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3b in both owl monkeys and squirrel monkeys, and for 
palmar sufaces in area 3b in squirrel monkeys are i,ndicated 
by t he thin vertical bars in Figures 5, 8, and 10. Roughly 
twofold differences have been seen in comparing the corti· 
cal areas of representation of most glabrous surfaces. 

ProportilllJaI areas of r llpreselliation of g iven halld sur
faces, When the di("rit representations of diffe,'ent mon· 
keys were normalized by exp,'essing them as a fr action of 
the total area of all the 3b digit representations in each 
animal , strikingly different proportional differences in rep· 
resentation are still present. This can be a ppreciated by a 
comparison of cortical maps A, B, D, F, a nd H in Figures 3 
and 4, which are all nearly the same overall size. The 
magnitude of size differences in areas of representation in 
this group of monkeys is nearly as great as the full range 
of absolute a real var iation noted above. Similarly great 
proportional differences were seen in area 3b in squirrel 
monkeys. Note, for example, the large differences in ten'i
tories of representation of different hand surfaces between 
the first and fifth or second and third monkeys' maps in 
Figure 6. The two in each pair are about the same overall 
size. 

Cortical maglli/ica1ifm fIf representation of differellt skin 
sIIrfaces. Repl'esentationa l magnification is defined as the 
area of cortical territory of representation divided by that 
of the ski.n surface represented. Magnifications fol' all digits 
of owl and squirrel monkeys illustrated are summarized in 
Table f. Of course variations in magnification directly re
flect variations in actual cortical representational area, 
discussed above. 

The exlellts of pate li es representing different dorsal digi, 
tal surfaces, alld the extclits of skin surfnCelJ rep resented 
i ll those patches. One of the most striking features of 
these maps is the idiosyncratic a ppearance of the small 
patches of cortex representing dorsal skin surfaces (cross· 
hatched zones in Figs. 3, 4, 6). This feature was not noted 
in our inilial descri ptions of the hand surface representa· 
tion in area 3b in t he owl monkey (Merzenich et aI., '78), 
which were based on maps del'ived with definHion on only 
one-third to one-fifth the grain of present maps. We then 
described the relatively large, conti nuous dorsal hand rep· 
resentations along the lateral and medial margins of the 
hand representational zone, but missed the small but inter
nally continuous islands of dorsal skin representat ion that 
lie amid the larger glabrous digital ski n surfaces. No such 
patches have ever been seen within the palmar represen, 
tationa l zone. 

These patches of digit dorsum rep"esentation varied 
markedly in size among t he different digits of the same 
monkey. as well as among tbe representations of t he same 
digit in different monkeys. For example, note the territory 
of representation of dorsal digit 2 (0.600 mm2) in owl mon· 
key I (Fig. 4), as compared with the nonexistent represen· 
tation of the dorswn of digit 3 in the same monkey and the 
ni nefold diffe rence in the territory of representation of dol" 
sal digit 1 vs. dorsal digit 5 in monkey G (Fig. 4). Note also 
the wide range of variabi lity of the territory of the dorsum 

Fig. 6. Mapa of the cortical representatiOn!! of the hand in area 3b of 5 
adult !!quirrel monkeys. Abbreviations as in Figure 3. hand inset. DoI'SRI 
skin ropresentational ZOneft are cros.a·halched; the territ(lrieft of repre!lenta· 
lion of the glabrouo """aces of the digit;; are marked by diagonal lines. The 
Ill't'll 1 borders were defined On llnIIt(lnticlll baJ!/'ll in all iIlUlltrated 
ell""", 
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Fig. 7. Map' or the corti",,1 areal of rtp~ntDtion of hand .,,",teII in 
corticalllnl8 1 in.five adult Bquil'l'tll monkeys. Abbrevintions 111 in Figure 3. 
Jk,1'>Il,l1 n:llrt!llentational ~U)1'"Ij ore IIhllded: glabrous digi tal n::pr~nla· 
lionu! art"" IiTII cr ....... ·lull.chcd. 

of the same digits in different monkeys, shown ill Fibrure 5 . 
There, about 13·fold variations in the territories of repre
sentation of dorsal digi ts 2-5 wel'e evident. In t he squirrel 
monkeys studied, these dorau! patches were even less con
stant, and dorsal representations for some fingers seemed 
to be absent. 

M.M. lUERZENICH ET AL. 
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Fig. 8. Mean a reS$ of rep._nlation of the glabrom digital surfaces in 
1I"'9.lI Sb and I in 5 adull squirrel monkeys. The range. of 8"'83 are 
i"di~ated by thin vertitallines. 

Even in maps from monkeys in which representations of 
a ll dorsal digi ts were found, those representations were 
h ighly individual and /l ever complete. Examples fro m sev
eral owl monkeys are shown in Figure 9. There, dotted 
zones illustrate the entire skin surface represenl.ed in the 
Isq,'Cr, conti nuous dorsal representational zones on the lat,. 
eral and medial margins of the hand representation. All of 
the re<:eptive fields defined in penetrations within islands 
of dorsal skin representation a mid the glabrous digital zone 
are outlined. The representation of the hand dorsum in the 
monkey shown in B is one of the most compieU! seen in this 
series. Those shown in A and C are more ty pical. Note as 
well the marked local differences in the extents of represen· 
talion of dorsal skin surfaces. Some were represented 
strongly, oLhers weakly, others not at all. Note also that in 
some instances skin surfaces were represented both in 
patches and in t he lateral s nd medial zones. 

Topological neighoorhood reiutiOlUlhipi! i" tile maps. 
Many variants of map topology were evident. Most striking 
is the split representation of the glabrous thumb in owl 
monkeys B, 0 , F, H, a nd I (Figs. 3, 4) in compa rison with 
the continuous representation in other c8SCS. Discontinui
ties in A and I were especially st.riking, because interven· 
ing distances were Isl1.'C, and the representation of digit 2 
intervened. In both cases, the more caudal zone represented 
only proximal phalangeal sunaces, whiJe the more rostral 
zone represented distal pha langeal. sUlfaces. Similar split 
glabrous sunace representations were seen on digits 2 and 
3 on monkeys A, G, and I and on digit 5 in F' (Figs. 3, 41. 
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TABLE 1A. Area 3b: Owl Monkeys' 

Glabrous digits Hairy digits 

Experiment No. 2 3 4 5 2 3 4 5 

A .67 1.30 1.22 1.12 .88 .56 .22 .20 .12 INC2 

B 1.41 1.08 1.15 .93 .66 .23 .33 .08 .07 INC 
C .56 1.11 .86 .88 .61 INC .35 .16 .14 INC 
D .88 1.00 1.32 1.44 .75 .26 .42 .31 .05 INC 
E .74 .79 .72 .74 .52 .33 .22 .19 .13 INC 
F .80 .92 1.32 1.39 .68 .28 .44 .14 .04 .33 
G .53 .77 .97 .82 .49 .64 .28 .09 03 .36 
H .71 1.36 1.16 1.11 .88 .22 .13 .16 0 .10 
I .72 1.06 1.22 .99 .48 INC .60 0 INC INC 
Mean .78 1.04 1.10 1.05 .66 .36 .33 .15 .07 .26 
SD .26 .20 .21 .24 .15 .17 .14 .09 .06 .14 
Skin surface 1.00 1.84 2.09 2.01 1.43 NV5 NV NV NV NV 

areas4 

Cortical .78 .57 .53 .52 .46 NV NV NV NV NV 
magnification6 

IAll cortical representational area measurements are in mm2. 
2Representational territories were incompletely mapped. These values not included in means. 
3No area of representation identified at this grain of mapping. 
4Mean of three normal adult monkeys. Values are cm2. 
5No value obtained or not measured. 
6Cortical magnification = cortical representation -.:- skin surface area * 100. 

TABLE IE. Area 3b: Squirrel Monkeys 

Glabrous digits p,! Palmar pads 

Experiment No. 2 3 4 5 PTH P2 P3 p. PIN PHY 

79-35 1.53 1.82 1.88 1.25 .77 .94 .39 .21 .32 .44 .13 
79-30 .90 1.40 1.30 .82 .84 

, 
.38 .28 .14 .17 

, 
79-34 1.29 1.44 1.45 1.27 .69 .14 .14 .38 .16 .13 
79-11 2.29 2.43 2.80 1.52 INC 1.32 .67 INC INC .15 
79-73 1.68 1.90 1.74 1.06 INC 1.10 .34 .19 .23 .15 
Mean 1.54 1.80 1.83 1.18 .77 1.12 .38 .21 .27 .21 .13 
SD .51 .42 .59 .26 .08 .19 .19 .06 .11 .13 0 
Skin surface .57 .98 1.15 1.12 .81 1.30 .44 .43 .53 .61 1.42 

areas 
Cortical 2.70 1.84 1.59 1.05 .95 .86 .86 .49 .51 .34 INC 

magnification 

IPTH and PI fields sometimes broadly covered both pads, i.e., sites of centers of receptive fields could sometimes not be resolved. In 
other cases, PTH-P1 and PHY representational territories were incompletely mapped. These values were not included in means. 

TABLE 1C. Area 1: Squirrel Monkeys' 

Glabrous digits P,' Palmar pads 

Experiment No. 2 3 4 5 PTH P2 P3 p. PIN PHY 

79-35 .17 .41 .63 .70 .83 1.82 .37 .48 .48 .25 INC 
79-30 .30 .41 .72 1.05 .98 .59 .17 .17 .06 .36 
79-34 .32 .17 .27 .48 .37 .57 .33 .77 .21 .33 
79-11 1.24 .94 1.33 1.30 .96 1.96 INC INC INC INC INC 
79-73 .10 .26 .39 .49 NV 2.48 .50 .57 INC .90 .24 
Mean .43 .44 .67 .80 .79 2.09 .51 .39 .47 .36 .06 
SD .46 .30 .41 .36 .28 .35 .10 .18 .30 .37 .06 
Skin surface .57 .98 1.15 1.12 .81 1.30 .44 .43 .53 .61 1.42 

areas 
Cortical .75 .45 .58 .71 .98 1.61 1.16 .91 1.09 .57 .22 

magnification 

'See footnote to Table IE. 
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Split representations of digit 5 have also been seen in other 
normal monkeys that were mapped less completely. 

The skin surfaces represented across borders between 
digits or digits and palm varied considerably. The base of 
the glabrous digit 2 representation in owl monkeys, for 
example, in some cases bordered a hairy surface represen-

tation of the digit (cases B, F); or the first pad, PI (I); P2 (C, 
D, G, F); or, more equally, P2 and PI (A, E, H) (Figs. 3,4). 
Similar variability was seen in this feature in the squirrel 
monkey. This can be readily appreciated by scanning the 
posterior (in the drawing, lower) border of the digit 2 rep
resentation in the five examples illustrated in Figure 6. 
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Dorsal Skin Represented 
Area 3b (owl monkey) 

Fig. 9. All dorsal skin surfaces represented in three relatively completely mapped hand surface 
representations. The dotted zones indicate the skin surfaces represented in continuous dorsal represen
tational wnes along the lateral and medial aspects of the hand representations. Outlined receptive 
fields are all fields defined in discontinuous islands of dorsal skin representation within the larger, 
predominantly glabrous representational zone. 

The relationship ofthe hypothenar and fourth palmar pads 
with digits 4 and 5 was highly variable and virtually idio
syncratic in both species. 

A number of other examples could be cited; many such 
topological features, when considered in detail, varied as 
much. 

The skin surface represented along the borders of the 
hand surface representation 

The hand-face border. The glabrous digit 1 margin may 
be predominant along this border (e.g., owl monkeys B, H) 
or on the other extreme, not approach the border at all (A). 
Digit 2 may be represented along part of the border (owl 
monkeys B, C, G, I), or may not approach within hundreds 
of microns of it (A, D, E, F, H). Similarly, dorsal digit 2 
representations may lie along a lengthy border sector (owl 
monkey I; squirrel monkeys A and E); or be nowhere near 
the border (owl monkeys A, G, H; squirrel monkey D). 

The area 3b--area 3A border. This border, along the 
rostral margin of area 3b, was occupied by representations 
of digit tips in most monkeys, but dorsal representations 
(often limited to nail bed fields) were also seen along this 
line (e.g., owl monkey I; squirrel monkeys, B and E). In a 
few cases (squirrel monkey A, and in several less com
pletely mapped normal cases) palmar fields were also found 
along a limited sector of the rostral area 3b border. 

The area 3b--area 1 border. The exact sequence of skin 
surfaces along the same glabrous digital border was, again, 
almost idiosyncratic in detail. In some monkeys, digit sur
face representations extended down to the borders (e.g., 
digit 4 in owl monkey E, and several less completely 
mapped owl monkeys; digits 3 and/or 4 and/or 5 in the 
squirrel monkeys A, C, E). In such instances, the palmar 

PALMAR REPRESENTATIONAL ZONES 

Squirrel Monkeys 
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Fig. 10. Mean areas of representation of the palmar pads in areas 3b and 
1 in five adult squirrel monkeys. Abbreviations as in the inset in Figure 3. 
Thin vertical lines indicate the ranges of measured areas in these 5 
individuals. 
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Fill· 12. Inlernll l t.opogrophy or hand lI .. rfaoo maps (continued ), All akin 
surfaces represenlA.>d in all penetrations in 3OO'l'm.wide cortiCAl strips ~ 
ing area 3b liN! indicated by the "utlined lind dotted lire .... Fie ld>; from 
alternating IJlrips are ~hown. that is, outlined or dOlUK! woe!! represent 
.very fourth conkel strip. Drawings at the left R1'e from I'OII1rocaudal1y 
(lTiented bands: drawings at the right lin! from med iolaleral1y oriented 
bends. 

representation was spli t, wit h t he most ul nar aspect rep
resented in a separate zone medial to the digital surface 
representation in such monkeys. 

The halld-wrist border. Similar indi vidual var iability 
a ppeared to exist at the ha nd-wrist border, al though th is 
was not completely mapped in all cases of Lhis experimen
tal series. 

Thus, nearly a ll details of a rea 3b map structure vary in 
individual monkeys. As will be seen below, a n overall 
conti nuous interna1 topography is (with some exceptions) 
preserved, but regional territorial distri butions are hjghly 
variable. 

Map variability in area l 
Variabili ty in area 1 maps of the hand in adult squirrel 

monkeys is illust rated in Figure 7. Severa l maps of area 1 
in norma l owl monkeys (not illustrated) have also been 
defi ned in a pproximately equal detail. As shown in Figure 
8, area 1 maps were far more var iable t han were area 3b 
maps, a nd t he variable features described fo r maps of area 
3b applied even more emphatically to area 1 maps. For 
example, note t he d iffe rence in the overall areas of repre
sentation of the hand between t he first and third monkeys 
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of Figure 7. Both absolute and proportional areas of repre
sentation and cortical magnifications of specific hand sur
faces were dramatically different in different monkeys. 
Compare, for example, the territories of representations of 
the glabrous surfaces of digit 1 in the second and third with 
the fourth monkey in Figure 7; the manyfold difference in 
representation of the insular pad between the third and 
fifth; the large territories of representation of the radial 
and hand dorsum seen in some monkeys (e.g., first and 
fifth) but not others (e.g., the fourth); the overall territories 
of representation of the glabrous digits (compare first and 
third monkeys with fourth and fifth); or of the dorsal digits 
(compare second and fourth monkeys). There were also 
highly idiosyncratic patterns of representation of the dorsal 
hand. 

Major differences in topographic neighborhood relation
ships were evident in the area 1 maps. Note the separation 
(by hundreds of microns) of the representations of glabrous 
digits 1 and 2 in the first three cases; while these digits 
were adjacent in the last two. Note as well the inverse 
relationship between pads 1 and 2 in the second and third 
monkeys. Many more such examples could be cited. Skin 
surfaces represented along the borders of the area 1 hand 
representation were also highly individual. 

In area 3b, representational magnifications were rela
tively similar across the glabrous digits (usually not vary
ing by more than a factor of 2). In area 1, however, there 
was in some cases a disproportionately greater magnifica
tion of the representation of the more ulnarward digits. 

Internal order in cortical maps 
While there were many differences in the area and topog

raphy of the representation of different skin surfaces, most 
such variations occurred nonetheless with preservation of 
topographic neighborhood relationships. That is, glabrous 
skin representations were almost invariably internally con
tinuous, even when their order was examined in finest 
~etai.l. This feature is illustrated by three examples, shown 
III FIgure 11. They were selected for illustration simply 
because they were the three most intensively studied nor
mal owl monkeys, with maps of area 3b defined by 340-420 
penetrations. In this figure, dotted lines trace the axis of 
the centers of receptive fields plotted for electrode penetra
tions within contiguous 300-JLm-wide strips crossing the 
mapped sector of area 3b. Note a) the overall orderliness of 
receptive field sequences; b) the continuous shifting of re
ceptive field centers all across these maps in both axes· 
and c) the relatively few anomalies in rec~ptive field se: 
quence locations (usually on the representation of thumb). 
In most regions, glabrous finger representational zones were 
continuous along these lines. However, in some instances 
(described above) dorsal patches completely separated rep
resentations of more proximal from more distal sectors. 

In addition to overall topographic continuity, overlap of 
receptive fields was relatively constant within each of areas 
3b and 1. Examples are shown in Figures 12 and 2. There, 
outlines of all receptive fields from alternate 300-JLm-wide 
strips of cortex are shown. Thus, the nearest receptive fields 
illustrated in adjacent strips were from penetrations 300-
600 JLm apart. Note the similarity in the separation of 
different vertical and different horizontal rows consistent 
with a rule of constant receptive field overlap.' (Sur et aI., 
'80a). The proportion of overlap is roughly equivalent across 
both mediolateral and rostrocaudal cortical axes. 

M.M. MERZENICH ET AL. 

DISCUSSION 
The basic organization of the representations of the body 

surface has been defined in the parietal somatosensory 
strip in a number of primate species (see Woolsey et aI., '42; 
Powell and Mountcastle, '59; Werner and Whitsel, '68; Pu
boIs and Pubols, '72; Paul et aI., '72; Dreyer et aI., '74, '75; 
Krishnamurti et aI., '76; Merzenich et aI., '78; Sur et aI., 
'80b, '81, '82; Nelson et aI., '80b; Iwamura et aI., '81, '83; 
C~rlson and Welt, '81; Carlson and Fitzpatrick, '82; Fitzpa
trIck et aI., '82; McKenna et aI., '82). Although individual 
differences have been noted, none of these studies have 
dealt directly with map variation. Such comparisons have 
been difficult because, with only a few recent exceptions, 
these maps were derived with use of a relatively coarse 
sampling grid. Further, in most mapping investigations 
there has been the inherent assumption that the map in 
anyone individual applies for all individuals of the same 
species. Commonly, data from several animals were com
bined within a single homuncular or territorial outline 
representation. A main goal of these studies has been to 
produce such a composite for each studied species. 

This study reveals that when maps are defined in detail, 
they have striking idiosyncratic features. What might be 
the meaning of such variation? Variation of this degree 
constitutes a serious challenge to some conventional views 
of nervous system organization. In this discussion we first 
review what varies and what does not vary in these maps; 
relate these results to those of earlier studies; consider the 
possible sources of cortical map variability; consider the 
implications of the partial representations that are evident 
for different submodal inputs and for the dorsum of digits; 
and finally, review the implications of observed map varia
bility for concepts of map generation in development, and 
for functional cortical operations in adults. 

What is constant in cortical maps? 
What is variable? 

When considered on a large grain, the cortical represen
tation of the hand in areas 3b and 1 in adult monkeys has 
constant features. Thus, for example, the digits and palmar 
pads are represented in an orderly radial-to-ulnar lateral
to-medial sequence, with the digit tips directed toward the 
rostral border of area 3b and toward the caudal border of 
area 1. However, considered on a finer grain, all map fea
tures varied substantially. Thus, the actual and propor
tional areas of representation varied severalfold in area 3b 
and sometimes manyfold in area 1. Cortical magnification~ 
varied similarly. Internal topographies also differed, with 
representational zones that bordered each other in one map 
sometimes separated by hundreds of microns in other mon
keys. There was especially great variability in dorsal hand 
skin surface representation in these fields. 

What, besides an overall general topography, is constant 
across these individuals? All representations were locally 
topographic. As a rule, overlapping but shifted receptive 
fields were recorded at neighboring cortical position. The 
possible significance of these constancies coupled with rep
resentational territorial variations is discussed below. 

Relationship to earlier studies of primate cortical 
map organization 

Our initial description of the organization of the represen
tation of the hand in area 3b of the owl monkey was based 
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largely on two relatively complete maps of the hand, de
rived at about one-third to one-fifth ofthe grain of definition 
of the present maps (Merzenich et aI., '78)_ This description 
of the internal organization of area 3b (and of area 1) has 
been confirmed in the present more complete study, with 
three significant exceptions_ First, in all more detailed 
maps, islands of representation of dorsal digital skin sur
faces have been found amid the large glabrous digital rep
resentations, in both owl and squirrel monkeys. None were 
noted in initial maps. Second, there is substantial individ
ual variation in the shapes, areas, and, to a lesser extent, 
the neighborhood relationships of different skin surfaces, 
not fully appreciated in initial studies. Some of these indi
vidual differences are actually greater than typical inter
specific differences between owl and squirrel monkeys. 
Third, the dorsal digital surface representation does not 
appear to be complete in either area 3b or 1, in at least a 
number of intensively studied monkeys. 

Surprisingly, since our initial maps were derived in these 
and other primate species, investigators using other proce
dures have failed to confirm this basic organization (Iwa
mura et aI., '81, '83; McKenna et aI., '82; Carlson et aI., 
'82). Some investigators have hypothesized that the maps 
derived in our studies have been substantially biased by 
anesthetic artifacts (Duncan et aI., '82; McKenna et aI., '82; 
but see accompanying paper, Stryker et aI., on this issue), 
with our earlier results being interpreted as being other
wise compatible with a single map of the body extending 
across areas 3a, 3b, 1 and 2. Recently, Carlson et aI. ('82) 
concluded that area 3b contains a representation of the 
glabrous surfaces of the digits, while area 1 provides the 
dorsal digital representation. We have now mapped the 
representation of the hand in area 3b in over 20 normal 
owl and squirrel monkeys, and, in equal detail, in more 
than. 30 addi~ional owl and squirrel monkeys following 
restrIcted perIpheral or central lesions. Everyone of these 
hand representation maps has been derived on a grain 
~ev~r~l to many ti~es finer than in maps generated in any 
mdividual monkey m the contrary studies. Moreover, there 
are great technical advantages in defining map structures 
in a cortical sector in which the representation is spread 
entirely across a flat cortical surface, rather than partially 
buried within a deep central sulcus. Both the owl and 
squirrel monkey hand representations offer these advan
tages. The variation in internal map structure also demon
strates that any combination of data from different monkeys 
to produce a common map of the representation (e.g., as in 
the studies of Whitsel et aI., '71; Iwamura et aI., '81, '83; 
McKenna et aI., '82) will necessarily result in an obfusca
tion of map detail. The problem of map definition is also 
~ot solved com~le~el! by deriving relatively complete maps 
m one or two mdividual monkeys, because of substantial 
individual variation. 

These problems may be aggravated when a map is de
rived from recordings made in an individual monkey over 
a long period of time. Our own plasticity studies indicate 
that two further difficulties may be encountered in such 
experiments: 1) Inaccuracies are introduced in precisely 
locating the neurons studied with respect to the cortical 
surface. 2) The assumption that the receptive fields of mon
keys are static over long periods of time is questionable (see 
Jenkins et aI., '84; Merzenich et aI., '84b; Jenkins and 
Merzenich, '87; Merzenich, '87). 
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What are the sources of cortical map variability? 
Why are somatosensory cortical maps so variable? Inher

ent errors in mapping procedures are significant, but they 
cannot account for most aspects of the variability noted in 
this study (see Methods). 

The two absolute constancies in the hand maps are 1) at 
the largest scale, a constant overall orientation, and 2) at 
the very finest scale, a strict internal topography. The vari
able t~polo~es of digit representation in the maps can be 
reconclle~ wIth these constancies, at least on a formal level, 
by ass~mmg that, after the coarse orientation of the map is 
estabhshed, the process that gives rise to the fine structure 
of maps acts only on the very local scale and does not 
include a mechanism for maintaining topology. The next 
section presents one proposal for such a process, but any of 
a ~eat many. mechanisms that maintain the peripheral 
neIghbor relatlOns among inputs to the cortex could account 
for these findings equally well (for example Fraser '80 
'85). ' " 

The variable areas of digit representation present more 
of a problem. One is reluctant to believe that the consider
able variation in area of cortical representations is a mere 
reflection of variation in peripheral innervation. This is 
espec~any the case for the dorsal surfaces of the digits, some 
of whIch appear to lack an area 3b representation entirelv. 
It is, however, difficult to construct a model that maintai;;'s 
l~cal topography accurately but gives rise to representa
tional areas that do not accurately reflect innervation den
sity of the input, because the forces that drive such models 
toward ~arge-scale o~ganization also tend strongly to spread 
out the mputs to umform density (e.g., Fraser, '80, '85). The 
proposal made in the next section is the only model we 
kn~w that can easi.ly account for variable area of represen
tatlOns together wIth the constancies that are observed in 
normal maps, and it has the virtue of accounting as well 
for the findings of plasticity experiments. 

On the other hand, we know nothing about the genetic or 
acquired variability in cutaneous innervation among these 
new world monkeys. So it remains possible that the differ
ences in cortical map area among normal animals do reflect 
differences in the periphery. Under this hypothesis the 
normal variability would not result from the mechan'isms 
that are active in plasticity studies. 

Another possibility is that the variable maps we see in 
the adult animal reflect the fixation of a possibly variable 
functional map in early development. Such mechanisms 
ha~e been pr~posed for visual and vibrissal systems, in 
whIch dramatic alterations in the cortex can be produced 
by limiting the early pattern of peripheral input (Woolsey 
and Wann, '76; Rubel et aI., '77; Killackey and Belford '79' 
LeVay et aI., '80; Woolsey, '80; Movshon and Van Slu;ters' 
'81; Sherman and Spear, '82; Simons et aI., '84). There is n~ 
r~~so~, however, to expect any particular degree of varia
bIhty m the early functional map, and this hypothesis does 
not explain findings of adult plasticity studies. 

A proposal to account for variability and plasticity 
of cortical maps 

We propose that there are two major, interlocked sources 
of this map variability. First, other studies that we have 
conducted suggest that these adult cortical maps are shaped 
by experience, and subject to alteration by use throughout 
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life (Merzenich et aI., '84b; Merzenich, '87). Thus, map 
structure is substantially altered following peripheral nerve 
transection (Merzenich et aI., '83a,b), digital amputations 
(Merzenich et aI., '84a), or restricted cortical lesions (Jen
kins et aI., '82; Jenkins and Merzenich, '87). Recent experi
ments have directly revealed changes in map detail 
resulting from different, special uses of the hand by an 
adult monkey (Jenkins et aI., '84; Jenkins and Merzenich, 
'87). Thus, we hypothesize that details of functional map 
structure are largely created and are alterable by experience 
(Merzenich et aI., '83b, '84a,b) and that the forms of these 
adult maps at least to a significant extent reflect the con
sequences of different lifelong patterns of hand use in these 
monkeys. Note that, with few exceptions, although map 
details are substantially variable, internal topographic re
lationships and shifting overlap relationships are pre
served. We have hypothesized elsewhere that this active 
maintenance of overlap is probably controlled by temporal 
synchronization or sequencing of inputs (Merzenich et aI., 
'83b, 84a,b; Merzenich, '87). The preservation of overlap 
relationships in the face of substantial map variability it
self constitutes evidence that differences in map detail are 
largely determined by organizing activities through and/or 
after a critical developmental period. 

Second, developmental studies indicate that cortical con
nections are almost certainly not precisely genetically pre
determined, as had been earlier hypothesized (e.g., see 
Sperry, '63). To the contrary, early addressing of connec
tions may be guided by cell-adhesion molecules that can 
effect the generation of only relatively crude local topogra
phies (see Edelman, '83, for review). Numerous studies in
dicate that these initially crude connections are refined 
during an initial period of development (see Harris, '81; 
Sherman and Spear, '82). Both the initial relatively crude 
specification of connections and variable early experience 
might contribute to variable features of cortical maps re
corded in adults. 

We have hypothesized that even after this developmental 
shaping there is still a substantial neuroanatomical spread 
of inputs in somatosensory cortex, i.e., that the "neuroana
tomical map" in the adult monkey is crude. Therefore, the 
detail of cortical maps is a product of a process of selection 
of effective driving inputs by experience (Merzenich et aI., 
'84b; Merzenich, '87). By this process, there are very many 
possible detailed forms of functional representation that 
can be created over time. The potential for variability is 
limited by the degree of divergence and convergence of 
anatomical inputs (Merzenich et aI., '84a,b; Merzenich, '87), 
but within such limits considerable variation is possible. 
This view is consistent with the theory of neuronal group 
selection, postulated by Edelman (,82). 

In models in which maps are believed to organize along a 
gradient (as opposed to their being specified genetically 
point by point), it has been argued that one margin of 
gradient is likely genetically specified (see Horder and Mar
tin, '78; Dykes, '78). It is interesting to note, then, that skin 
surfaces represented along all borders of the hand surface 
representation are highly variable. 

What is the significance of the incomplete 
representation of dorsal hand surfaces in areas 3b 
and I? How can evidence for slowly adapting and 
quickly adapting columns in area 3b be consistent 
with evidence for a single, simple representation of 

the glabrous hand within this field? 
One perhaps unexpected feature of these maps is the 

fragmented and often incomplete representations of the 
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dorsal digits in areas 3b and in area 1 in many individual 
monkeys. Their disposition suggests that a topographically 
continuous or complete overt representation of these sur
faces is not prerequisite for what area 3b contributes to 
aspects of perception attributable to this field. 

Studies of plasticity suggest that the dorsal digital skin 
surface representation is special, in several respects. Thus 
a) a complete and very highly detailed map of the dorsal 
digital representation arises in the map after removal of 
glabrous digital inputs (Merzenich et aI., '83a,b); b) dorsal 
digital representational zones have been seen to be occu
pied by glabrous digital inputs, following restricted cortical 
lesions (Jenkins et aI., '82; Jenkins and Merzenich, '87); c) 
in a few instances, neurons at one recording site have 
appeared to switch their receptive fields from glabrous to 
dorsal skin following heavy stimulation of the dorsal skin 
(unpublished observations). 

These findings suggest that both dorsal and glabrous 
inputs are present and closely overlapping in area 3b. Both 
are capable of creating large, detailed maps over this corti
cal zone; but in the monkeys that we have studied, with 
their individual histories of hand use, glabrous digital rep
resentations predominate. 

In studies of the distributions of neurons driven by slowly 
adapting inputs, several investigators have presented evi
dence that there are separate, complete representations of 
the skin for each submodal class (Sur et aI., '81; Dykes and 
Gabor, '81). On the other hand, these detailed maps indicate 
that there is a single, simple representation of the glabrous 
hand surfaces in these fields. In area 3b of monkeys, Sur 
and colleagues ('81) have proposed that in layer IV, slowly 
adapting (SA) and rapidly adapting (RA) inputs are segre
gated into narrow alternating bands of partially shifted 
somatotopic overlap so that overall, SA and RA bands sep
arately represent the same skin surfaces. However, possibly 
consistent with the existence of a single overall map, they 
believed that these inputs merged into a mixed representa
tion in the superficial and deep layers. This proposal is 
similar to that made for striate cortex in monkeys where 
ocular dominance bands represent the same visual space 
individually for the two eyes in layer IV and combine to 
form a single binocular representation in other layers. In 
the present highly detailed maps, only a single highly to
pographic map was evident; separate representations were 
not apparent. Map reorganization after peripheral lesions 
suggest that the boundaries of SA and RA zones may be 
subject to change. Thus, we hypothesize, SA and RA bound
aries may be functionally derived distributions, alterable 
by stimulus aspects of predominant hand uses. 

Evidence for map variability in other 
cortical regions 

If map variability is primarily a consequence of differ
ences in hand use in individual monkeys, then map varia
bility in other cortical fields might constitute evidence for 
the possible extents of use-dependent alterability in those 
zones. Again, variability in map structure has not been the 
primary objective of any earlier study in cortex. However, 
differences have been described in several regions. 

In auditory cortical fields, there is substantial variation 
in the details of best frequency organization in individual 
cats, although the overall pattern of cochleotopic or "tono
topic" representations can be remarkably similar (Merzen
ich et aI., '75, '84b; Reale and Imig, '80). In the isofrequency 
dimension of the primary auditory cortex, functional orga
nization is very highly idiosyncratic (see Merzenich and 
Brugge, '73; Imig and Adrian, '77; Imig et aI., '77; Schrei-
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ner and Cynader, 'S4; Merzenich et al., 'S4b). In the cat, for 
example, neurons at given sites along the isofrequency axis 
of Al have highly specific, complex response properties 
which differ from cat to cat. Neuroanatomical projections 
from the auditory thalamus are massively convergent and 
divergent along this field axis (Colwell, '77; Merzenich et 
al., 'S2, 'S4b; Middlebrooks and Zook, 'S3). 

Other somatosensory zones are likely more variable in 
representational order than are areas 3b and 1. Thus, for 
example, raw data from different SII field maps are sub
stantially different in the relatively detailed studies of Ro
binson, Burton and Freidman, conducted in macaques and 
cats (Robinson and Burton, 'SOa; Freidman, 'Sl; Burton et 
al., 'S2). Very great individual differences were noted, in an 
important study of the somatosensory representation of 
area 7b and other outlying fields in the macaque (Robinson 
and Burton, 'SOb; Burton and Robinson, 'Sl). 

We have earlier hypothesized that the limits of cortical 
map alterability are determined by the extents of spread of 
anatomical inputs (Merzenich et al., 'S3b, 'S4a,b; Merzen
ich, 'S7). In this vein, the very substantial variation re
corded along the isofrequency axis of auditory fields and 
within SII and area 7 somatosensory fields are consistent 
with this view, as inputs to all of those cortical zones are 
more widely convergent-divergent than are those to areas 
3b and 1. 

Variability in visual field organization has been less well 
studied. There, maps have, as a rule, been defined in coarser 
grain, as mapping has again been largely directed toward 
defining visual representational entities, and toward deter
mining the overall grand pattern of retinotopy (e.g., see 
Zeki, '69, '74; Allman and Kaas, '71a, '71b, '74, '75, '76; 
Tusa et al., '7S, '79, 'Sl; Palmer et al., '7S). Indeed, individ
ual comparisons are more difficult because of a limitation 
in the frames of reference for comparing map details. The 
representation of the visual field periphery as a variable 
number of "islands" within areas lS and 19 in the cat (e.g., 
Donaldson and Whitteridge, '77) would appear to be equiv
alent to those described herein (also see Tusa et al., '7S, '79, 
'Sl; Albus and Beckmann, '79). It would be surprising ifthe 
sources of substantial map variability operating within so
matosensory and auditory cortical fields are not also pres
ent within visual cortical areas. 
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