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Summary. The magnification factor (M) of the retina is the linear extent of 
visual striate cortex to which each degree of the retina projects. I t  has been 
suggested that  magnification factor is directly proportional to visual acuity, but 
magnification factor measured in monkeys was compared with visual acuity in 
man. Here we first describe calculation of the magnification factor in man, and 
then compare it to human visual acuity. 

We calculated 3/[ for the first 30 degrees of the lower visual field by using infor 
mation provided by Brindley and Lewin (1968), who plotted the distribution of 
phosphenes evoked by stimulation of visual cortex in a human patient with 
electrodes implanted on the visual cortex. Since the inter-electrode distance was 
specified it was possible to calculate M for each of many pairs of electrodes by 
measuring the angular separation and mean eccentricity of the corresponding 
pairs of phosphenes. For the lower visual field, M was approximately 4 ram/degree 
at 2 degrees eccentricity and declined monotonically to 0.5 ram/degree at 25 de- 
grees eccentricity. 

The results indicated that  the reciprocal of M is directly proportional to the 
minimum angle of resolution and, correspondingly, that  the magnification factor 
is directly proportional to visual acuity in man. 

By extrapolating this function for the whole of the visual field it was possible 
to estimate the area of striate cortex. The total extent of striate cortex estimated 
in this way agreed closely with previous direct measurements, suggesting that  the 
measurements of M are accurate. 
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Introduction 

Visual acuity in man is sharpest at the fovea and declines monotonically with 
eccentric presentation of the target. This decline has been quantitatively related 
to the reduction in cone and ganglion cell density in the periphery of the retina 
(Weymouth, 1958). I t  is also known that  the cortical magnification factor of the 
retina - -  the linear extent of striate cortex to which each degree of the retina 
projects - -  is highest for the fovea and diminishes with increasing retinal eccen- 
tricity, but  it has not yet  been possible to relate this quantitatively to visual acuity. 
The problem is that  cortical magnification factor has been accurately determined 
in monkeys (Daniel and Whitteridge, 1961 ; Cowey, 1964; Rolls and Cowey, 1970) 
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whereas acui ty  as a funct ion of eccentricity has not. I n  ma n  eccentric acui ty  has 
been accurately measured (see Weymouth ,  1958) bu t  cortical m~gnification has 
not.  The only evidence tha t  cortical magnificat ion does decrease with eccentricity 
in man  comes from studies of the size of the visual field defects following damage 
to the striate cortex (Holmes, 1918). I f  I{olmes's rough measurements  could be 
greatly improved it  would be possible to relate visual acui ty  and  cortical magnifi- 
cation factors in a single species. The only previous a t t empt  to relate them used 
acui ty  data  from man  and magnificat ion measurements  from monkeys (Daniel 
and Whitteridge,  1931). 

I n  1968 Brindley and Lewin reported the results of implan t ing  s t imulat ing 
electrodes on the medial  surface of the occipital lobe of a pa t ient  bl inded by bilat- 
eral glaucoma. Al though not  all electrodes were effective, for most  the s t inmla t ion  
of a given electrode wodueed  the sensation of a spot of light (a phosphene). They 
were able to plot the dis t r ibut ion of these phosphenes in the visual field. Since 
the interelectrode distances were specified it should be possible to calculate 
magnificat ion factor by  also measuring the angular  separat ion of the different 

phosphenes, and  to relate the magnificat ion factor to previously determined 
measurements  of visual acuity.  The present paper describes our a t t empts  to do 
both. An  abs t rac t  of this work has appeared (Cowey and  P~olls, 1974). 

Methods 

Thirty-five of the electrodes implanted by Brindley and Lewin produced low threshold 
phosphenes whose apparent position in the visual field could be plotted. Five of them produced 
more than one phosphene and although the multiple phosphenes from a single electrode always 
lay close together in the field we did not include them in our analysis. Jclowever, we know that 
had we included them by taking the mean position of each multiple the results we report would 
not have been substantially different. 

The positions of the remaining 30 electrodes are shown in Fig. i A. We used these electro- 
des and the map of their phosphenes to calculate magnification factor in two slightly different 
ways. 

1. The linear separation of various pairs of electrodes was measured, as was the angular 
separation between the corresponding phosphenes. The electrode pairs were chosen as follows. 
It  is known that in monkeys the striate cortex is surrounded by a secondary visual area, which 
topographically is a mirror image of the retinal projection in striate cortex (Cowey, 1964; 
Cragg and Ainsworth, 1969; Zeki, 1969). If a similar arrangement exists in man and if the 
electrode array implanted by Brindley and Lewin straddled the boundary between striate 
cortex and a secondaI T visual area (as suggested by Brindley et al., 1972) electrodes close 
together and on either side of this boundary would produce phosphenes which were close 
together and near the vertical meridian. Electrodes further apart but still equidistant from 
the boundary would also give phosphenes that were close together, but nearer the horizontal 
meridian. In order to minimize the problem that measurements between points in striate and 
secondary visual cortex would give an anomalous value for striate magnification factor, we 
measured between electrodes that were separated in a predominantly anterior-posterior 
direction on the brain. The solid lines joining the electrodes in Fig. 1A show which pairs were 
used. Since the border of the striate cortex, representing the vertical meridian, follows the lips 
of the calearine fissure in an anterior-posterior direction (Polyak, 1957) this method of measur- 
ing ensures that most of the electrode pairs will lie either in striate cortex or in the secondary 
visual area. For any pairs which do straddle this boundary the lines joining them will cross 
the border at an acute angle, i.e., the two electrodes are unlikely to lie on mirror image repre- 
sentations of identical points in space. We also avoided measurements across the calcarine 
fissure, 
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Fig. 1. A The positions on the medial surface of the right hemisphere of the electrodes used 
in calculating magnification factor, taken from Brindley and Lewin (1968). The lines joining 
electrodes show which pairs of electrodes were used in Method 1 of the text. The dotted line 
indicates the position of the ealearine fissure, as estimated by Brindley and Lewin. B The 

electrode pairs used in Method 2 

Using this method we were able to calculate magnification factor for the phosphenes pro- 
duced from 53 electrode pairings. It  can be seen from Fig. 1A that each electrode contributed 
to at least two pairings, and one of the electrodes contributed to six. The magnification factor 
was expressed as mm of cortex per degree of visual field at the mean eccentricity of each pair 
of phosphenes. 

2. In the second method we deliberately chose electrode pairs which were separated in a 
predominantly vertical direction (see Fig. 1B). If the retinotopic maps in areas 17 and 18 are 
mirror images of one another, as in monkeys, many of the electrode pairs will straddle the 
boundary between the two areas and thus stimulate cortical points representing similar regions 
of visual space. Method 2 should therefore give a large proportion of anomalously high, and 
incorrect, magnification factors, and such a result would be strong evidence for mirror image 
maps in areas 17 and I8. 

Results 

The magnificat ion factors calculated by  Method 1 are shown by  solid circles in  
Fig. 2. The magnificat ion factor falls steadily from about  4 ram/degree a t  2 degrees 
eccentrici ty to 0.5 mm/degree at  25 degrees eccentrici ty for the lower par t  of the 
visual  field. As the nearest  phosphene to the fovea was at  1.6 degrees eccentricity, 
the foveal magnif icat ion factor can only be inferred by  extrapolation.  

The calculations from method 2 are shown by  open circles in  Fig. 2. The magni- 
fication factors are dear ly  higher t h a n  those obtained from the first method,  as 
expected if m a n y  of the electrode pairs s traddled the border between areas 17 
and  18 and  if the two visual  areas possess mirror image maps. The remaining  
results are all derived from method 1, which minimises this problem. 

30" 
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Fig. 2, Solid circles: Magnification factor as a function of eccentricity, calculated from the 53 
pairs of electrode positions shown in Fig. 1 A. Open circles: Magnification factors calculated 

by Method 2 using the electrodes shown in Fig. 1 B 

The decline in magnification factor with increasing eccentricity can now be 
compared with the corresponding decrease in visual acuity. We have used the 
acuity measurements from Wertheim (1894) because they were made over a wide 
range of eccentricities and in the lower part of the visual field, corresponding to 
the area in which phosphenes were produced in Brindley and Lewin's (1968) pa- 
tient. Wertheim's data also appear to be reliable in that  they are in agreement with 
other studies on man (see Weymouth, ]958), which show that  the minimal angle 
of resolution increases approximately linearly with increasing eccentricity. The 
minimal angle of resolution and the reciprocal of magnification factor (i. e., degree 
of visual field/ram of striate cortex} are shown to increase similarly as a function 
of eccentricity in Fig. 3 A. The relation between the reciprocal of magnification 
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Fig. 3. A The reciprocal of the magnification factor, �9 (degrees/ram cortex), and minimum 
angle of resolution, [], as a function of eccentricity from the fovea. The acuity data  were taken 
from Wertheim (t894) for the lower visual field, where the phosphenes lay. B The reciprocal 
of the magnification factor (degrees/ram cortex) as a function of minimum angle of resolution 
(rain of arc), using the data  points of :Fig. 3. The regression line was fitted by  calculation, and 

the s tandard error a t  the intercept  is shown 
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factor (l/M) and the minimal angle of resolution (M.A.R.) is shown more clearly 
in Fig. 3B by plotting 1/M as a function of M.A.R. The M.A.R. for each eccentric- 
ity point was found by interpolation from Fig. 3 A. The regression line fitted to 
the data of Fig. 3 B passes through zero (the standard error of the intercept is 
indicated), and the correlation coefficient is 0.85. Thus the data in Fig. 3 B show 
that the reciprocal of cortical magnification factor is directly proportional to the 
minimal angle of resolution in man. This implies, and a similar regression analysis 
showed, that the cortical magnification factor (M) is directly proportional to 
visual acuity in man. 

These results, which require confirmation over a wider range of eccentricities 
and on different meridia, suggest that  in man cortical magnification factor is 
directly proportional to visual acuity. Alternatively, it may be stated that  the 
reciprocal of magnification factor is directly proportional to the minimal angle of 
resolution. This indicates that  the minimal angle of resolution, whatever its value 
in degrees, occupies the same length strip of striate cortex. The length of this 
strip is approximately 84/~, calculated by assuming a foveal visual acuity of 
0.5 rain arc and using data for 10 ~ eccentricity in Fig. 2. The relation is consistent 
with the view that  many types of analysis occur in the striate cortex, but that  
acuity information is present in proportion to the amount of cortex concerned with 
a given part of the visual field. 

When magnification factors were calculated for the rhesus and squirrel monkeys 
in an earlier study (Rolls and Cowey, 1970) the measurements were checked by 
calculating the total area of striate cortex from the magnification factors and 
showing that  this agreed with the actual area of the striate cortex. This check 
was repeated on the present data. The area of the striate cortex was calculated 
as follows. From Fig. 3B in which 1/M is plotted against 1/Acuity for the cor- 
responding lower part of the visual field, the equation relating 1/M to 1/Acuity 
is shown by the regression line (1/M ~ - - 0 . 0 3 5  ~-0.101 (1/Acuity)). Using this 
relation, 1/M for different eccentricities was calculated from Wertheim's (1894) 
acuity measurements averaged over the whole visual field, as appropriate when 
constructing a map of the whole visual cortex. Then the area of striate cortex 
was calculated from these values of M (shown in Table 1), using the method 
described by Daniel and Whitteridge (1961) and Rolls and Cowey (1970). The 
calculated striate arear for one hemisphere is 2900 mm 2. 

Table 1. Magnification factor at different eccentricities. The value at each eccentricity was 
obtained from the relation between 1/~ and ~.A.I~. for the lower visual field, shown by the 
regression line in Fig. 3B, and from the averaged acuity at each eccentricity along different 
meridia (acuity data from Wertheim, 1894). The calculated magnification factor is thus the 

mean for a given eccentricity along various meridia 

Eccentricity degrees 0 1 3 5 7 10 15 20 30 40 60 70 

Magnification factor, 
ram/degree . . . . .  15.1 8.3 4.16 3.08 2.1 1.75 1.16 0.82 0.49 0.34 0.224 0.159 

Discussion 

As a check on the accuracy of the measurements of magnification factor the 
magnification factors were used to calculate the total area of striate cortex of one 
hemisphere. I t  is important to compare our estimate of 2,900 mm 2 with more 
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direct measures of the extent  of striate cortex. I n  the most  extensive s tudy Fili- 
monoff  (1932) measured the extent  of striate cortex in nine human  brains and 
obtained a mean unilateral area of  2,613 m m  ~ (range 2,208--2,877). Filimonoff 's 
results were corrected for histological shrinkage by  Sholl (1956), who obtained a 
mean area of 3,036 m m  ~ (range 2650--3452). These estimates are dose  to those 
of  Cunningham and Brodmann  (both cited by  Polyak,  1957 : pp. 487--488), who 
obtained values of 3000 m m  2 and 3450 m m  2 respectively. The close agreement 
between the calculated and measured areas of striate cortex suggests (i) tha t  the 
values of  magnification factor  shown in Table 1 are accurate and (2) t ha t  1/M is 
directly proport ional  to min imum angle of resolution not  only as far as 30 ~ eccen- 
t r ici ty but  also to 70 ~ eccentricity, as was assumed in calculating the area of 
striate cortex. 

Two further  and related points require comment.  The first is tha t  most  of the 
pairs of  phosphenes used to calculate magnification factor lay at different eccen- 
tricities along radii. Evidence tha t  magnification factor  for a given eccentricity 
has the same value when measured along a semicircle of  lat i tude within the same 
region of the visual field is t ha t  10 of the values shown in Figs. 2, 3 and 4 were 
measured in this way  and they  did not  differ systematical ly from the other 43. 
The second point is tha t  all but  4 of the phosphenes lay in the left lower oetant  of  
the visual field. There is therefore no direct evidence on the value of  magnification 
factor  in other parts  of the visual field. However,  in calculating the total  extent  
of the striate cortex we assumed tha t  magnification factor  varied along different 
meridia only in proport ion to the slight differences in visual acui ty  along different 
meridia reported by  Wertheim (1894). I f  the variat ion was greater than  this the 
estimates of  the  extent  of striate cortex obtained by  direct measurement  and from 
our calculations of  magnification factor  should not  have been so close. The best 
evidence therefore is that ,  as in monkeys (Daniel and Whitteridge, 1961 ; Cowey, 
1964) magnification factor  depends mainly on eccentricity f rom tJhe fovea and 
not  on direction. 

Acknowledgements. This work was supported by M. R.C. grant No. G 971/397/B. We are 
very grateful to Prof. G.S. Brindley for his helpful comments during the course of this work. 

References 
Brindley, G.S., Donaldson, P. E. K., Falconer, M.A., Rushton, D.N. : The extent of the region 

of the occipital cortex that when stimulated gives phosphenes fixed in the visual field. J. 
Physiol. (Loud.) 225, 57--58 (1972) 

Brindley, G.S., Lewin, W.S. : The sensations produced by electrical stimulation of the visual 
cortex. J. Physiol. (Loud.) 196, 4 7 9 ~ 9 3  (1968) 

Cowey, A. : Proiection of the retina onto stri~te and prestriate cortex in the squirrel monkey, 
Saimiri seiureus. J. Neurophysiol. 27, 366--393 (1964) 

Cowey, A., Rolls, E. T. : Cortical magnification factor in man and its relation to visual acuity. 
Brain Res. (in press) 

Cragg, B, G., Ainsworth, A.: The topography of the afferent projections in eircumstriate visual 
cortex of the monkey studied by the Nauru method. Vision Res. 9, 733--747 (1969) 

Daniel, P. M., Whitteridge, D. : The representation of the visual field on the cerebral cortex in 
monkeys. J, Physiol. (Lond.) 159, 203--221 (1961) 

Filimonoff, LN. : lJber die Variabilit,~t tier Grosshirnrindenstruktur. II. gegio oecipitalis beim 
erwachsenen Mensehen. J. Psychol. Neurol. (Lpz.) 44, 1--96 (1932) 

Holmes, G. : Disturbances of vision by cerebral lesions. Brit. J. Ophthal. 2, 353--384 (1918) 
Polyak, S. : The vertebrate visual system. University of Chicago Press 1957 



454 A. Cowey and E.T. l~olls 

Rolls, E.T., Cowey, A.: Topography of the retina and striate cortex and its relationship to 
visual acuity in rhesus monkeys and squirrel monkeys. Exp. Brain Res. 10, 298--310 
(1970) 

Shell, D.A. : The organization of the cerebral cortex. London: Methuen 1956 
Wertheim, T. : ~ber die indirekte SehschErfe. Z. Psychol. Physiol. Sinnesorg. 7, 172--189 

(1894) 
Weymouth, F. W.: Visual sensory units and the minimal angle of resolution. Amer. J. Ophthal. 

46, 102--113 (1958) 
Zeki, S.M. : Representation of central visual field in prestriate cortex of monkey. Brain Res. 

14, 271--291 (1969) 

Dr. A. Cowey 
Department of Experimental Psychology 
South Parks Road 
Oxford OX 1 3PS 
England 


