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Abstract—Available output in the Scanning Laser acuity, and contrast sensitivity evaluations where precise
Ophthalmoscope (SLO) may be expressed as radiant power at control of visible stimulus presentations on the retina is
beam pivot (SLO exit pupil), in units of microwati{sW). This  essential. Vision research studies and clinical services
power corresponds to dimensions of brightness (like luminanthat make use of the SLO, however, often fail to report
and retinal illuminance) and to a range of related measures (mthe actual brightness of their testing stimuli in terms that
\(;Ichnfs Im/Vn\}Ze, angl ;rfrl}eo ;rgtlflaflg Vallﬁg in t?]%th fLeoensggsi'\gﬁxwf;t?gcan be immediately related to brightness evaluated in the
' optical perspectives of free and Maxwellian views. Here,

power/troland=1.26*1 pW and 3.15*104 pW for SLO nomi- . ) - .
nal visual angles 40° and 20°, respectively. The factor permits meWVe will consider the relationship between SLO power

sured SLO power to be expressed in units of brightness auSually measured in watts or the more convenient
(inversely) brightnesses of everyday objects to be expressed Microwatts) and brightness (both at the source and detec-
units of SLO power. Examples of both conversions are givertor). From this, we shall derive the numerical factors that
Reference to the literature demonstrates the importance of exprepermit conversion between these two dimensions.

ing SLO power in brightness terms common to everyday activitie

and to visual function-testing instruments besides the SLO.

BACKGROUND
Key words: calibration, laser, ophthalmoscopy, SLO.
Let us take a moment to review some preliminary
concepts. Refer tBigure 1. First, “free view” is the opti-
INTRODUCTION cal perspective of the everyday human observer or, more

_ precisely, “[image formation] with minimal accessory
The Scanning Laser Ophthalmoscope (SLO; refelgpiics (2). “Maxwellian view” is the optical perspective
ence 1) has been used for perimetry, fixation, pursuigf many clinical instruments (including the SLO) in

which the illumination source and natural pupil are con-

This material is based on work supported in part by VA Rehabilitation, JuQate (3) e - . .
Research, & Development Service grant #C838-RAL, the Eye Foundation Photopic “efficacy” is the maximum luminous effec-
of Kansas City, and Children’s Mercy Hospital. tiveness of radiant power (lumens/watt) in the light-
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photometric_ally indistinguishable from image formation by
e e g a nonscanning Maxwellian s_ystem.) Durlng 'Fhe scan, beam
fumnnus gucksss] inskarad i PLANE movement “pivots” about a fixed locus positioned near the
L b B, T e plane of the eye’s natural pupil (more precisely, at its poste-
s e e _J-____ REAE L rior nodal point). This “beam pivot,” the SLO exit pupil, is
— e _1::_:--; the Maxwellian source image at the natural pupil. The SLO
L "'r'_' . |_| radiant power can _be measured at the beam pivot by laser-
) power meters that integrate flux over meter-detector area.
[ Mmsretian View |
PPkt b APERTURE  RETMAL MAGE — CeNERA| METHODS
(s gl FLANE  [measunced)
L P&, 8 Es, T, 84 A
D S | e Integrating over wavelengti) the product of radi-
= [ ant power (P{}) in microwatts (W; as mentioned
e e T above, this unit is more convenient to the SLO user than
e i is the watt) with photopic efficacy at 555 nm, {Kand
- d | photopic efficiency (V4}), we get photopic powerdf)

in lumens (Im).
Fgure O=K,(IM/uW) * | [P{AK(pW) * V{\}] d) (Equat
Two optical geometries. Top (free view): power (solid lines) from a™ — m( m/uW) A [P{A (W) {A}] d\ (Equation
uniform source of luminance (Lis apertured by the natural pupil of 13) (4).
diameters’ and area A. Refracted rays travel'fand fall focused on . .
AR, circumscribed by chief image rays (dashed lines). This producég‘ssumIng constant P and V over a unit

uniform retinal illuminance () with troland value (7). Bottom D=K_(Im/pW) * P(uW) * V (Equation 1b).
(SLO-Maxwellian view): power from a scanning laser beam of uni- m

form luminance (L) creates an optical pupil at its pivot of arga A Inserting standard values TK683*10-¢ Im/uW and

(<Ap') which apertures all source power (RB). The unrefracted \/=0.239 at 633 nm) (5) gives photopic power for the
beam (proceding in a path similar to chief image rays of free viewgl_o (using a HeNe laser)
travels {=f,', scanning through angte and falling on 4. This pro- '

duces uniform retinal illuminance gEwith troland value (T). Ais ~ ®=163*10-6(Im/uW) * P(uW) (Equation 10).
measured area of illumination a distance d from the pivot and . o . .
A=A, 2. Let @ be uniformly distributed over a simulated retinal

area (4 scaled in metér(m?). By the term “simulated”

sensitivity. Together, photopic efficacy and efficiencyWe mean that Ais a plane area in empty (i.e., lossless,
map radiant power into photopic power. In both free anhomogeneous, and |sotrop|c) space, positioned normal to
Maxwellian views, source brightness is often scaled j@nd at a standard emmetropic distangefiém the beam
the dimension of “luminance” (photopic power density aPivot. (Indeed, use of the termacknowledges disregard
the source). Detector brightness, on the other hand, for individual variation in intraocular path length.) Then,
often scaled in the dimension of “retinal illuminance”retinal illuminance is
(photopic power density at the retinal detector). RetineER=q>(|m)/AR(mz) Equation 1d) (6).
illuminance proportionalized to a standard gives the
“troland value.” Dividing corresponding radiant power
and troland values gives the relationship between sourP=g,(Im/m2) * Ag(m2)/[163*10-6(Im/wW)]=Ey * Ay *
(e.g., SLO) power and detector (e.g., retinal) brightness6.13*1C (wW) (Equation 16).
In SLO visible mode, a beam of radiant flux from a . . . N
A conventional brightness relationship in free

monochromatic X=633 nm HeNe laser) source rapidly , . . : . : . .

scans the retinal surface (at roughly 192,000 pixel Iocz(prlmed units) andzMaxwelllan (unprlgned units) views is
’ Te] ! % , ! —] * H

tions), producing an image varying in 256 grayscale increE7R =L' " Appri(f,)? and =L * Ag/(f)? (Equation 23)

ments (from 0 to 255). One full-field scan is completed ir( ),

approximately 30 ms, within the human visual system'where L' and L are source luminances (cé/pA,’ and

energy-integration period. (Image formation by an SLO i:A; are limiting pupil apertures @ f, and { are stan-

Substitutingequations 1cinto 1d and solving for P,
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dard emmetropic distances (16.67*30n). Relative to The projection surface used was the examining
the unit troland (0.00359 ImA)) the troland values (T room wall, located a known distance (d=2.090 m) from
T) of any K’ and K are the SLO beam pivot and normal to beam directiop. A

T'=E./(Im/m?)/0.00359(Im/m)  and  T=E(m/m2)/ was obtained by first tracing the faint luminous outline of
0.00359(Im/d) (Equation 2b) (8). the projected SLO raster scan in an almo_st completely
darkened room and then measuring the included area
The unit troland (0.00359 ImAn is obtained from under full room illumination. A was measured in 5
Equation 2awith L, L=1 cd/n%; Ay, A=10¢m? f/,  experimental sessions conducted over a period of 50
f=16.67 mm. days. Then, by similar triangles,
Dividing Equation 1le by Equation 2b at E'=E, A=A *f2ld (Equation 4).

(equal brightness in both views),

, _ _ . . Substituting A into Equation 3 gives the number of
PIT" (WWitd) = PIT uWitd) = 22.0 " A, (Equation 3), microwatts per tr(ﬁand for uniform, full-field displakable
for Ag given in n?. 1 lists values of A, Ag, and P/TpWi/td) for each session,

Equation 3 allows us to convert SLO power into a session average (Avg), and a. Avg P/&a#0’ is 1.26X

commonly used measure of detector brightness, tr10-3 pWitd and at=20° is 3.15x 104 wWitd.
troland, requiring only a knowledge of,AThe value is Figure 2 showsEquation 3 applied to real SLO
determined in Experiment 1. Then, by using a converdata. P was measured at 25 equal-interval values (gsv's)
tional expression we can convert trolands into a comof the acousto-optic modulator (aom) with a=20° and
monly used measure of source brightness, luminance beam-attenuating filter 3. Measurement was made with

cd/ne. This is done in Experiment 2. an LM-2 CW laser flux detector head (Coherent Optics,
Inc.) positioned at the beam pivot and coupled to a
Experiment 1: Methods and Results Labmaster digital processor (10-Hz acquisition rate).

To evaluate A we measured A the area (in & of  (Digital coupling to the Labmaster permitted RS-232
full and uniform SLO raster scan projected onto a rigidlycomputer interface for data acquisition and storage.
fixed and flat surface at an angular spregadof 20° and However, Fieldmaster analog coupling to the LM-2 for
40°. (The o’'s are manufacturers’ specifications thatmanual acquisition is also possible.) We examined a sec-
define the angle subtended at the beam pivot by the flond generation SLO (model #324, Rodenstock,
raster scan diagonal. Since the SLO display is unconveGermany) using full-field, uniform raster scan of the
tional (it is trapezoidal with negatively curved sides) weHeNe laser beam. Results were corroborated in a

shall refer to it for labeling purposes only. Generation 3 SLO and in an upgraded Generation 1 SLO.
Table 1.
Day « A, (M?) Ag (M2 P/T (nWitd)
1 40° 9.22x 10-1 5.86% 105 1.28x 103
21 40° 9.21x 101 5.85% 10-5 1.28x 103
24 40° 9.17x 101 5.83X 10°5 1.28% 103
45 40° 9.32x 101 5.92X 10°5 1.30% 103
51 40° 8.62x 101 5.48x 10°5 1.20% 10-3
Avg 40° 9.10x 101 5.78x 10°5 1.26 X 10-3
1 20° 2.26x 101 1.43x 105 3.14x 104
21 20° 2.25x 101 1.43% 105 3.14% 104
24 20° 2.31x 101 1.46% 10°5 3.21x 104
45 20° 2.35x 101 1.49% 10°5 3.27x 104
51 20° 2.17x 101 1.38% 10°5 3.03x 104

Avg 20° 2.26x 101 1.43X 105 3.15X 10+
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log [8'(mm)]=0.8558 — (4.01*10-4)*(log [L'(cd/r?)]

T 303031

| HE=0 < . +8.6) (Equation 5d) (10).
1 #1ER o [amme Equation 5d is an empirical relationship relating
ATE . natural pupil diameter (in mm) with luminance (in
7 1 I . f 4maE+00 cd/m¥). It was obtained from pupil sizes of 12 observers
HE- . o o g . . .
v A = viewing 52 fields of uniform luminance. The 13 object
g T . Lamen 3 field sizes listed iMable 2, however, were mostly small-
J e _" = er than this. But, except in the 3 brightest cases (red,
© mispen | tho 2 =+ green, and yellow traffic lights, subtending <1°) ambient
P . and object luminances were similar, allowing comparison
o? [ LOaEad with the literature. In the 3 brightest cases mentioned,
S o ambient luminance exceeded object luminance. But,
RSS2 "'m ma = > P 115 was already minimized by the object luminance. Because

the greater ambient luminance could have no additional

effect, we were justified in usingquation 5d.

Figure 2. Finally, P was obtained by multiplying’ T(from

Actual P {W) obtained from a SLO (right ordinate). Multiplying P by Equation 5a) into values of P/T (from Equation 3),

T/P (tdjuW) at a=20° (the inverse of Avg P/TuV/td) ata=20° in  given inTable 1as Avg P/T ((\W/td).

Table 1) gives their troland values (left ordinate). For example, human faces viewed under typical

indoor illumination Table 2 row 8) have measured lumi-

Measured values of P, scaled on the right, rangnances ()=110 to 250 cd/f This corresponds, using

from 3.23*102 pW to 5.81uW. Multiplying these val- Equation 5a, to troland values (7=470 to 880. From

ues by the factor T/P(tdV)=3.17*1C (the inverse of Table 1, P/T=1.26*10-3 pW/td (@=40°) and 3.15*10*

Avg PIT(uWi/td) ata=20" inTable 1) gives photopically pWitd (@=20°). We multiply these into'To get the SLO

equivalent brightnesses, scaled on the left, ranging fropower (P) values of 0.60 to 1MW («=40°) and 0.15 to

aom slap at fller 3

1.02*1C tds to 1.84*16tds. 0.28 W (a=20°).
For the nine indoor surfaces measured, luminance
Experiment 2: Methods and Results and power fields frorfable 2(columns 2, 4, and 5) were

Table 2 lists a sample of 13 luminous surfaces. Incompared. For each, Figure 3 plots P(1W) against
each case, '(in cd/n?) was measured using a hand-heldL’(cd/n?) and fits the scatter with a pair of polynomial
radiometer with photopic filter attachment (Minolta CS-trendlines (MS Excel). The positive curvature observed is
100). T was calculated from the conventional expressioldue to the roughly 50 percent decrease in the valug’of A
T'=L"*A .’ (td) (Equation 58) (9), as L increases from 9 to 340 cdfm

where the product of'L(in cd/n?) and A (in mm?) is in ~ P=L"As’ (td) * P/T (wW)/td) (Equation 6).
trolands.Equation 5aexpresses Tas E' relative to the  A_’' decreases with increasing o0 P against Lis nega-
unit troland. This can be seen as follows. Frontively accelerating.
Equations 2aand2b, So, now we have a means of converting luminance to

o ' ' trolands, and trolands to photometrically equivalent SLO
T'=[L"(cd/mB)*A o' (mmR)/(f.'(m))3]/[1(cd/m2)*1(mm2)/

, ! (2 ) e ( (e ()P s ) power (as shown ifable 2andFigure 3). Use ofEquations
(f¢'(m))?3] (Equation 5b), )

' _ _ ~ 3and6 allows SLO power to be related to the brightness of

which reduces tcEquation 5a (The same is true in everyday objects, provided we know the retinal area illumi-

Maxwellian view.) nated in SLO view and the pupil-area limiting in free view.
A, was obtained from the elementary formula

Ap'=m*d'2/4 (Equation 50),

whered’ is natural pupil diameter. The value &fwas
determined from the published empirical expressiol Relating SLO power response with brightness gives
(using base 10 logs): information valuable to the practitioner in evaluating

DISCUSSION
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Table 2.
Luminous
Surface L’ (cd/m?) T’ (td) P(uW) at 40° PW) at 20°
Hallway sign 9.0 to 47 (7.3 t0 263 10 (9.1to 32.)x 102 (2.2t0 8.1)X 102
(indoor)
Carpeting (1.3 to0 5.0x 10 (9.7 to 27.)x 10 (1.2 t0 3.4)x 10°¢ (3.0 to 8.5)x 102
indoor
étairwe)ll (1.8 to 2.5) 10 (1.2 to 1.6)X 1 (1.5 to 2.0)x 101 (3.7 t0 5.0)x 102
(indoor)
Shelved Books (25t0 7.5 10 (1.6 to 3.6)X 1 (2.0to 4.5)x 101 (5.0 to 11)x 10-2
indoor
N(ewspa[))er (3.0to 5.1y 10 (1.8 t0 2.7)x 1(? (2.2t0 3.4)x 101 (5.6 to 8.5)X 102
indoor
T(\/ Scret)an (4.0 to 8.0 10 (2.3 10 3.8)x 1 (2.81t0 4.7)x 101 (7.2 to 11)X 102
indoor
Ti(led Flo)or (5.0 to 7.0% 10 (2.7 to 3.5)x 1 (3.4 t0 4.4)x 101 (8.5 to 11)x 10-2
indoor
HLEman F)ace (11t 2.5 1 (4.7 t0 8.8)X 1 (6.0 to 11.)X 101 (1.5 to0 2.8)x 101
indoor
V\fristwatzzh (1.1 to 3.4K 1® (4.6 to 12.)x 1 (5.7 to 15.)x 10-1 (1.4 t0 3.7)x 101
indoor
Sireet Si)gn (1.9to 8.6% 1® (7.0 to 30.)X 1 (8.8 10 37.)x 101 (2.2t0 9.4)x 101
(outdoor)
Red Traffic Light (5.8 to 7.0 1(® (2.0 t0 2.4)X 108 2510 3.0 (6.3 to 7.5x 101
(outdoor)
Green Traffic Light (1.6t01.7x 1 (5.5t0 6.0)x 10® 6.9t075 1.7t01.9
(outdoor)
Yellow Traffic Light (8.1t0 9.2)x 13 (2.8 to 3.2)x 10¢# (3.5t0 4.0)x 10 8.81t0 10
(outdoor)
e 040 therapies for the visually impairetiable 2elaborates the
' results of studies that use the SLO in clinical situations.
1.0 f 028 For example, in one study (11) a HeNe beam of 1-2
wW maximum power ¢=40°) was used to map absolute
s [ scotomas in a group of patients with macular holes. 1-2
..;E 100 L ozs § wW at a=40° is the SLO power range corresponding to
™ | @ brightnesses of about 793 to 1,580 trolands. (This is seen
4. & | o B from Table 1 P/T=1.26 *103 (unW/td), so T/P=793
E= e | ik E (td/uW).) FromTable 2, we see this is typical of human
a ' & or wristwatch faces viewed indoors and street signs
AT - .10 viewed outdoors. Therefore, the absolute scotomas
reported were measured at surprisingly low luminances.
il . Another study (12) described everyday objects
pepny | - whose brightnesses corresponded to measured SLO pow-
040 19000 0000 00,00 &000 ers at which patients with a variety of macular disease
demonstrated consistent shifts in their preferred retinal
L {oam’z) locus (PRL) for fixation. Most PRL shifts reported were
Figure 3. found to occur at SLO power values40°) between 0.1

Plot of the L” and P fields for the nine indoor surfacedable 2 Open

circles are P(W) ata=40°; closed circles are R\V) ata=20°.

and 1pW. These values approximate the brightnesses of
all Table 2 objects viewed indoors. The results of that
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study, therefore, clearly suggest that individuals maniers for their very helpful suggestions on an earlier version
festing similar macular disease may alternate betweeof the manuscript.

different PRLs when confronted with common surface:
under typical indoor illumination.

In a study of reading ability in people with impaired REFERENCES

visual fields, PRLs were compared using an SLO and
CRT (13). Six patients, who were determined to hawvi1-
central visual field loss from tangent screen examinatior
had their scotoma locations verified with the SLO.
Unfortunately, the authors did not indicate whether thi
light levels of their tangent screen and SLO were identi3.
cal. This rendered comparison possible only if the
patients had no relative scotomas surrounding the den
scotoma. Moreover, four of the patients had their readin
ability compared with an SLO (text background of 385
pW ata=40°) and a CRT (text background of about 85(C
cd/m?). Interpolating inTable 2(38 W ata=40° is about 6.
8,700 cd/m) reveals that the equivalent luminance in the
SLO was about 10 times the reported luminance in th
CRT. Therefore, presenting the text with the SLO ani
CRT might have altered the scotoma boundaries relati
to the PRL.

A further study related fixation patterns and readin¢
rates in patients with central scotomas (14). The brigh
ness of the SLO perimetry target was 70,000 troland
This is equivalent to a very bright outdoor sourceg
(exceeding that of a yellow traffic light: s&able 2) and,
therefore, is appropriate for mapping a dense scotom
Patient reading rates, however, were determined using ®:
CRT with background luminance of only 181 céd/m
(about 680 trolands, interpolating frofable 2), a level
invisible to many relative scotomas. Thus, the location c
scotoma boundaries determined by SLO testing may nz1o0.
have been the same as that under the CRT conditions.

In conclusion, with the factors we have determined?!:
that permit conversion between P and T provide a
means for relating light levels observed in SLO visua
function testing with light levels observed in everydayi2.
free viewing and other clinical testing procedures
Forming a bridge between observation in the SLO and tf
rest of the world, the factors aid in the rehabilitation o
persons with vision impairment. 14

13.
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