted in Figures la and 1b.

The cross-section in Figure la is
idealized in that the curves for each inter-
mediate power do not creale even a slight
ledge, i.e., their tangents are continuous.
This is accomplished by having the longer
radius of the distance section, Ry, change
immediately to the shorter radius, Ra, of

Ry

L/ " R:

DISTANCE

R INTERMEDIATE

NEAR

o

Ny

Figures 1a and 1b. The Executive multifocal madel.
The cross-section in Figure la is idealized in that the
curves for each intermediate power do not create
even a slight edge. I.e., their tangents are coniinuons.
The radius of the distance section, Ry, changes instan-
taneously to R;. the shorter radius of the intermediate
section, which similarly changes 10 R;, the radius of
the most steeply curved section, Because the centers
of curvature of the adjacent curves are on a line that
passes through the point of changing curvature, the
curve is smooth and image jump does not occur as
fixation descends along the cross- section. As can be
seen in Figure 1b, a horizontal cross-section through
the point at which the curve's radius changes from Ry
to R:. as one proceeds away from the vertical cross-
section, the ledge of the Executive multifocal becomes
apparent. More frequent changes of power reduce the
power increment and hence the size of the ledge. If
the segments are made infinitely thin, the vertical
curve changes continuousiy along that cross-section
and the ledge is infinitely thin. A smooth surface
curve can be defined, but the exact desired power
change exists only ulong the infinively thin vertical
cross-section, the um-bilicus. Unwanted astigmatism
is introduced as one proceeds laterally from the um-
bilicus in the region where the power ix changing.
The magnitude of that asiigmatism at @ point Is
proporeional to the rate of change of power on the
umbilicus and 1o the distance of the point from it.
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the intermediate section, which in tum
changes instantaneously into the radius
for the most steeply curved section, R3.
These changes are responsible for the Ex-
ecutive muitifocal not inducing image
Jjump as viewing moves from one field to
the next. But continuity exists only along
the infinitely thin cross-section in which
adjacent radii share common tangents. As
can be seen in Figure 1b, a horizontal
cross-section through the point where R}
changes to Rz, as one proceeds away from
that cross-section the ledge of the Execu-
tive multifocal becomes pronounced. In-
creasing the number of segments over the
same vertical distance will reduce the power
increment and hence the size of the ledge.

Extending the principle further, the
sectors can be made infinitely thin, result-
ing in a curve that changes continuously
along that cross-section. This will also
make the ledge infinitely thin. As a result,
a smooth surface curve can be defined, but
with the exact desired power change ex-
isting only along the infinitely thin cross-
section, the umbilicus. Unwanted
astigmatism is introduced as one proceeds
laterally from the umbilicus in the region
where the power is changing. The mag-
nitude of that astigmatism at a point is
proportional to the rate of change of power
on the umbilicus and to the distance of the
point from it. While the actual curves may
be generated by different strategies, the
practical design consequences are as dis-
cussed above.

Two fundamental characteristics es-
tablish the basic differences between PAL
designs. One is the formula by which the
power is changed between the distance
and near viewing regions, the power func-
tion; and the other is the strategy for dis-
tributing the unwanted astigmatism over
the rest of the lens. But for all lenses the
power is exact only in stabilized areas
where lens power is not changing and
along the umbilicus.

As a consequence, in the region of
changing power between distance and near,
one must determine the limits of accept-
able unwanted astigmatism to establish its
useful lateral extent, usually called its cor-
ridor. It is a function of both the induced
astigmatism and the amount of astigma-
tism the patient will accept. Where power
change is sufficiently gradual it is not un-
common for patients to report no apparent
lateral restraint on function.

The power function can be visualized
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more readily with the aid of
Figures 2a, and 2b. In these two
graphs the ordinale shows the
power of the lens, and the
abscissa the distance below the
distance cenier, measured
along the umbilicus. Figure 2a
shows a linear power function,
A power/ A distance = K. Each
millimeter of eye depression
along the umbilicus induces an
equal power change. Figure 2b
shows a typical non-linear
power function, A power/
A distance # K. The slope of the
curve expresses that function.
The steeper the slope the
greater the rate of change. In
most commercial depictions of
the power function, the dis-
placement is placed on the Y
axis and the power on the
horizontal axis as in Figure 2c.
In this format, lenses with
greater rates of change will
show the shallowest apparent
slope. This can create some
confusion. A clockwise rotation
of 90 degrees provides the
proper orientation.

An early lens design had a
linear power function, but now
almost all PALs have non-
linear ones. The rate of change,
as depicted in Figure 2b, is
usually low leaving the dis-
tance viewing region, increases
to roughly the middle of the
umbilical length, and then
decreases to, or into, the func-
tional reading area. Within
those limits, very different
power functions are applied in
the individual lens designs.
Since the astigmatism is
proportional to the rate of
change, the shape of the so-
called corridor will mimic the
power function. The corridor is
narrower where Lthe power is
changing more rapidly, and
wider where the power is
changing more slowly. In fact,
it is this phenomenon that gives
rise to the hourgiass shape of
the comridor of most progres-
sive addition lenses. The effect
is demonstrated schematically
in Figures 3a and 3b.

a LINEAR .
7D LR=AP/AD=K

DISPLACEMENT DOWN

POWER

b NONLINEAR

POWER

AR=APIAD#EK
DISPLACEMENT DOWN

S COMMERCIAL

HEIGHT

POWER

Figures 2a, 2b and 2¢. The Power Function. This describes
how the add power changes along the umbilicus. Figure 2a
shows a linear power funcition where AR, the rate of change
of power with displacement is, A power! A distance = K.
Each miflimeter of eve depression along the umbilicus in-
duces an equal power change. Figure 2b shows a typical non-
linear power function, A power! A disiance # K. The slope of
the curve expresses.that function. The steeper the line the
greater the rate of change. In most commercial depictions of
the power function the displacement is placed on the Y axis
and the power on the horizowal! axis, as in Figure 2c. In this
Jormat, lenses with greater rates of change will show the shal-
lowest appareni slope. This can create confuston. Roiating
Figure 2¢ 90 degrees clockwise provides the proper orienta-
tion.

DISPLACEMENT DOWN

Figures 3a and 3b. Consequences of the Power Function.
Figure 3a combines a plot of a linear power function, dashed
line, and a non-linear one, solid line, generated hy a polyno-
mial expression. Figure 3b shows how the boundary for each
might look for a given amount of acceptable cylinder. The
linear power function has a constant rate of change and,
hence, its boundary is formed by a pair of vertical lines. The
non-linear power function starts off with a slower rate of
change, so that the lateral extent of the region between the
limits of acceptable cviinder is wider than that for the linear
power function. Further along the non-linear curve, the slope
Is seen to increase with a consequent decrease in the width of
the zone. When the rates of change become equal, the zone
limits for the two power functions are seen to be equal.
Beyond that point the non-linear function’ s width is the nar-
rower because the rate of change is still increasing. At some
point the rate of change beconies a maximum and the zone's
width is narrowest, Beyond, the rate of change continues to
decrease and the changes described above are retraced in
reverse order.

Volume 2/1991/Number 7/Page 173



Figure 3a shows linear and non-linear
power functions and Figure 3b suggests
how the boundary for each might look for
a given amount of acceptable cylinder
when viewed along the optical axis. The
linear power function in Figure 3a (dashed
line) has a constant rate of change and,
hence, its boundary is seen in Figure 3b to
be formed by a pair of vertical lines. The
non-linear power function begins with a
slower rate of change (shallower curve),
so that the lateral extent of the region
between the limits of acceptable cylinder
is wider than that for the linear power
function. As one proceeds along the non-
linear curve, the slope is seen to increase
with a consequent decrease in the width of
the zone. When the rates of change be-
come equal, the zone limits for the two
power functions are seen to be equal.
Beyond that point the non-linear
function’s width is the narrower (Figure
3b) because the rate of change is still in-
creasing (Figure 3a). At some point the
rate of change reaches a maximum and the
zone's width is the narrower because the
rate of change is still increasing. At some
point the rate of change becomes a maxi-
mum and the zone’s width is narrowest.
Beyond that point the rate of change con-
tinues to decrease and the changes
described above are retraced in reverse
order.

There are three related classes of con-
sequences of the design; optical, visual
and functional (see Figures 4a, 4band 4c¢).
Optically (Figure 4a) we can think of the
PAL as divided into precise and
parametric areas. The precise area is the
region that has the nominal distance and
near power; no variation, change, or
progression occurs within that area. The
remainder of the lens is parametric in the
sense that changes are occurring within it
and in that its nature is a consequence of
the designer’s art. The distribution of
power between the distance and near, not
only along the umbilicus, but throughout
the remainder of the lens, and the distribu-
tion of unwanted astigmatism, define the
parametric area.

The visual or perceptual effects (Fig-
ure 4b) are the consequence of the optical
factors noted above. They include the im-
pact on visual acuity, the potential for
distortion, both monocular and binocular,
and binocular effects including vertical
prism.

Figure 4cillustrates a basic functional
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Figures 4a, 4b and 4c. Design Consequences. There are three imterrelated areas of consequences to
PAL design. The most general optical consequence is the division into precise and parametric areas.
The precise area has the nominal distance and near power. The remainder of the lens is parametric.
changes occurring within it that are a consequence of the designer's ari (see text for further discus-

sion.)

consideration; a lens area can be either
usable or unusable. The precise area is
obviously usable, at least at one dislance.
However, the paramelric areas can either
be usable or unusable. The corridor is,
essentially, a parametric area and usable
by definition. The limits of the usable area
are very much a function of the individual
and the environment in which the in-
dividual is operating. For subjects with
small pupils and for less sensitive sub-
jects, more of the parametric area will be
usable. For all subjects, more of the
parametric area will be usable in bright
surroundings. There is certainly a core
parametric area that all would find useful.
Because of its indeterminate nature, the
boundary between the usable and un-
usable area is designated by a dotied line.

ALTERNATIVE DESIGN
STRATEGY

The designer, as he develops a
strategy for producing a new progressive
addition lens, must deal with the interac-
tions of the triad just discussed. In doing
so he has three major parameters at his
disposal. One is the extent of the stable
area he will assign. This may range from
zero, where changes occur over the entire
lens surface, to a maximum, embodied in
the invisible bifocal. The latter, in effect,
has no functional intermediate zone. The
second is the treatment of the corridor. By
increasing the length of the comidor, the
rale of change is decreased so that the
corridor widih is maximized for any given
change in power between distance and
near. The power function affecis the na-
ture of the corridor, as demonstrated pre-

viously. Finally, there is the distribution of
power change and unwanted cylinder
throughout the remainder of the lens.

These factors are not independent,
but interact. As one makes the precise area
larger there is less room for change be-
tween the distance and near zones, result-
ing in a shorter corridor length and, hence,
reduced corridor width and greater un-
wanted astigmatism throughout the lens
periphery. There are a number of basic
ways in which these factors can be
manipulated to produce a specific lens
design.

The most common strategy in the
early '50s and "60s was lo attempt to main-
tain as much stable distance and near field
as possible. This forced a relatively short
corridor and minimal peripheral area in
which to accomplish the power change.
This resulted in a very large peak of un-
wanted astigmatism in the more limited
regions between those two areas. Many
severe symploms were associated with
these earlier commercial lenses.

One way in which the unwanted
astigmatism was decreased was by reduc-
ing either the distance or near precise
areas. Many designs have biased toward
reducing one or the other. The first sig-
nificant modemn success came with lenses
that allowed asphericity in rather large
portions of the distance and near fields. At
least one modern lens allows some un-
wanted astigmatism over the entire lens
surface. This total asphericity allows the
lens designer to minimize the grealest
amount of unwanted astigmatism
produced. That reduction is enhanced by
increasing the corridor lengih.

How much the corridor can be
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lengthened is limited by the fact the near
power must be achieved with a reasonable
lowering of gaze. A longer corridor has
been incorporated in a2 PAL used primarily
for intermediate and near use. The in-
creased corridor results in the distance
field being reduced in size and more
elevated than usual. The reduced astigma-
tism for a given addition power resulls in
wide functional intermediate and near
fields. This is further enhanced by slowing
the rate of change of power in the lower
portions of the lens,

Varying strategies for distribuling un-
wanted astigmatism in the periphery of a
lens are used. One of the newer uses a
bipolar design in which the power changes
gradually between the distance and near
fields. This model emulates the physical
principle, Dirichlet’s Principle,” com-
monly applied in the analysis in the dis-
tribution of energy between two points on
a thin plate maintained at different
temperatures. The resulting distribution of
temperature is the smoothest possible and
its optical analog is believed to provide the
smoothest optical change. Other designers
have taken different tacks. One keeps a
large distance precise area, allowing a
relatively high amount of unwanted astig-
matism in the inferior nasal quadrant of
the lens. Increasing addition power creates
an increasing rate of change and thus an
increase in maximum astigmatism for all
designs. Some manufacturers change the
nature of the power function and the
length of the corridor in an attempt to
compensate for that increase. These
manufacturers advertise different designs
for each add power. The practitioner
would be better served if the nature of the
design differences and their consequences
were provided.

In attempting to deal with the
prevalence of dizziness and similar
symptoms experienced by users of early
PAL designs, much thought was given to
the orienlation of the unwanted cylinder,
orthoscopy. 1t was felt that to the extent
that unwanted cylinder was oriented more
vertically and horizontally, symptoms
would be decreased. However, the visual
instability experienced with PALs is more
likely a function of changing vertical dis-
placement of the image. This is a conse-
quence of the change of spherical power
as one scans horizontally with head fixed
or as one’s head tums while fixation is
maintained.
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Symmetry is an important design
parameter. Most lenses are symmetric, al-
lowing a single lens design to be used for
both eyes. The lens is rotated to achieve
right or left eye orientation. This results in
mismatched nasal and temporal fields.
Those differences can be small, except in
the case of large precise areas which have
a propensity for inducing large amounis of
vertical prism, anisometropia and dis-
parate images. Asymmetric designs allow
one to individualize lenses for each eye
that have similar nasal and temporal dis-
tance fields.

Given the number of design
parameters and the different ways in
which they are treated, it is surprising to
hear some eye care professionals speak of
PALs as virtually interchangeable. Al-
though it is not obvious visually, because
there is no visible line, PALs differ from
each other at least as much as segmented
multifocals. However, the absence of dis-
crete borders makes it difficull to assess
the operational attributes of the lenses.

If I have been successful in providing
a basic understanding of what you can
expecl from a PAL and in stimulating you
to consider ways in which you might apply
these effects, about now you should be
asking, "“Yes, but how do I determine the
operational characteristics of a given
lens?" Manufacturers frequently report
selected properties of their lenses in
tabular form--items such as corridor
length, width of corridor, elc. Because the
consequences of lens design have implica-
tions for the entire lens extent, and be-
cause there is an obligatory trade-off
between performance features, those
specifications almost always provide only
a part of the information that you will
require.

The need for a precise and objective
format for the reporting of the charac-
teristics of a PAL was recognized by the
American Optometric Association Com-
mission on Ophthalmic Standards {(AOA
CmOS). Sheedy et al. undertook to define
and provide just such information.® The
AOA CmOS, working together with in-
dustry representatives, established that the
data required to characterize a lens’s per-
formance could be included in two plots.
The effective powers, cylindrical and
spherical, were to be measured throughout
a Plano lens. Points of equal astigmatism
would be joined together to form an
isocylinder contour and points of equal

spherical equivalenl powers would be
Joined together to form isosphere con-
tours. The axis of the resultant cylinder at
the measured points would be indicated on
the isocylinder plot by a short line. The
"iso” lines would be drawn at 0.50 diopter
intervals with a 0.25 line added to betler
demarcate what I have called the precise
region.

In their application of this approach,
the investigators measured 300 points
throughout a Plano lens with a nominal
+2.00 addition. They abstracted some of
the data in tables, but all of the information
required could be obtained by analysis of
the two plots. The plots allow for in-depth
analysis of lens types and protect the
professional from the commercial propen-
sity to construct tables that show off the
more advantageous features of a particular
lens. While discussing how to use this
information, I will review and expand on
some of the poinls made previously.

Figures 5a and 5b are derived from
their plots of this data. I have chosen two
of several pairs of plots to illustrate how a
lens’s oplical characteristics can be
evaluated. Because it is beyond the scope
of this paper to characterize the universe
of lenses available, 1 have chosen not to
identify lenses. Diagrams are used to il-
lustrate principles. The reader should re-
quest the plots for individual lenses.

The figures provide a snapshot of
most of the useful information one would
want to know aboul a progressive addition
lens. For lens 5a, the maximum unwanted
asligmatism is greater than 2.50 dioplers,
but it islocated more than 40 degrees from
the lens center. In conirast, 5b has a max-
imum unwanted astigmatism in excess of
3.50 diopters and that within 25 degrees of
the optical center. Where there are many
lines, the lens has greater unwanted astig-
matismn. The closer together the lines, the
more likely one is becoming involved in a
lens area that is unusable. Note the design
trade-oft that gave lens 5b a larger precise
distance area. There can be no a priori
Jjudgment as to which lens is preferable.
The "best lens” is a function of an
individual's visual demands and mode of
perceptual adaptation; however, some
generalilies apply. Those can only be
determined in clinical trials, but more
about that later.

The width and extent of the corridor
and reading areas are not bounded simply
by a region in which the unwanted
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