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SD-Squared: On the Association Between Semantic Dementia
and Surface Dyslexia
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Within the connectionist triangle model of reading aloud, interaction between semantic and phonological
representations occurs for all words but is particularly important for correct pronunciation of lower
frequency exception words. This framework therefore predicts that (a) semantic dementia, which
compromises semantic knowledge, should be accompanied by surface dyslexia, a frequency-modulated
deficit in exception word reading, and (b) there should be a significant relationship between the severity
of semantic degradation and the severity of surface dyslexia. The authors evaluated these claims with
reference to 100 observations of reading data from 51 cases of semantic dementia. Surface dyslexia was
rampant, and a simple composite semantic measure accounted for half of the variance in low-frequency
exception word reading. Although in 3 cases initial testing revealed a moderate semantic impairment but
normal exception word reading, all of these became surface dyslexic as their semantic knowledge
deteriorated further. The connectionist account attributes such cases to premorbid individual variation in
semantic reliance for accurate exception word reading. These results provide a striking demonstration of
the association between semantic dementia and surface dyslexia, a phenomenon that the authors have
dubbedSD-squared
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Current computational models of normal and disordered readindpgical dyslexia, characterized by a selective deficit in the reading
aloud differ in their architectural, representational, and processingloud of novel letter strings, and acquired surface dyslexia, hall-
assumptions. There is, however, general agreement that there arenaairked by a selective deficit in the oral reading of words with
least two procedures involved in the translation of orthography taatypical or exceptional mappings between spelling and sound.
phonology (G—P), one restricted to whole-word information and Within current computational models of reading aloud, the selec-
the other including or specializing in subword information. This tive difficulty with nonword reading in phonological dyslexia is
consensus has arisen in part from the need to account for thattributed to disruption of some component of the subword path-
neuropsychological double dissociation between acquired phonoway (Coltheart, 2006; Harm & Seidenberg, 2001), whereas the
selective difficulty with atypical word reading in surface dyslexia
is attributed to disruption of the whole-word pathway (Coltheart,
2006; Patterson et al., 1996). Yet this is as far as the consensus
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route contains a system of grapheme—phoneme rules capable géneralize to pronounceable nonwords. Yet this demonstration is
correctly translating nonwords and words with typical or regularstill compatible with the proposal that in a full implementation of
mappings between spelling and sound. The direct lexical routehe triangle model that includes semantics, accurate reading aloud
allows correct pronunciation of all known words, including low- of exception words will partially rely on activation from semantics
frequency exception words, without recourse to semantic informato phonology (S>P).

tion. Hence within the DRC model, correct reading aloud of all To investigate this issue, Plaut et al. (1996) performed a simu-
known words may be achieved without any knowledge of thelation in which G—>P was trained in the presence of additional
meanings of those words, and it is for this reason that the semantigequency-weighted activation of phonology designed to serve as
system of the model remains unimplemented. The DRC modehn approximation of the contribution of semantic information to
therefore predicts no relationship between the occurrence of deeading aloud. As there was no implementation of actual semantic
graded semantic knowledge and the incidence of surface dyslexigepresentations, we refer to this source of phonological activation
Specifically, the expectation from a DRC perspective is that intacls “S*—P. Under these circumstances, a graded division of labor
exception word reading will be observed in some or many patientgjeveloped within the reading system that functioned to maximize
with impaired semantic knowledge, and that a deficit in exceptionthe network’s overall efficiency. Specifically, the-©P pathway
word reading will predict nothing about the status of a patient'sspecialized in representing the more frequent and/or consistent
semantic knowledge. Any case of association between Sema”tiﬁappings between orthography and phonology, with correct read-
impairment and surface dyslexia is interpreted as indicating thaitng of exception words coming to depend more on-SP. This
brain damage has accidentally compromised the separate areggision-of-labor hypothesis has been supported by studies dem-
responsible for lexical and semantic processing, rather than deno&'nstrating that in normal individuals, the impact on reading aloud
ing anything theoretically meaningful about the functional archi-of a semantic variable, imageability, is confined to low-frequency

tecture of the reading system. o exception words (Cortese, Simpson, & Woolsey, 1997; Shibahara,
A contrasting view is provided by the connectionist triangle Zorzi, Hill, Wydell, & Butterworth, 2003; Strain & Herdman,

model of reading aloud, depicted in Figure 1 (Harm & Seidenberg, gqq. sirain, Patterson, & Seidenberg, 1995, 2002). In addition,
2004; Plaut, McClelland, Seidenberg, & Patterson 1996; Seideng . empirical pattern has been successfully simulated by a fuller

perg & M(t:CIeIIand, 19?9)._;I'hfe a;(r:]hltg_cttu_rs (t)f(;he trlanglca:[ TOdel' plementation of the triangle model incorporating a featural
incorporates groups of units for the distributed representation of .. ... system (Harm & Seidenberg, 2004).

spelling, sound, and meaning. Processing within the model is When Plaut et al. (1996) decreased “SP activation to emu-

determined by the weights on connections between these un't?ate the impact of a semantic deficit on reading aloud, performance

The values of these weights are derived from exposure to a ; . : : .
. . . on exception words was selectively impaired, as seen in surface
representative corpus of monosyllabic words using an error-

. ) . - . dyslexia. Moreover, the amount of remaining “SP activation
correcting learning algorithm. In a partial implementation of the . . . ) -
- . determined the severity of the surface dyslexia, with the deficit
triangle model, Plaut et al. (1996) demonstrated that in the absenceij d for low-f i d readi d der-
of a semantic system, the-©P procedure could learn to pro- observed for low-irequency exceplion word reading under moder

nounce both regular and exception words correctly, as well agtely rt_aduced Sﬁp extending to encompass hlghe_r frequency
exception words with more extreme removal of this source of

activation. As these lesion simulations demonstrate, the triangle
model predicts a strong association between degraded semantic
knowledge and surface dyslexia and, further, that there should be
a close correspondence between the extent of the semantic deficit
and the degree of surface dyslexia both across different individuals
and for any given individual over time if the semantic deficit is
progressive.
As the direct G=P connections of the triangle model are in fact
capable of learning to pronounce exception words correctly, the
model allows for the possibility that different individuals may vary
in the extent to which processing of these words depends-eR S
. activation. Indeed, multiple lesion simulations trained to differ in
degree of premorbid reliance on “S*P activation demonstrate
Orthography Phonology that variation along this dimension can have predictable conse-
quences for the severity of surface dyslexia (Plaut, 1997). Given
that the connectionist approach allows for at least quantitative
variation in the functional architecture of the intact reading system,
MAKE ImAK/ this account therefore predicts individual differences in the degree
) . ) of semantic damage required to produce surface dyslexia. In other
Figure 1. The triangle model of reading aloud. Implemented aspects of . - . .
the model are shown in bold. Adapted from “Understanding Normal andwords’ (a,l) des.plte a Strohg pred.lctlon that apprecllable Semantlc
Impaired Word Reading: Computational Principles in Quasi-Regular Do_degradatlon will be associated with §urface dyslex.la, the trl.'?lngle.
mains” by D. C. Plaut, J. L. McClelland, M. S. Seidenberg, and K. Mmodel also countenances the occasional observation of a dissoci-

Patterson, 199@sychological Reviey03 p. 59. Copyright 1996 by the  ation, and (b) unlike the DRC model, the triangle model treats both
American Psychological Association. Adapted with permission. associations and dissociations between semantic status and reading
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performance as theoretically meaningful with respect to the funcBub, Cancelliere, & Kertesz, 1985; McCarthy & Warrington,
tional architecture of the reading system. 1986; Shallice, Warrington, & McCarthy, 1983). The purest form
To evaluate the triangle model’s explicit assumption that accu-of surface dyslexia is characterized by a highly selective deficit of
rate exception word reading typically hinges om>® activation, exception word reading, in the presence of fluent and accurate
in the present article we report the most extensive cross-sectionatéading of regular words and nonwords (Bub et al., 1985; Mc-
and longitudinal consideration to date of reading performance irCarthy & Warrington, 1986; Shallice & Warrington, 1980; Shal-
semantic dementia, a condition characterized by relatively seledice et al., 1983). Mixed forms of surface dyslexia in which
tive progressive deterioration of semantic memory. Although bothimpaired exception word reading is accompanied by an additional
semantic dementia and surface dyslexia can be abbre\&iéd though less severe deficit in the accuracy and/or speed of regular
fact that of course provides the title to this article), we will— word and/or nonword reading have also been reported (Gold et al.,
consistent with a large literature—refer to the neurodegenerativ@005; Hodges, Graham, & Patterson, 1995; Marshall & New-
condition asSD and thus spell out the reading disordersasface ~ combe, 1973; Shallice & Warrington, 1980).
dyslexia The specific predictions from the triangle model's ac- Surface dyslexia has been observed in a number of different
count of surface dyslexia with reference to the performance of atiologies, but irrespective of the neurological cause of the disor-
large group of individuals afflicted by a progressive semanticder, it is apparent that the vast majority of these patients have also
impairment may be summarized as follows: (a) Impaired semantidlemonstrated appreciable impairments to semantic memory on
knowledge will be strongly associated with surface dyslexia in thetests such as picture naming and/or word—picture matching. For
full group—that is, there will be a pattern of SD-squared; (b) theexample, apart from SD, impaired performance on various tests
extent of the semantic impairment will on the whole predict thetapping semantic memory has also been reported in the majority of
severity of the surface dyslexia observed both cross-sectionallgases of surface dyslexia following cerebrovascular accident or
and longitudinally; (c) individual differences in premorbid seman- head injury (Behrmann & Bub, 1992; Bub et al., 1985; Hillis &
tic reliance during reading aloud will produce very occasionalCaramazza, 1991, 1995; Patterson & Behrmann, 1997; Saffran,
discrepancies between level of semantic knowledge and accurad®85). Some researchers have demonstrated that impaired seman-
of exception word reading; and (d) the rare observation of pretic knowledge corresponds to exception word errors for the same
served exception word reading will be longitudinally temporary, items (Hillis & Caramazza, 1991, 1995), and such item-level
such that further semantic degradation will inevitably result in aconsistency clearly suggests a meaningful relationship, as assumed
surface dyslexic reading pattern for any given individual. within the triangle model. Nonetheless, given differences across
Before turning to the present patient data, we consider how thesgtudies in terms of the stimuli used to assess reading aloud per-
predictions of the triangle model fare in accounting for previousformance and the variation in both tasks and materials used to
reports of reading aloud by individuals with brain damage, withassess the extent of the semantic deficit, it is difficult to quantify
specific reference to the integrity of their semantic knowledge. Asthe strength of the commonly observed association between the
will be seen, the majority of these reports concern data from singl@resence of surface dyslexia and semantic impairments.
cases, which entails various limitations on their theoretical inter- When we turn to studies of surface dyslexic readers suffering
pretation, constraints that are overcome by the case-series affom the progressive neurological atrophy that characterizes the
proach adopted in the present work. The cognitive profile associdegenerative conditions of Alzheimer’s disease and SD, the asso-
ated with the neurodegenerative condition of SD is briefly ciation between surface dyslexia and impairments of semantic
described before discussion of the nature of the semantic impaimemory is even more striking. Again, much of the evidence for
ment and its expected consequences for reading aloud. Informetis association has been derived from single-case or small case-
by these considerations, a new triangle-model simulation of theseries studies (Blazely, Coltheart, & Casey, 2005; Funnell, 1996;
reading aloud performance expected in SD, incorporating individK. S. Graham, Hodges, & Patterson, 1994; Hillis & Caramazza,
ual differences in degree of premorbid semantic reliance, will bel995; Marshall & Newcombe, 1973; McCarthy & Warrington,
provided. To foreshadow our results, the correspondence betweel986; Patterson et al., 1996; Parkin, 1993; Schwartz, Saffran, &
model and patient data that we obtain is nothing less than remarkMarin, 1980; Shallice & Warrington, 1980; Shallice et al., 1983;
able. We defer our assessment of possible alternative accounts favard, Stott, & Parkin, 2000; Warrington, 1975; Noble, Glosser, &
the observed pattern of patient data until the General DiscussiorGrossman, 2000), but some investigations have used larger case
series (N. Graham, Patterson, & Hodges, 2000; Jefferies, Lambon
Previous Associations Between Word Reading and Ralph, Jones, Bateman, & Patterson, 2004; Patterson, Graham, &
Meaning Hodges, 1994; Patterson & Hodges, 1992; Patterson et al., 2006;
Strain, Patterson, Graham, & Hodges, 1998). Through the use of
As noted earlier, the triangle model makes the explicit predic-constant stimuli across different individuals, these case-series in-
tion that brain damage or disease compromising semantic activarestigations enable us to assess the triangle model’s prediction that
tion of phonology will produce surface dyslexia. The cardinal the extent of the semantic impairment will predict the severity of
symptom of surface dyslexia constitutes reading errors in whictthe surface dyslexia observed both cross-sectionally and longitu-
words with exceptional spelling—sound correspondences are pralinally, and they therefore warrant further consideration. We focus
nounced according to their more typical mappings (epint on the case-series studies of reading in SD, given that this is the
pronounced to rhyme witminif). Although these errors are com- topic under investigation here.
mon responses to low-frequency exception words among all sur- In the first explicit investigation of this issue, Patterson and
face dyslexic individuals, they may also occur to high-frequencyHodges (1992) assessed the reading performance of six SD pa-
exception words in more severe cases (Behrmann & Bub, 19923jents on a large set of words known as the “Surface List” (which
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figures prominently in the current study as well), with reference toattentional and working memory deficits, combined with the use of
their scores on tests of semantic knowledge such as picture namingultiple-item forced-choice semantic assessments, may result in
and word—picture matching. In the four cases considered to haveverestimation of the extent of the true semantic deficits (Jefferies
moderately degraded semantic knowledge, a selective deficit i& Lambon Ralph, 2006; Patterson et al., 2006; Silveri & Colo-
exception word reading was apparent for low-frequency items; irsimo, 1995).
the two patients with more severe semantic impairments, reading SD, because of its relatively selective deterioration of semantic
errors to exception words were even more prevalent for low-knowledge, is less susceptible to this concern, and one of the most
frequency items and occurred to high-frequency items as wellwidely cited cases of dissociation between semantics and reading
Furthermore, two of the moderate cases were assessed furtheccurred in a patient who almost certainly had SD, case W.L.P.
along in the inexorable semantic deterioration that is the hallmarKSchwartz, Marin, & Saffran, 1979; Schwartz et al., 1980). At
of SD, and these individuals were reported to have more extensiviitial assessment, W.L.P. had a clear semantic deficit yet was
surface dyslexia (Patterson et al., 1996). unimpaired at high-frequency exception word reading; she was not
N. Graham et al. (2000) reported that a group of 13 SD patientsystematically tested on low-frequency words. When assessed
showed significantly lower accuracy than controls on exceptionsome years later, by which stage her knowledge of meaning had
word reading, most pronounced for low-frequency items but alsadegraded considerably, W.L.P.’s reading of high-frequency excep-
apparent for high-frequency items. Six of the original 13 patientstion words had also suffered, now falling into the impaired range.
tested at a later stage of disease progression, at which point thdiris therefore possible that other SD patients who initially dem-
performance on tests of semantic knowledge had predictably desnstrate preserved exception word reading in the presence of a
teriorated, showed a further decline in accuracy of exception worédemantic deficit will, like W.L.P., develop surface dyslexia with
reading. Exception word reading for the group was significantlyfurther semantic degradation. Unfortunately, longitudinal data are
related to various measures of semantic knowledge, includingiot available for two more recently reported SD cases with intact
picture naming and spoken word—picture matching. Most recentlylow-frequency exception word reading (Blazely et al., 2005; Ci-
Patterson et al. (2006) studied 14 SD patients and demonstrated (@dlotti & Warrington, 1995).
that performance on low-frequency exception word reading fell What is perhaps most striking, however, is how few reports
more than two standard deviations below the mean for agethere are of intact exception word reading with semantic impair-
matched controls in every single patient, and (b) that a compositenent relative to the many cases of cross-sectional and longitudinal
score from nonreading semantic tests correlated strongly witlassociation. Furthermore, the other side of this dissociation coin,
exception word reading success. namely, intact semantic knowledge in the face of impaired low-
In summary, previous research has revealed substantial empifrequency exception word reading, is apparently even rarer, with
ical support for the specific predictions derived from the triangleonly two such cases reported in the literature to date. As a conse-
model, in which impaired semantic knowledge results in a deficitquence of brain injury, N.W. (Weekes & Coltheart, 1996) demon-
of exception word reading. Irrespective of underlying etiology, strated a pattern of mild surface dyslexia, despite perfect perfor-
impaired semantic knowledge has been strongly associated witmance on tests of both picture naming and word—picture matching.
the presence of surface dyslexic reading. Case-series studies Bfore recently, a case of SD has been reported in which surface
progressive neurological disorders, particularly SD, have demoneyslexia was in fact the presenting symptom of the disease (Men-
strated a quantitative relationship between the extent of the semaxdez, 2002). Upon formal assessment, this patient showed impaired
tic impairment and the severity of the surface dyslexia observedieading of exception words, in the presence of slightly impaired
both cross-sectionally and longitudinally. But what of the predic-picture naming but perfect word—picture matching. Given the
tions that individual differences in premorbid semantic relianceprogressive nature of SD, previous literature would lead us to
during reading aloud should produce occasional dissociations bexpect a continued decline in performance on both semantic and
tween level of semantic knowledge and accuracy of exceptiomeading measures.
word reading, and that these should be temporary in the case of Existing cross-sectional and longitudinal data concerning reading
progressive disorders? To address this issue, we turn to an exarm SD are therefore entirely consistent with both of the triangle
ination of the small number of previous reports of intact exceptionmodel’s predictions that (a) the majority of cases will be characterized
word reading among individuals with impaired semantic knowl- by an SD-squared pattern even early in semantic decline and (b)
edge, and intact semantic knowledge among individuals with im-differences in premorbid semantic reliance during reading aloud will
paired exception word reading. produce occasional and temporary dissociations between level of
semantic knowledge and accuracy of exception word reading. Spe-
Previous Dissociations Between Word Reading And cifically, those rare cases in which an appreciable semantic impair-
Meaning ment co-occurs with intact exception word reading are regarded as
reflecting a low degree of premorbid reliance or-8 activation to
Intact exception word reading in the presence of impaired sesustain accurate exception word reading. Hence, for such individuals,
mantic memory has been reported in single-case studies with a@marked decrement in semantic knowledge will be required before a
etiology of stroke (Gerhand, 2001) and hemorrhage (Miozzo &surface dyslexic reading pattern emerges. Conversely, the even rarer
Gordon, 2005; Weekes & Robinson, 1997). The same dissociationases in which reasonably intact semantic knowledge co-occurs with
has occasionally been observed with Alzheimer’s disease (Lamboa detectable exception word reading deficit are interpreted as indicat-
Ralph, Ellis, & Franklin, 1995; Noble et al., 2000; Raymer & ing a high degree of reliance or-gP activation to support correct
Berndt, 1996). Some caution is warranted, however, in the interexception word reading premorbidly. As a consequence, even a very
pretation of the data from these cases, as it is possible thanild semantic deficit will be sufficient to produce a surface dyslexic
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reading pattern in such cases, and both semantic and reading perfor-Clearly, then, what is needed to assess the specific predictions of
mance would be expected to decline in parallel with progression ovethe triangle model’s account of surface dyslexia is cross-sectional
time. Effectively, the triangle model proposes that what varies acrosand longitudinal data, from a large number of patients with a
different cases of SD is not the presence of surface dyslexia but ratheelective semantic impairment, derived from consistent assess-
the level of semantic degradation necessary to produce it. ments of reading aloud and semantic knowledge; that is precisely
Although the preceding survey of the existing research concernwhat the present study provides, in the form of 100 observations of
ing reading aloud in SD is concordant with the triangle model'sreading from 51 SD patients. The approach adopted here exem-
account of surface dyslexia, determining the distribution of theplifies case-series methodology, which is becoming increasingly
reading performance observed under conditions of semantic impopular within cognitive neuropsychology (Lambon Ralph et al.,
pairment is hindered by both the preponderance of single-cas2002; Lambon Ralph, Patterson, Graham, Dawson, & Hodges,
studies and their use of different semantic and reading asses2003; Rogers, lvanoiu, Patterson, & Hodges, 2006; Schwartz,
ments. We now turn to a brief consideration of the manner inDell, Martin, Gahl, & Sobel, 2006). Consideration of the perfor-
which the large-scale case-series methodology used in this studpance of a large group of patients enables the researcher to
overcomes these limitations. identify both the typical profile for that group and any patients who
deviate from it. Hence the case-series approach is particularly
suitable for domains in which there is reason to expect that
premorbid individual differences will produce variations in per-
Traditional cognitive neuropsychology is characterized, and acformance subsequent to impairment, as in reading aloud. Such
cording to some even defined, by a reliance on data from detailethdividual differences are most readily interpretable when the
studies of single cases of patients suffering from neurologicapatients considered form a relatively homogeneous group in terms
damage (Caramazza & McCloskey 1988; Coltheart, 2001; Ellis &of their specific neurological damage and its cognitive conse-
Young, 1988; McCloskey & Caramazza, 1988). In this context,quences; with this in mind, we turn to a brief description of SD.
associations between impairments in different cognitive domains
are distrusted, as these may emerge merely from the anatomical
contiguity of the damaged brain regions rather than reflecting
anything theoretically significant concerning the underlying func- SD is a relatively circumscribed disorder of semantic memory
tional architecture of cognition. Instead, dissociations betweerhat arises as a result of progressive atrophy of the anterior tem-
impaired and intact patterns of performance have been held tporal lobes (Hodges, Patterson, Oxbury, & Funnell, 1992; Mum-
indicate functional independence of the relevant processes. Thimery et al., 2000; Neary et al., 1998; Nestor, Fryer, & Hodges,
approach has formed the basis for a large body of research ar@D06; Snowden, Goulding, & Neary, 1989). Neuroanatomically,
many conclusions regarding the functional architecture underpinthis anterior temporal atrophy is often asymmetrical but always
ning various aspects of cognition (Rapp, 2001). bilateral, especially as the disease progresses (Seeley et al., 2005).
Yet with the advent of connectionist models of normal andBehaviorally, SD patients are generally well oriented in space and
impaired cognitive performance, it is becoming increasingly ap-time, and although their spoken language is compromised by a
parent that an exclusive focus on single cases and dissociatiamarked anomia, it is otherwise phonologically correct, fairly flu-
logic has its own limitations and liabilities. An extensive consid- ent, and largely grammatical (Hodges & Patterson, 1996; Patterson
eration of this controversial issue falls outside the scope of th&& MacDonald, 2006). The selectivity of the semantic memory
present work, and excellent discussions of various aspects of thideficit in SD is highlighted by essentially normal performance on
debate appear elsewhere (Medler, Dawson, & Kingstone, 2003asks tapping cognitive abilities not requiring knowledge of mean-
Plaut, 1995, 2003; Van Orden, Jansen op de Haar, & Bosmaring, such as nonverbal problem solving, visuospatial skills, and
1997; Van Orden, Pennington, & Stone, 2001). We note here onlyattentional capacity (Hodges et al., 1995; Hodges, Patterson, &
two key aspects that are of particular relevance to the current studyyler, 1994). Both working memory and episodic memory abilities
of reading aloud performance in SD. The first is that the prepon-are also within the normal range on tests using appropriate mate-
derance of single-case studies has resulted in variations in theals (K. S. Graham, Simons, Pratt, Patterson, & Hodges, 2000;
semantic and reading assessments used across different patientsJéfferies, Jones, Bateman, & Lambon Ralph, 2004; Knott, Patter-
light of the fact that the presence of an association or a dissociatioson, & Hodges, 2000).
within any given patient can be determined largely by the relative The pattern of intact performance on nonsemantic tasks in SD
sensitivity of the assessments used (Ellis & Young, 1988; Shallicegontrasts sharply with impairments on any tests requiring access to
1988), such variations can have serious implications within themeaning-level information. The semantic deficit is most apparent
context of an approach that assigns differential weight to eacton tests of vocabulary production and comprehension, such as
pattern of performance. The second is that the use of single-cag@cture naming and spoken word—picture matching, and it is these
methodology relies on the assumption of invariance between difmeasures that are used to quantify the level of semantic deficit of
ferent individuals in terms of the functional architecture of their the patients in this study. Yet it should also be emphasized that the
premorbid reading systems (Coltheart, 2001, 2006). Healthy adubemantic deficit is not restricted to the linguistic domain and
readers do, however, vary in degree of semantic reliance duringlearly affects performance on nonverbal tasks such as picture
low-frequency exception word reading, as indicated by differenceslrawing, visual object recognition, sound recognition, and object
in the magnitude of the imageability effect when grouped accord-use (Bozeat et al., 2003; Bozeat, Lambon Ralph, Patterson, Gar-
ing to their scores on assessments tappirg®competency such rard, & Hodges, 2000; Bozeat, Lambon Ralph, Patterson, & Hodges,
as nonword reading (Strain & Herdman, 1999). 2002; Rogers, Hodges, Lambon Ralph, & Patterson, 2003).

Case-Series Methodology in Cognitive Neuropsychology

Preservation and Degradation in SD
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SD is a most appropriate disorder in which to evaluate the impact Object-naming errors represent a good—or, in any case, per-
of semantic damage on reading performance for a number of reasortgaps the best available—index of the nature of semantic activation
First, SD patients form a relatively homogeneous group in terms obf phonology. The errors of commission establish tha¢FS acti-
the nature of their impairment and its underlying neurological causevation in SD is not simply diminished; on at least some occasions,
Second, the specificity of the semantic deficit means that any assahere is sufficient S>P activation for the patient to produce a
ciated difficulties in word reading are unlikely to be the result of other,response, but one that is less specific or precise than the correct
nonsemantic impairments, particularly of visual or phonological pro-response. With respect to reading aloud, the upshot of “rogue”
cessing (Cumming, Patterson, Verfaellie, & Graham, 2006; Jefferiepphonological activation of nonspecific or inaccurate alternatives
Jones, Bateman, & Lambon Ralph, 2005). Third, the progressivéor a written word’s referent is that additional variability is intro-
nature of the disorder allows an assessment of word reading perfoduced into the computation of pronunciation. For example, if
mance across a wide range of semantic abilities in two ways: (apresentation of the written worgat activates a semantic pattern
Different individuals will vary in the severity of their semantic deficit indistinguishable from that of a dog or indeed a generic animal
according to their stage of disease progression, allowing for extensivRogers, Lambon Ralph, Garrard, et al., 2004), then there will
cross-sectional comparisons, and (b) the same individuals will evinecessarily be some-SP activation that conflicts with the ©P
dence an inevitable decline in their semantic ability over time, encomputation.
abling additional longitudinal considerations that are particularly in- The extent to which the less specific or incorreet8 activa-
formative with respect to premorbid individual differences in tion in SD will affect the accuracy of both picture naming and
semantic reliance during reading aloud. reading aloud is, in part, a function of two factors concerning the

To quantify the predictions of the triangle model concerning theadjustment of connection weights during training. First, familiar
incidence and severity of surface dyslexia expected across a broancepts have stronger within-level connections between the se-
range of semantic degradation, we first present a new simulation ahantic units that participate in their representation and hence are
the impact of reduced “S>P activation on reading aloud within the less susceptible to the effects of damage (Rogers, Lambon Ralph,
triangle model of Plaut et al. (1996). The motivation for conducting Garrard, et al., 2004). Second, familiar concepts tend to be high in
this new simulation was threefold. First, reading performance by thespoken word frequency, and therefore>® activation for such
network was assessed using the same stimulus words (the Surfatems will occur more efficiently by virtue of their stronger
List) used to test the SD patients. Second, the lesion simulation resulteetween-level connections (Lambon Ralph et al., 2001). With
were derived from multiple versions of the network trained with these observations in hand concerning the putative nature of se-
varying levels of “S*>P activation in order to approximate the mantic degradation in SD and its likely influence on the compu-
hypothesized variation that arises owing to premorbid differences intation of phonology from print, we can now turn our attention to
semantic reliance during reading aloud. Third, although this particulathe modified simulation of the impact of compromised “SP
network still contains no true implementation of the semantic systemactivation on reading aloud for multiple versions of the Plaut et al.
the lesioning technique was supplemented in order to provide a clos¢t996) network that vary in the extent of their premorbid division
approximation to the impact of degraded meaning on the activation obf labor between the direct and semantic pathways.
phonology in reading aloud, informed by consideration of the nature
of the semantic degradation observed in SD. READING ALOUD IN SD

A Connectionist Simulation

Implications of Semantic Degradation for Word Reading . . . ) )
This lesion simulation used the feed-forward architecture ap-

Although the precise nature of the semantic degradation in Splied in the original division-of-labor simulations of Plaut et al.
is not the focus of the present work, it is in fact germane to the(1996, Simulation 4), depicted in Figure 2. The weights on con-
question of how to simulate surface dyslexia in the triangle modelnections between units are derived from training with a large
Consider the profile of object/picture-naming performance in SD,corpus of monosyllabic words, with exposure proportional to the
assessed both cross-sectionally and longitudinally (e.g., Hodges stuare root of actual written word frequencies. Although the initial
al., 1995; Lambon Ralph, Graham, Ellis, & Hodges, 1998; Lam-random weights on connections between units differed from those
bon Ralph, McClelland, Patterson, Galton, & Hodges, 2001; Rogin the original simulation, all other aspects of the model’'s archi-
ers, Lambon Ralph, Garrard, et al., 2004). First of all, success isecture and training are identical to those used in Plaut et al. (1996,
always strongly predicted by some (or indeed any) measure oBimulation 4), and readers are referred to that article for further
object and name familiarity or frequency (K. S. Graham et al.,details. For present purposes, the most salient aspect of the net-
1994; Lambon Ralph et al., 1998). Second, the most common errorork’s training regime is the gradual introduction of external input
type in naming at all stages of SD, and increasingly so withto the phonological units, as depicted in Figure 3. This additional
progression, is a failure to respond (“I don’t know”). Third, despite source of phonological activation is intended to approximate the
the prevalence of omissions, errors of commission do occur. Thécreasing contribution of semantic activation that occurs over
most common of these are superordinate responses ded..~ time in the course of reading development. As can be seen in
“animal”) and category coordinate responses in which the incor+igure 3, the magnitude of the “S3P activation during training is
rect name given is a more frequent and/or more prototypicabletermined by the log Kieza and Francis (1967) written fre-
instance of the category than the target (eggat — “dog”). As quency of each word, reflecting the assumption of stronger seman-
conceptual knowledge declines, coordinate responses initially intic representations for higher frequency concepts.
crease and then decline, with a corresponding increase in super-To incorporate some approximation of variation in terms of
ordinate responses (Rogers, Lambon Ralph, Garrard, et al., 200fremorbid semantic reliance into the current lesion simulation, we
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created multiple instantiations of the intact network that differed 5
only in terms of the strength of the frequency weighted=gP
activation supplied during training, following the method used by
Plaut (1997). The strength of the frequency weighted =%
activation for each network is determined by the paramgter
which denotes its asymptotic level. In the original division-of-
labor network presented by Plaut et al. (1996, Simulatiog #as

set at a value of 5, which can be taken as a moderate level of
semantic reliance. In the present simulations, five different ver-
sions of the network were created by varyiggrom 3 to 7, with
each version initialized with the same set of random weidfitse
difference between the versions of the network in the strength of

— High-Frequency Low-Frequency

External Input to Phonemes
N
o

the frequency weighted “S»P activation for low-frequency 05
words over training can be seen in Figure 4. These values were 0
chosen in order to capture a reasonable spread of premorbid 0 500 1000 1500 2000

. . . Training E| h
semantic reliance, and although more extreme values are certainly raining Epoe

possible, these were not explicitly investigated here. In the resultgigyre 3. The magnitude of the external input to phonology provided
that follow, the statistical analyses are conducted on the basis Qfver the course of training within the network for moderate level of
values that are obtained through weighting the contribution of eaclemantic strengthg(= 5) as a function of training epoch and frequency for
version of the network such that we obtained a normal distributiorthe average values of the high-frequency (804/million) and low-frequency
of g. Effectively, this weighting equates to a data set containing &5.6/million) words from the Surface List.

single instance of thg2/7 versions, two instances of thg3/6

versions, and three instances of th® version. This weighting

procedure is intended to reflect our assumption that extreme variS at this point that the method diverged from that used by Plaut et
ations in degree of semantic reliance among normal healthy adul@l- (1996, Simulation 4). In the original version, the semantic
should be relatively uncommon, as suggested by the low incidencision consisted of a gradual reduction in the amount of=*$"

of dissociations in the previous literature. Statistical analyses conlPut. This diminution is consistent with SD patients’ many omis-
ducted on the unweighted data yielded a similar pattern of SignifSion errors in picture naming, and it was therefore also used in the

icant results. present simulation. As outlined earlier, however, the patients also
make errors of commission in naming. Such errors suggest
Method that—in a reading model with implemented semantic representa-
tions—the S~>P activation would often be more consistent with a
Lesioning response that is incorrect for the written target word, thus intro-

i . . . ducing noise into the process of computing the reading response.
Once the five versions of the intact network had experienced the, /. <imulated this idea in the present study by the addition of

frequency-weighted “S*P activation for 2000 training epochs, . \ssian noise to the “SiP activation as it was reduced. The

they were subjected to semantic lesions of varying Severity Nyiandard deviation of the noise applied was twice the inverse of
order to simulate the reading aloud performance expected in SD. %ach word's normalized frequency (i.8.% [1 — f], wheref. is the

normalized square-root frequency of wardsed during training).
Hence, the proportional amount of noise delivered to phonology

[ 61 Phoneme Units K:l Semantic decreased with increasing word frequefcy.

Activation

Stimuli

The stimuli used to assess the word reading performance of the
model were from the Surface List (Patterson & Hodges, 1992) and
are provided in Appendix A. The Surface List consists of a
factorial combination of frequency and regularity, with 42 items
per cell. Within each level of frequency, the regular and exception
items are matched on initial phoneme and do not differ according
to Kutera and Francis (1967) written frequency: high-frequency
regular (HR)= 811.43, high-frequency exception (HE)798.83,
t(80) < 1; low-frequency regular (LR} 5.78, low-frequency

[ 100 Hidden Units

[ 105 Grapheme Units ]

Figure 2. The feed-forward network architecture of the model used in

both the original division-of-labor simulations and the current study.

Adapted from “Understanding Normal and Impaired Word Reading: Com- 1 The code for the five trained and intact versions of the network can
putational Principles in Quasi-Regular Domains” by D. C. Plaut, J. L.be downloaded from http://www.cnbc.cmu.ediplaut/Woollams
McClelland, M. S. Seidenberg, and K. Patterson, 1998ychological ~ -SDsquared/

Review 103 p. 67. Copyright 1996 by the American Psychological Asso- 2The code used for the lesion simulations can be downloaded from
ciation. Adapted with permission. http://lwww.cnbc.cmu.edu/plaut/Woollams-SDsquared/
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5 and the correct pronunciation of the word (for details, see Plaut et
u5 AR LR L al., 1996) at various points during the gradual reduction of4%
activation. Of course, the relationship between a word’s phono-
logical form and its meaning is arbitrary, whereas the correspon-
35 dence between a word’s orthographic and phonological forms is
3 quasi-regular. As a result, the semantic activation required for
accurate performance in reading aloud may not be all that sub-
stantial relative to that necessary for correct object naming, where
g all of the activation arises from the—SP mapping alone. In
15 essence, the semantic activation required for accurate reading
; aloud of an atypical word needs only to be sufficient to tip the
/ balance of existing phonological activation in favor of the target
pronunciation relative to the other alternatives generated-yFO
o e - . 00 (e.g., forblood the correct pronunciation rhyming withhud and
Training Epoch the incorrect ones rhyming witpoodandfood). Hence, within the
model, “S"—P activation must be reduced substantially before
Figure 4. The magnitude of the external input to phonology provided gany form of reading deficit emerges. In the present work, all
over the course of training yv_ithin the five vgrsions of_ the network for analyses considered performance of the model for 12 levels of
Iow-frequency words (5.6/million) as a function of training epoch and severity when “S™P activation was at 3 or below, as this was the
semantic strengthgy. . R .
lowest asymptotic amount of “S2P activation provided to any
version of network during training. In line with the analysis of the
exception (LE)= 5.41,1(78) < 1; or orthographic length: HR SD patient data to follow, each observation was treated as inde-
414, HE= 4.24,t(1, 82)< 1; LR = 4.83, LE= 4.81,t(82) < 1. pendent for the purposes of the main cross-sectional analysis. The
An additional set of 40 novel letter strings, provided in Appendix overall accuracy of reading performance, averaged across the five
B, was used to assess the nonword reading performance of thersions of the network for each of the 12 levels of lesion severity,
model, with responses scored according to the acceptable pronups presented in Figure 5A in order to illustrate the general pattern
ciations listed. These word and nonword lists are the same stimulyf performance across the four different conditions.

used to assess the reading performance of the SD patients to beQverall accuracy. The individual observations deriving from

External Input to Phonemes
N
o

considered in the next section. the weighted distribution for all versions of the network are pre-
sented in Figure 6A for each condition as a function of lesion
Results severity. These data were analyzed using a repeated measures

analysis of variance (ANOVA) in which frequency and regularity
were entered as within-subject factors and lesion severity was

The accuracy of the network’s reading was assessed accordirigcluded as an independent linear predictor. The results showed
to the match between the pronunciation generated by the networstrong effects of frequency;(1, 106)= 1,293.83p < .0005, and

Word Reading
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Figure 5. Overall accuracy results for all conditions of the Surface List: (A) for the triangle model simulation

for all versions of the network, averaged by lesion severity; and (B) for 100 observations of reading performance
from 51 semantic dementia patients, averaged by level of semantic knowledge. Error bars represent standard
errors. HR = high-frequency regular words; LR= low-frequency regular words; HE= high-frequency
exception words; LE= low-frequency exception words.
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regularity, F(1, 106) = 2,030.28,p < .0005, and a Frequency (LARC) errors (Patterson, Suzuki, Wydell, & Sasanuma, 1995). A
Regularity interactionk-(1, 106)= 10.64,p = .001, reflecting the  LARC error is defined as a response in which the orthographic
larger impact of frequency on exception than on regular words andomponents of the stimulus are pronounced in accordance with
the larger impact of regularity on low- than on high-frequency correspondences contained in another existing monosyllabic word.
words. This pattern of interaction was equally apparent across allhus, for example, the pronunciationfwbodto rhyme with either
levels of lesion severityf(1, 106)< 1. Overall then, the pattern foodor goodwould count as a LARC error. Furthermore, although
of reading aloud displayed by the network resembled that comLARC errors are most likely for exception words, such errors can also
monly observed in surface dyslexia. occur to regular but inconsistent words (efgodto rhyme withgood
Lesion severity significantly predicted accuracy of readingor blood. In the present study, pronunciations containing an alterna-
aloud for all word typesF(1, 106) = 214.05,p < .0005. The tive body-rime correspondence were considered LARC errors, as
degree of correspondence between lesion severity and readingere pronunciations involving an alternative grapheme—phoneme
performance is reflected in the slope of the regression lines proeorrespondence for the few words that possessed a unique ortho-
vided for each stimulus condition in Figure 6A: for HR= 5.03, graphic body. The responses accepted as LARC errors for each item
t(106) = 8.90,p < .0005; for LR,B = 14.21,t(106) = 11.24p < are presented in Appendix A. The same criteria were used to classify
.0005; for HE,B = 16.40,t(106) = 11.75,p < .0005; for LE,B = error types by the connectionist network described in this section and
24.39,t(106) = 23.45,p < .0005. As is apparent in the slopes of the SD patients to be considered in the next section.
these regression lines, the relationship between lesion severity and For each observation of reading data from all sampled versions
reading performance was stronger for low- than for high-frequencyof the network, the proportion of responses constituting LARC
words,F(1, 106)= 338.89,p < .0005, and stronger for exception errors was computed. The percentages of LARC errors produced
than for regular words-(1, 11) = 769.43,p < .0005. by the model are presented in Figure 7A for each condition as a
Ouitliers, defined as observations with standardized residuals diinction of lesion severity. These data were analyzed using a
+2, are indicated in Figure 6A by asterisks. Accuracy of readingrepeated measures ANOVA in which frequency and regularity
performance fell below that predicted according to strength ofwere entered as within-subject factors and lesion severity was
semantic activation for four observations among high-frequencyncluded as an independent linear predictor. The results showed
regular words (three frorg7 and one fromg6), four observations strong effects of frequency;(1, 106) = 10.12,p = .002, and
among low-frequency regular words (all frogT), four observa-  regularity, F(1, 106) = 1,587.72,p < .0005, and a Frequency
tions among high-frequency exception words (three figfrand  Regularity interactionf(1, 106)= 5.92,p = .017, reflecting the
one fromg6), and four observations among low-frequency excep-larger impact of frequency on exception than on regular words and
tion words (all fromg7). Accuracy of reading performance fell the larger impact of regularity on low- than on high-frequency
above that predicted according to semantic activation for threevords. This pattern of interaction was equally apparent across all
observations among the high-frequency exception words (all frontevels of lesion severityl-(1, 106) = 2.29,p = .133. Hence the
g3) and for five observations among the low-frequency exceptiorpattern of LARC errors produced by the network corresponded to
words (all fromg3). Across all conditions, the number of outliers that usually seen in surface dyslexia.
obtained approximates the 5% that would be expected if the Lesion severity significantly predicted occurrence of LARC
observations were randomly drawn from a population with aerrors for all conditionsF(1, 106) = 620.08,p < .0005. The
normal distribution of reading accuracy, in line with our technique degree of correspondence between lesion severity and occurrence
of weighting the different versions of the network according to aof LARC errors is reflected in the slope of the regression lines
slightly platykurtic normal distribution (kurtosis —0.286). provided for each stimulus condition in Figure 7A: for HR,=
Legitimate alternative reading of components error§&iven —0.88,1(106) = —13.27,p < .0005; for LR,B = —1.09,t(106) =
that surface dyslexic reading is defined not only by a particular-25.72,p < .0005; for HE,B = -13.26,t(106) = —11.06,p <
tendency to err on exception words but also by the specific manne0005; for LE,B = —9.17,t(106) = —30.57p < .0005. As is apparent
in which these are misread, it is naturally of interest to consider then the slopes of these regression lines, the relationship between lesion
types of errors that occur in this new simulation involving the severity and occurrence of LARC errors is stronger for exception than
addition of noise to the “S*>P activation as this source of input for regular wordsF(1, 11)= 769.43p < .0005, but in contrast to the
is reduced. In keeping with a commitment to the importance ofanalysis of overall accuracy, the strength of the relationship did not
graded consistency of spelling-to-sound correspondences at mukary according to frequenc¥;(1, 106)< 1.
tiple subword levels, we do not restrict the errors of interest to
traditionally defined regularization errors_(l.c?:'.Z application of the Nonword Reading
most frequent correspondence between individual graphemes and
phonemes) but rather focus on a somewhat broader class of incor- In keeping with the original Plaut et al. (1996) simulations, it
rect responses called legitimate alternative reading of componentsas assumed that nonwords do not elicit any appreciable semantic

Figure 6 (opposite). Overall accuracy results for each condition of the Surface List: (A) for the triangle model
simulation for all versions of the network, according to lesion severity; and (B) for 100 observations of reading
performance from 51 semantic dementia patients according to level of semantic knowledge. Observations represented
by an asterisk are those cases with standardized residuals greater thas 2igtRfrequency regular words; LR
low-frequency regular words; HE high-frequency exception words; LE low-frequency exception words.
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Figure 7. Legitimate alternative reading of components (LARC) error rate results for all conditions of the
Surface List: (A) for the triangle model simulation for all versions of the network, according to lesion severity;
and (B) for 100 observations of reading performance from 51 semantic dementia patients according to level of
semantic knowledge. HR= high-frequency regular words; LR= low-frequency regular words; HE=
high-frequency exception words; LE low-frequency exception words.

activation to transmit to phonology, and therefore neither=$ son, Pratt, & Hodges, 1999, 2001); for two other patients, the last

activation nor its perturbation by noise was applied during pro-few observations were excluded because their naming scores had
cessing of novel letter strings. Hence the premorbid performanceeached zero by this stage of decline; and for one patient, his final
of the five versions of the network in pronouncing the nonwords inscore was removed owing to performance for the high-frequency
Appendix B M = 91.11%,SD = 8.94) was unaffected by lesion- regular words falling below 50%, suggesting a possible ortho-
ing. graphic processing impairment. This selection procedure on Mem-
Brain (for patients seen and diagnosed in the Cambridge clinic)

Summary resulted in 88 observations from 43 patients. These were then

) ) ) o supplemented with 12 observations from 8 SD patients (seen at a
This new simulation offers clear predictions for the pattern of ojinic in Bath) who were being tested on the same reading and

reading aloud to be expected in SD. The SD patients should shoWemantic measures. The final data set for analysis consisted of 100
significant effects of word frequency and regularity and an inter-gpservations of Surface List reading with accompanying naming

action between them that remains largely constant across all level§,q \wpMm scores, collected between 1991 and 2006, from 51 SD
of semantic damage. All word types should bear a significantyatients,

relationship to level of semantic knowledge, with the relationship
being stronger for low- than for high-frequency words and for Method
exception than for regular words. With decreasing semantic
knowledge, an increase in LARC errors should be most apparerﬁ
for exception words, irrespective of frequency. Finally, nonword Given the large number of patients considered in the present
reading accuracy should not systematically correspond to level cénalysis, it is obviously not possible to present individual case
semantic knowledge. In the next section, we test these predictiongescriptions. Many of the patients have appeared in previous
articles from our research group addressing various aspects of SD
An Empirical Evaluation (e.g., N. Graham et al., 2000; Hodges, Patterson, et al., 1992;
Jefferies, Lambon Ralph, et al., 2004; Patterson et al., 2006;

The t_)ulk of the pre§ent data_set was derived _fro_m MemBrainRogers, Lambon Ralph, Hodges, & Patterson, 2004). When there
our patient database in Cambridge. The analysis included every .o.<on to refer to a specific observation, we do so by providing

observation of Surface List reading recorded in MemBrain from 3he patient's initials followed by the number of that patient's

patient with an unambiguous clinical diagnosis of SD, provided;egiing round from which the observation was derived (e.g., J.P.4).

that the reading data were accompanied by scores on our tasks RE 4ready mentioned, the number of observations per patient was
picture naming and spoken word—picture matching (WPM) for that , iapje: Of the 51 cases, there was a single observation for

patient obtained within 6 months of the reading feSiome pa 24 cases, two observations for= 20, three fon = 1, four forn =
tients had only one entry in MemBrain that met this requirement,lv five forn = 2, six forn = 2, and seven fon = 1 faithful case.
whereas others, studied longitudinally, had multiple entries. From

this potential set, one patient was excluded because his naming

scores early on were inflated by his constant practice in naming 2 Readers wishing to access a copy of these data should make their
these items as part of a rehabilitation study (K. S. Graham, Patterequests to Karalyn Patterson: karalyn.patterson@mrc-cbu.cam.ac.uk

articipants
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It should be noted that patients were not necessarily assessed walue is also provided. Test scores for each severity group that fall
reading at every testing round, with the result that two consecutivenore than two standard deviations below the control meas (
observations of reading may not derive from two consecutive24—100; mean age 67—70) are presented in bold.
testing rounds. Thus, if we mention how reading declined from The relative selectivity of the semantic impairment is immedi-
J.P.1 to J.P.4, this means that J.P. did not do the reading test ately apparent in Table 1. Scores on the Mini-Mental State Exam-
Rounds 2 and 3. Our administration of the Surface List is dividedination (Folstein, Folstein, & McHugh, 1975) were below the
into four blocks, with roughly equal numbers of the four word control range for all groups, as would be expected given that this
classes in each block. Six of the 100 observations of Surface Ligest assesses some aspects of linguistic ability in addition to
reading were based on fewer than the full four blocks; theirorientation, registration, attention/calculation, and recall, but non-
inclusion seems justified on the basis of the high split-half reli-verbal intelligence remained high, as indicated by the stability of
ability observed for this test when computed across all otheperformance on Raven's Coloured Progressive Matrices (Raven,
observations (Cronbach@: HR = .94; LR = .92; HE = .92; 1962). Visuoperceptual processing was unaffected even in the
LE = .93). severe group, as indicated by scores within the normal range for all
Table 1 provides demographic information and summarizes thgroups on the Rey Immediate Copy Test (Lezak, 1976) and the
performance of the patients on a variety of general neuropsychd®bject Matching subtest of the Birmingham Object Recognition
logical tests along with the semantic and reading measures used f8attery (Riddoch & Humphreys, 1993). Short-term memory per-
analysis in this study, which have been converted into percentag®rmance on the Wechsler Adult Intelligence Scale Digits Forward
values. These results have been divided into four groups of 2and Backward (Wechsler, 1987) was within the normal range
observations each, according to severity of the semantic impairacross all groups. New learning/episodic memory as assessed by
ment, defined as the average of the picture naming and WPMhe two subtests (words and faces) of the Recognition Memory
scores. For each observation of semantic and reading test daféest (Warrington, 1984) was only mildly impaired in three of the
scores were taken for each neuropsychological test that was afbur groups for faces but, unsurprisingly, showed deteriorating
ministered in the same testing round. Scores for all of the testperformance with severity for words. There was a marked and
presented in Table 1 were not always available for every testingrogressive impairment across all groups on tests tapping semantic
round; hence the number of observations contributing to eaclmemory. Deficits in semantically generated output are apparent on

Table 1
Demographic Information and Neuropsychological Test Scores Associated With Each of the 100 Observations of Reading Data From
Semantic Dementia Patients Included in the Present Study, Grouped According to Severity

Mild Mild-moderate Moderate-severe Severe
Assessment Maximum n M SD n M SD n M SD n M SD

Demographic

Age 25 62 7 25 66 8 25 63 8 25 66 6

Education 23 12 2 23 11 3 24 11 2 22 13 3
General cognitive status

MMSE 30 21 26 4 22 21 6 20 21 6 20 14 6

Raven’s Coloured Matrices 36 9 30 7 13 29 4 12 30 6 11 27 7
Perception

Rey Immediate Copy 36 23 31 7 24 31 7 23 30 9 21 30 8

BORB Object Matching 40 9 37 2 11 34 4 14 34 6 5 34 6
Episodic memory

Digit Span Forward 21 6 1 24 6 1 22 6 1 22 6 1

Digit Span Backward 21 4 2 24 4 1 21 4 1 21 4 2

RMT Faces 50 17 36 6 15 40 6 11 36 9 2 36 8

RMT Words 50 18 41 6 10 38 4 7 33 4 2 29 4
Semantic memory

Category Fluency (8 categories) 21 48 26 23 18 12 18 19 11 13 7 4

Picture Naming (%) 100 25 70 15 25 27 10 25 14 8 25 5 4

Spoken WPM (%) 100 25 95 4 25 81 11 25 62 14 25 29 11

PPT Words (%) 100 18 87 8 16 76 10 19 68 12 8 57 5

PPT Pictures (%) 100 23 86 11 22 80 11 22 67 13 16 61 10
Reading aloud

High-frequency regular (%) 100 25 99 2 25 96 4 25 93 8 25 88 12

Low-frequency regular (%) 100 25 94 7 25 89 11 25 81 18 25 73 24

High-frequency exception (%) 100 25 96 5 25 93 8 25 83 12 25 64 21

Low-frequency exception (%) 100 25 75 14 25 64 17 25 51 16 25 34 18

Nonwords (%) 100 9 82 17 6 70 29 11 84 19 8 74 28

Note. Severity was determined on the basis of a composite score derived from picture naming and spoken word-picture matching. Values in bold are those
that fall more than 2 standard deviations below the control mean. MMSW#ni-Mental State Examination; BORB- Birmingham Object Recognition
Battery; RMT = Recognition Memory Test; WPM= word-picture matching; PP¥ Pyramids and Palm Trees Test.
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the universally impaired and steadily declining Category Fluencyperformance was stronger for low- than for high-frequency words,
Test (Hodges, Salmon, & Butters, 1992), in which patients areF(1, 98) = 20.79,p < .0005, and stronger for exception than for
asked to generate as many examples as they can in 1 min each fagular wordsF(1, 98) = 32.02,p < .0005.
eight semantic categories. Performance was outside the control Outliers, defined as observations with standardized residuals of
range for all groups on both our Cambridge Picture Naming and+2, are indicated for each condition separately in Figure 6B by
Spoken WPM tests (Bozeat et al., 2000; Hodges, Salmon, &asterisks. Accuracy of reading performance fell below that pre-
Butters, 1992) and the Pyramids and Palm Trees Test (Howard &icted according to composite semantic score for five observations
Patterson, 1992), reflecting the progressive anomia and decliningmong high-frequency regular words (A.T.6, F.M.8, .LF.3, M.G.3,
comprehension that are key features of SD. In summary, Table &nd P.Su.1), five observations among low-frequency regular words
demonstrates that the reading data to be considered in this studi.K.2, I.F.3, M.G.3, N.S.2, and P.Su.1), six observations among
were derived from a group of patients with the relatively selectivehigh-frequency exception words (D.H.2, F.M.8, I.F.3, J.H.1, J.G.3,
deterioration in semantic knowledge characteristic of SD. and M.G.3), and three observations among low-frequency excep-
tion words (N.S.1, N.S.2, and J.P.4). Accuracy of reading perfor-
mance fell above that predicted according to semantic score for one
observation among the high-frequency exception words (V.H.9) and
The stimuli used to assess the reading performance of th#r two observations among the low-frequency exception words
patients were from the Surface List (Patterson & Hodges, 1992)(E.B.1 and M.G.1). This number of outliers approximates the 5% that
also used to assess the connectionist network described earlier, anguld be expected if the observations were randomly drawn from a
provided in Appendix A. For a subset of 34 observations, nonwordoopulation with a normal distribution of reading accuracy, which
reading data from the 40-item list reproduced in Appendix B werewould seem to validate our weighting of the different versions of the
available, with patients’ responses scored according to the acceptetwork in the preceding analysis of the simulation data.
able pronunciations listed. LARC errors. For each observation of reading data, the pro-
portion of responses constituting LARC errors was computed
according to the same criteria used to classify the errors of the
triangle model after lesioning, as provided in Appendix A. The
Word Reading percentages of LARC errors produced by the patients are displayed
in Figure 7B for each condition as a function of composite seman-
Owing to the progressive nature of SD, each observation wasic score. These data were analyzed using a repeated measures
treated as independent for the purposes of the main cross-sectior@NOVA in which frequency and regularity were entered as
analysis (N. Graham et al., 2000; Lambon Ralph et al., 2001). Thevithin-subject factors and composite semantic score was included
overall accuracy of reading performance, averaged across patieras an independent linear predictor. The results showed strong
to obtain 12 levels of semantic knowledge, as defined by theeffects of frequency-(1, 98) = 44.03,p < .0005, and regularity,
average of each patient’s picture naming and WPM matchind=(1, 98) = 161.19,p < .0005, and a Frequency Regularity
scores, is presented in Figure 5B in order to illustrate the overalinteraction,F(1, 98) = 39.08,p < .0005, reflecting the larger
pattern of performance across the four different conditions. impact of frequency on exception than on regular words and the
Overall accuracy. The individual observations from all pa- larger impact of regularity on low- than on high-frequency words.
tients are presented in Figure 6B for each condition as a functiofThis pattern of interaction was equally apparent across all levels of
of their composite semantic score. These data were analyzed usisgmantic knowledge;(1, 98) < 1. Hence the pattern of LARC
a repeated measures ANOVA in which frequency and regularityerrors produced by the patients conformed to the pattern typical of
were entered as within-subject factors and composite semantiurface dyslexia.
score was included as an independent linear predictor. The results Level of semantic knowledge significantly predicted occurrence
showed strong effects of frequendy(l, 98)= 178.61,p < .0005,  of LARC errors for all conditionsF(1, 98) = 39.06,p < .0005.
and regularity F(1, 98) = 156.21,p < .0005, and a pronounced The degree of correspondence between semantic knowledge and
Frequencyx Regularity interactionf-(1, 98) = 27.24,p < .0005,  occurrence of LARC errors is reflected in the slope of the regres-
reflecting the larger impact of frequency on exception than onsion lines provided for each stimulus condition in Figure 7B: for
regular words and the larger impact of regularity on low- than onHR, B = —0.03,t(98) = —-3.83,p < .0005; for LR,B = —0.02,
high-frequency words. This pattern of interaction was equallyt(98) = —2.55,p = .012; for HE,B = —0.21,t(98) = —6.14,p <
apparent across all levels of semantic knowledg@, 98) < 1. .0005; for LE,B = —0.19,t(98) = —4.33,p < .0005. As isapparent
When considered as a group, in other words, the SD patients had the slopes of these regression lines, the relationship between se-
a surface dyslexic profile. mantic knowledge and occurrence of LARC errors was stronger for
Level of semantic knowledge significantly predicted accuracyexception than for regular words(1, 98)= 30.79,p < .0005, but in
of reading overallF(1, 98) = 83.43,p < .0005. The degree of contrast to the analysis of overall accuracy, the strength of the rela-
correspondence between semantic knowledge and reading perfdienship did not vary according to frequendy(l, 98) < 1.
mance is reflected in the slope of the regression lines provided for
each stimulus condition in Figure 6B: for HR,= 0.19,t(98) = Nonword Reading
5.85,p < .0005; for LR,B = 0.39,t(98) = 5.83,p < .0005; for
HE, B = 0.45,1(98) = 8.34,p < .0005; for LE,B = 0.61,t(98) = As is apparent in Table 1, average nonword reading perfor-
9.87,p < .0005. As is apparent in the slopes of these regressiomance in this group was somewhat impaired, with a mean accu-
lines, the relationship between semantic knowledge and readingacy of 78.53% $D = 22.51). In contrast to all word conditions,

Stimuli

Results
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however, nonword reading performance was not significantly preof lexical and semantic knowledge, irrespective of their actual
dicted by level of semantic knowledg® (= 0.15), t(33) < 1, frequency of occurrence. In contrast, within the triangle model,

which accounted for only 2.5% of the available variance. these discrepancies reflect premorbid individual differences in
degree of semantic reliance during reading aloud, and on the
Quantifying Prediction Accuracy assumption that this variation follows a normal distribution in the

.. . population, they should occur infrequently relative to cases of
Thus far, we have observed an extremely good qualitative fityqqqciation. For this reason, it is of interest to establish how many
betw_een pargllgl analyses of the §|mulat|c_)n and patient data. ASf the 100 observations in the present sample may be considered to
Sessing t_he fitin a more quantitative fgshlon_ was a Cha"enge’ ar%present a classical single dissociation between level of semantic
the individual observations from the simulation and the pat'emsknowledge and accuracy of exception word reading.

are not directly comparable: The former consisted of 108 obser- Low-frequency exception word reading and semantic status for

vations derived from a normal weighting of five versions of the the full group are displayed in Figure 8A. Performance that is two

network sampled equally across 12 specific levels of lesion SEVelstandard deviations below normal on the semantic measures is

ity, whereas the latter consisted of 100 observations derived frorr|1ndi<:ated by the vertical line, and performance that is two standard

51 individuals sampled variably across all levels of Sem"’mticdeviations below normal on the reading task is indicated by the
impairment. It was, however, possible to assess the fit between tl“ﬁe

two by using the averaged model data presented in Figure 5A toorlzonte_ll line. A.S already dgmonstrated, the vast majority of
Qbservations fall into the impaired range on both measures. Two

predict the averaged patient data presented in Figure SB. I‘meett)rbservations fall into the range of normal performance on both the

regressions using these showed a highly significant relationshi|gemantic and the reading measures (B.C.1 and G.C.1): these are

between the model and patient data for all conditions, with more_” . . . . -
than 90% of the available variance in the patients’ performanceStra'ghtforw"JerI cases in which a semantic deficit wgg detected at_a
accurately predicted by the values derived from the simulation: for €Y early stage and, though opservable on morg difficult semantic
HR, B = 1.36,t(11) = —10.96,p < .0005,RZ = .92; for LR,B = tests, was not yet apparent either on our relatively easy tests of

1.03,t(11) = 9.16,p < .0005,R = .90; for HE,B = 0.98,t(11) = naming and word—picture matching or through any impact on

13.65,p < .0005,R2 = .95: for LE,B = 0.87,t(11) = 11.21,p < reading. In the upper right quadrant of the graph that represents
00052 = 93, R ' R o normal low-frequency exception word reading in the presence of a

clear semantic impairment, there are three cases (M.A.1, E.B.1,
and M.G.1) that would qualify as a classical single dissociation of
this type, with the observation deriving from the first testing round
As discussed in the introduction, some discrepancies betweeior each patient. It is worth noting that, in fact, only two of these
level of semantic knowledge and accuracy of exception wordobservations were outliers in terms of level of reading performance
reading are predicted within both dual-route and triangle modefor degree of semantic impairment as predicted by the line of best
accounts of surface dyslexia. Within the dual-route model, theséit for all observations. The bottom left quadrant of the graph that
classical single dissociations establish the functional independenaepresents a significant impairment in low-frequency exception
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Figure 8. (A) Overall accuracy results for 100 observations of reading performance from 51 semantic dementia
patients for low-frequency exception (LE) words according to level of semantic knowledge. The horizontal line
represents two standard deviations below control performance on LE words; the vertical line represents two
standard deviations below control performance on the composite semantic score. (B) Overall accuracy results for
75 observations of reading performance from 27 semantic dementia patients for low-frequency exception words
according to level of semantic knowledge. Repeated observations for each patient are connected by lines to
indicate progression over time. Unfilled symbols highlight cases of particular interest.
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word reading in the presence of relatively unimpaired semantithem characteristic of surface dyslexia. The magnitude of the
knowledge contains only two observations (W.M.1 and J.P.1)jnteraction between frequency and regularity remained constant
again deriving from the first testing round for both patients. Nei- across all levels of semantic knowledge. Accuracy of reading
ther of these observations was an outlier in terms of level ofaloud was significantly related to level of semantic knowledge for
reading performance for degree of semantic impairment as preall word types, but the strength of this relationship was signifi-
dicted by the line of best fit for all observations. It should be cantly stronger for low- than for high-frequency words and for
stressed that both W.M. and J.P. at their first testing round (likeexception than for regular words. LARC errors increased with
B.C. and G.C. mentioned above) already had a semantic impaidecreasing semantic knowledge and were most common to excep-
ment, measurable on more difficult tasks such as the Gradetion words, irrespective of frequency. Although nonword reading
Naming Test (McKenna & Warrington, 1983). The fact that the by these patients was mildly impaired, it was not significantly
initial observations for these patients fell within the control rangerelated to level of semantic knowledge. Hence the pattern of
on the semantic measures used in this study underlines the imporeading observed in this large group of SD patients, and its
tance of considering relative task difficulty when defining classicalrelationship to level of semantic knowledge, confirmed all of the

single dissociations (Shallice, 1988). predictions derived from the new triangle model simulation pre-
sented earlier. Indeed, the average reading scores from the simu-
Progression Over Time lation accounted for a striking amount of the variance in the

Although both dual-route and triangle model accounts of surfacé"wera.ge reading scores_of the patients for every c_ond|_t|on. .
Amid the overwhelming SD-squared pattern in this patient

dyslexia predict the occurrence of discrepancies between level of . ;
. . . roup were a small number of instances of discrepancy between
semantic knowledge and accuracy of exception word reading, th .
- ) . L evel of semantic knowledge and accuracy of low-frequency ex-
triangle model’s account of these cases in terms of individual

. : . . ; ception word reading. In three cases, low-frequency exception
difference in premorbid semantic reliance leads to the further . - ;

g . . o word reading performance was within the normal range despite an
prediction that in the case of a neurodegenerative condition such %Q, reciable semantic impairment. a rate that closely mirrors the
SD, these dissociations should be temporary. How does this pre-pp P ' y

g . inciden f h reviously repor in the literature.
diction fare with respect to the present data set? Fortunately, w; <_:d_e ce Of such cases previously repo ted the literature
. . ! ithin the triangle model account, such cases reflect natural
had longitudinal data for each of the cases of discrepancy, depicted . . . . . : -
N o ; h variation in the degree of premorbid reliance on semantic activa-
in Figure 8B, which illustrates progression over time of the 27 . - .
. ; ; . tion of phonology for correct reading of low-frequency exception
patients who contributed two or more observations. The regression . : . g o
. ) . o words. According to this account, in a neurodegenerative condition
line fitted to these 76 observations is significaB € 0.611), such as SD. anv cases of intact low-frequency excention word
t(75) = 8.19,p < .0005, and accounts for 48% of the available » any q y P

. o ) . . reading shoul mporar h th rf lexic readin
variance, a very similar result to that obtained in our previous eading should be temporary, such that a surface dyslexic reading

consideration of the full set of 100 observations. Data pointspattem should emerge in these individuals as the semantic impair-

= . . . : P ment inevitably worsens over time. The longitudinal pattern of
deriving from a single patient are joined by lines in Figure 8B, and . ; .
it is immediately apparent that the SD-squared pattern holds Ionperformance of these cases in the present sample provided uniform

- : confirmation of this prediction.
gitudinally as well as cross-sectionally.
As can be seen in Figure 8B, the two individuals (G.C. and B.C.)
who were initially within the normal range on both reading and GENERAL DISCUSSION

semantic tests showed the typical decline on both measures over . - .
yp In the present article, we set out to test predictions derived from

time. The three patients with initially intact reading of low- : o .
. . . . . the triangle model account of surface dyslexia, distinguished by its
frequency exception words despite an appreciable semantic deficit X . . . .
. . . S assumption of a causal link between the integrity of semantic
all became surface dyslexic as their semantic deficits increased 'y

) o - knowledge and accurate reading of low-frequency exception
severity. The progression in M.A. and E.B., whose SUCCESSIVE, ords (Plaut et al., 1996). Within the triangle model, accurate

testing rounds were no more than a year apart, requires little . . .
ronunciation of exception words comes to depend on semantic
comment. For M.G., on the other hand, we should note thata much . .. L
tivation of phonology as a consequence of the division of labor

. . c
anger de!ay llntervened between. the .tWO reading assessment%at develops in normal reading over the course of training, which
displayed in Figure 8B, because this patient moved away from th(Tau

southeast of England, making follow-up difficult. By the time that nctions to optimize the efficiency of the reading system as a

. Whole. The triangle model account therefore predicts that there
we were able to see her again, she was almost at floor on bot L .
hould be (a) a strong association between degraded semantic

reading and semantic measures. Finally, what about W.M. and J. khowledge and impaired reading of low-frequency exception

t[h.G. cases n which Io_w-frequer_my exc_eptlon word readl_ng_waswords and (b) a significant relationship between the degree of
initially impaired despite a relatively mild level of semantic im-

pairment? In keeping with their somewhat disproportionate read-sem"jlntIC degradation and the severity of the surface dyslexia

ing impairment on first testing, by the next time that reading wasObserVEd'

T : . _Moreover, because the direct@P connections of the triangle
assessed, a deterioration in semantic scores had emerged with a

- . . model can learn to pronounce exception words correctly, this
further decline in exception word reading accuracy. o .
account allows for the possibility that normal readers will vary

somewhat in the degree to which they rely or-8 activation to

support correct exception word reading (Plaut, 1997). Hence, the
Reading aloud by this group of SD patients revealed strongriangle model is also differentiated by the idea that there may be

effects of frequency and regularity and an interaction betweerindividual differences in the extent of semantic damage required to

Summary
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produce a surface dyslexic reading pattern. This aspect of theurrent simulation and patient data is not unexpected. In the
triangle model results in the additional predictions that (c) occa-original division-of-labor simulations (Plaut et al., 1996), success
sional discrepancies between level of semantic knowledge andn high-frequency exceptions declined with increasing lesion se-
accuracy of exception word reading would be expected as a reswierity, and the same pattern has been observed in SD patients
of these premorbid individual differences and (d) such discrepan(McCarthy & Warrington, 1986; Patterson & Hodges, 1992;
cies will be temporary in the case of a neurodegenerative conditiofPatterson et al., 2006). The emerging deficit for low-frequency
like SD, with a surface dyslexic reading pattern emerging asregular words observed in the simulation and patient data pre-
semantic memory inevitably deteriorates over time. sented here, however, warrants further comment. This outcome in
the network diverges from the results of the lesion simulation of
Plaut et al. (1996) and is caused by the addition of noise to the
“S”"—P activation. The vital point is that the patient data revealed
To quantify the triangle model's predictions concerning the a similar decline in accuracy of low-frequency regular word read-
reading performance expected in SD, we provided a simulatioring with decreasing levels of semantic knowledge. This phenom-
using the Plaut et al. (1996) network, which we modified in two enon has, in fact, been noted in the reading performance of a
ways. First, we incorporated variation in terms of premorbidnumber of SD cases, mainly for accuracy (e.g., Funnell, 1996;
semantic reliance through training five instantiations of the net-K. S. Graham et al., 1994; Noble et al., 2000; Patterson et al.,
work that differed only in terms of the strength of the frequency 1996) and occasionally for latency (Gold et al., 2005), an issue to
weighted “S™—P activation supplied during training, following which we shall return in due course. The current investigation has
the method used by Plaut (1997). Second, each version of therovided a working hypothesis concerning the basis for the phe-
network was then lesioned not only by a gradual reduction in thenomenon, namely, the impact of incorrect activation of phonology
strength of “S™>P activation, as in the original Plaut et al. (1996) by semantics.
simulations, but also through the addition of inverse frequency- Increasingly less specific or incorrect semantic activation of
weighted Gaussian noise to the “S'P activation throughout the phonology in SD was proposed in a previous connectionist model
course of its reduction. The noise was intended to reflect the claimpf meaning-level representation (Rogers, Lambon Ralph, Garrard,
consistent with SD patients’ errors in picture naming, that theet al., 2004). As this model did not, however, incorporate ortho-
S—P activation for these patients is not only diminished but alsographic representations, it could not be used in the present study.
less accurate. We acknowledge that a clear limitation of the present simulations
The results of this new simulation revealed a significant rela-is the use of “S=P activation to approximate a semantic contri-
tionship between accuracy of reading aloud performance and lesution to phonology, which in turn necessitated the introduction of
sion severity for all word classes, but the strength of this relationnoise to approximate the consequences of semantic degradation.
ship was graded according to both frequency and regularity, suckVe chose this method as it rendered the investigation of the impact
that it was strongest for low-frequency exception words across albf premorbid individual differences computationally feasible. A
levels of lesion severity. The same pattern was obtained witHurther simulation within an implementation of the triangle model
reference to regularity (but not frequency) when only the LARC that incorporates realistic semantic representations, such as that of
errors of the model were considered. This finding indicates that thédarm and Seidenberg (2004), will be important to validate our
decrement in performance for low-frequency regular words withworking hypothesis concerning the consequences of semantic
increasing lesion severity was associated with error responsetamage on ©>P computation.
other than LARCs, in accordance with our proposal that a more Given the significant relationship between level of semantic
noisy O—P computation emerges as a result of increasingly lessleficit and reading accuracy for all word classes in both the model
specific or incorrect S>P activation as meaning-level knowledge and the patients, might it be argued that degradation of meaning-
degrades. level knowledge merely impairs performance overall, with the
Having established the specific predictions of the triangle modekeverity of impairment corresponding to the difficulty of each
with regard to reading aloud in SD, we then evaluated these witlword class? We think not. Reading aloud of nonwords would seem
reference to 100 observations of reading performance, on exactip be at least as difficult as reading aloud of low-frequency regular
the same items, drawn from 51 patients with this disorder. Theravords, if not more so by virtue of their novelty (Binder, Medler,
was a striking concordance between the results of the simulatioBesai, Conant, & Liebenthal, 2005; Fiez, Balota, Raichle, &
and the reading performance of the patients. Specifically, thédPetersen, 1999; Forster & Chambers, 1973; Glushko, 1979; Mc-
patients’ reading accuracy showed a significant relationship to th€ann & Besner, 1987; Monsell, Patterson, Graham, Hughes, &
level of semantic deficit for all word classes, but as in the model,Milroy, 1992). In contrast to all four real word classes, however,
the strength of this relationship was graded according to botlaccuracy of nonword reading by (a subset of) the SD patients did
frequency and regularity. Moreover, LARC errors in the patientnot decline significantly as semantic knowledge deteriorated.
data closely mirrored the results obtained in the simulation, withHence we would argue that the pattern of data observed here
effects of regularity but not frequency. As in the model, this cannot be attributed merely to differential difficulty among stim-
outcome supports the present hypothesis concerning the impact arus types.
reading aloud of decreased specificity or accuracy of semantic Nonetheless, as has been observed in some previous studies of
activation of phonology. nonword reading in SD (N. Graham et al., 2000), overall perfor-
Although surface dyslexic failures to read aloud a word cor-mance was somewhat below normal, and the basis for this phe-
rectly are most common for low-frequency exception words, thenomenon remains to be established. The assumption in the present
increasing deficit for high-frequency exception words seen in thesimulations (and previous simulations; Plaut et al., 1996) that

A Connectionist Explanation
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phonology does not receive any semantic activation during theeaders already exists, however—not only in behavior (Strain &
processing of novel letter strings is clearly an oversimplification,Herdman, 1999) but also in neural activation (Price et al., 2003).
as nonwords activate the semantic representations of orthograph-The triangle model interpretation of the case-series data pre-
ically similar words to at least some extent (Forster & Hector,sented here has the advantage of explaining the full spectrum of
2002), albeit much less than for words (Plaut, 1997). In a fullerobserved performance: from the occasional observation of initially
implementation of the triangle model, such as that of Harm andntact exception word reading in the presence of a moderate
Seidenberg (2004), -©S connections would allow such partial semantic deficit, via the typical combination of semantic impair-
semantic activation to occur for nonwords, which we suggesiment and surface dyslexia, through to the rare observation of
should introduce some degree of constant noise into the compumpaired exception word reading under conditions of only a mild
tation of the pronunciation of novel letter strings in SD. semantic deficit. In this way, the triangle model is able to provide
This largest ever case-series consideration of reading aloud perfoa principled account of not only the central tendency of reading
mance in SD has provided resounding support for the predictionperformance observed in this large group of SD patients but also
derived from the triangle model's account of surface dyslexia. Therghe distribution in degree of reading impairment, via quantitative
was an extensive association between degraded semantic knowledegriation in a single variable—namely, division of labor between
and impaired reading of low-frequency exception words, with athe direct and semantic pathways from orthography to phonology.
highly significant relationship between the degree of semantic degra®f course, the present account does not speak to the origins of such
dation and the severity of the surface dyslexia observed. Indeed, tiemorbid individual differences in reading style, but simulations
averaged simulation data predicted over 90% of the available varianagithin developmentally plausible instantiations of the triangle
in the averaged patient data for all conditions, a fit that can bamodel (Harm & Seidenberg, 2004) should generate alternative
considered nothing less than remarkable. hypotheses concerning this issue that may be explored in future
What of the additional predictions that occasional discrepanciebehavioral and neuroimaging studies of normal readers.
between level of semantic knowledge and accuracy of exception To summarize, the patient data presented here demonstrate an
word reading would be expected owing to premorbid individual overwhelming association between degraded semantic knowledge
differences in semantic reliance during reading aloud, and thaand surface dyslexia, with half of the available variance in low-
such dissociations should be longitudinally temporary? In thefrequency exception word reading accounted for by a simple
present data set, 3 of the 51 cases showed normal exception wocdmposite semantic score from tests involving no reading what-
reading accuracy despite a significant semantic impairment whesoever. A principled account of this association is provided by the
first tested. All three progressed into a surface dyslexic readingonnectionist triangle model of reading aloud owing to its assump-
pattern with further semantic deterioration. Within the triangle tion of a causal relationship between semantic activation of pho-
model framework, these three cases represent a manifestation of anlogy and successful exception word reading. This link between
unusually strong reliance on-©@P computation for accurate ex- knowledge of word meaning and reading aloud is explicitly re-
ception word reading prior to disease onset. As these individualgected in the dual-route model of Coltheart et al. (Coltheart, 2006;
did not rely on S>P activation as extensively as most during Coltheart, Langdon, & Haller, 1996; Coltheart et al., 2001). We
reading aloud, exception word reading did not begin to suffer untiltherefore now turn our attention to how such a framework might
a greater decline in semantic knowledge had occurred. Once it didttempt to account for the current findings.
so, however, reading performance followed the trajectory of de-
cline characteristic of the full group. The results therefore demon-
strate that what varies between different individuals is not whether
a semantic deficit will impair exception word reading but rather As mentioned earlier, reading aloud proceeds within the DRC
when (i.e., at what level of severity) it will do so. model by the parallel operation of both the nonlexical and lexical
Although it is computationally possible that some individuals routes, with activation pooled at the phoneme level. The nonlexical
may possess a premorbid division of labor so extreme as to leav@ute applies strict grapheme—phoneme rules, allowing correct
low-frequency exception word reading unaffected even under conpronunciation of regular words and nonwords. The lexical route
ditions of severe semantic damage, we would argue that such eonsists of two pathways: direct and semantic. The implemented
scenario is highly unlikely in terms of optimizing the capacity of direct lexical route translates all known words by means of one-
the reading system as a whole. The underlying principle of theo-one correspondences between whole-word orthographic and
division-of-labor hypothesis is that, assuming the development ophonological lexical representations, allowing pronunciation of
connections between semantics and phonology prior to reading, exception and regular words. Although the framework includes an
degree of reliance on semantic activation for correct reading ofinimplemented lexical semantic pathway that may also correctly
words that are exceptional and/or low-frequency increases th&anslate real words, this pathway is not considered to be involved
efficiency of the direct pathway in that it may devote its resourcesin the normal course of translation from print to sound. The model
to mapping the most typical and common correspondences beherefore cannot simulate the influence of a semantic variable,
tween spelling and sound. Hence, although there may be variatiorimmageability, on naming latencies for low-frequency exception
in the balance between-©P and S»P influences on reading, it words in normal readers (Cortese et al., 1997; Shibahara et al.,
seems unlikely that any reader would rely entirely on one or the2003; Strain & Herdman, 1999; Strain et al., 1995, 2002).
other. We acknowledge that this hypothesis regarding individual Given the strict separation between lexical and semantic knowl-
differences in division of labor is difficult to test in the absence of edge that characterizes the DRC model, accounting for the rare cases
premorbid estimates of semantic reliance during reading aloudof classical single dissociation observed in the present study is a trivial
Some evidence of differential semantic reliance among normaéxercise within this framework. Specifically, preserved low-

An Alternative Interpretation?
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frequency exception word reading in the face of an appreciabléhe direct lexical connections between these lexicons, or (e) some
semantic impairment merely reflects damage to the semantic systeaombination of these three (Blazely et al., 2005).
in the presence of an intact direct lexical route. The converse pattern Moreover, as the nonlexical route of the DRC model is functionally
of impaired low-frequency exception word reading combined withindependent of the lexical route, the model presumably predicts intact
only a slight semantic impairment simply indicates mild damage toregular word reading in SD and thus has no explanation for the
the semantic system combined with more substantial damage to omsggnificant relationship between level of semantic knowledge and
of the components of the direct lexical route. To date, the onlyaccuracy of both high- and particularly low-frequency regular word
simulation of surface dyslexia within the implemented form of the reading observed here. Given that Cumming et al. (2006) have re-
DRC model used partial damage to the orthographic input lexicon teently reported SD patients’ letter identification to be intact, albeit
produce the frequency graded impairments seen in most cases gightly slowed, it does not seem likely that errors to regular words
surface dyslexia (Coltheart et al., 1996). resulted from difficulty in identifying their component letters. We can

In keeping with traditional neuropsychological logic, a single only presume that the DRC model would have to propose yet another
case of each type of dissociation between level of semantic knowlimpairment to (f) one or more of the components of the nonlexical
edge and accuracy of low-frequency exception word reading, whefoute. Explaining the current data via deficits within all three DRC
considered jointly, provide the double dissociation that establishepathways between orthography and phonology seems unparsimoni-
the functional independence of lexical and semantic represent#us in the extreme.
tions (Coltheart, 2006; Noble et al., 2000; Shallice, 1988). Yet is Given that the DRC model must postulate additional damage to
there any independent evidence to support this categorical distindhe lexical reading route in order to account for the SD-squared
tion between lexicon and semantics? Although Coltheart (2004pattern observed here, a key issue that arises is why these lexical
argued that SD patients with intact lexical decision accuracyProcessing deficits should be so prevalent among SD patients. This
constitute just such evidence, there have been few convincin§as been attributed to the spread of atrophy, over the course of
demonstrations of such a pattern in the literature to date. Severlisease progression, from the left anterior inferior temporal areas
studies have demonstrated that intact lexical decision performandéecessary for semantic processing to any one of a number of
is seen in SD only when the nonword foils can be distinguishec@dditional temporal and occipital regions that may be involved in
from word targets on the basis of orthographic or phonological'eXica| processing (Blazely et al., 2005; Noble et al., 2000). By this
characteristics, with impaired performance emerging when targetdccount, the prevalence of surface dyslexia in SD is dismissed as
and foils are matched on these variables (Diesfeldt, 1992; Roger§erely an accident of the anatomical contiguity of the functionally
Lambon Ralph, Hodges, & Patterson, 2004), as would be expecte%eparate brain regions responsible for semantic and lexical pro-
according to a connectionist account (Plaut, 1997). cessing_. A crit_ical question here_ is of course Whethe_r any neuro-

There has, however, been a recent report of intact lexical deci@dnatomical evidence actually exists to corroborate this proposal.

sion performance in the SD patient E.M. using pseudohomophonic ©One basis for the anatomical contiguity hypothesis derives from
foils that did not differ from the word targets in terms of average & observation by Noble et al. (2000) of the emergence of an
positional bigram frequencies (Blazely et al., 2005). It is worth explicit Iette_r-by-letter reading strategy in one of thel_r th_ree sur-
noting that in spite of this matching, a number of these foilsf@ce dyslexic SD patients (T.M.). This was taken to indicate the
contained illegal bigrams and/or nonexistent bodies (dogkk, spregd of aFerhy to left inferior tenjp.oro-ocmpltal regions and left
trree, shood, which may have allowed at least some decisions tomesml occipital cortex. Although it is true that lesions to these

be made on the basis of orthographic fdtronetheless, such areas produce pure alexia, a condition defined by an enhanced

highly accurate lexical decision performance in a patient with gSffect of word length and often accompanied by an explicit letter-

marked semantic impairment does require attention and explané’y -Iet:tegr\e/sdm_g stratelggganedman, Weg_n,l &_Altl)ert,_d1993; Mc-
tion. In this respect it is worth noting that E.M. was also an unusua arthy arrington, ), no neuroradiological evidence was

case by virtue of her perfect exception word reading performanceor&\"qrid to dt_anlu_)nstl_rat? thatf t'z'ezf arteals’ Wet:e contjpro_m 'fhe ci n
At present, then, it appears that the functional independence of ' € crucial implication ot Noble €t al.'s observation IS tha

lexical and semantic knowledge so central to the DRC model restg N ht);]pothtla5|lze(:.dam?ge tocljeft Itemptorq-ocmgltal regions in TaM'f
entirely on this one observation of intact lexical decision perfor-Was € culmination of a gradual posterior and superior spread o

. . . atrophy from the left temporal pole and, hence, that the surface
mance in a single SD patient.

In fact, the architectural separation of lexical and semantic(:ijleXI"jl observed before the letter-by-letter reading strategy

knowledge within the DRC model renders its account of theemerged was produced by damage to areas involved in lexical

overwhelming SD-squared pattern distinctly unparsimonious. Al'pr(:(c:eetseflr?grlnber of studies to date have demonstrated that even in
though this association constitutes the vast majority of evidenc

) . . . . ?he later stages of SD, atrophy and hypometabolism remain cen-
concerning reading aloud performance in SD, multiple sites Okered primarily on the anterior temporal lobes (Boxer et al., 2003;
impairment within the DRC model are required to explain it. That P y P N !

. . Mummery et al., 2000; Nestor et al., 2006). We are not denying
is, the DRC (or indeed any) model must assume damage to (a) q at in some cases atrophy does spread both superiorly and pos-

feTa?“C §ystem |n_SD|to elxlflaln Ilrr(;pal.rid tpsrformanc;aticrtl)ss_ riorly to encompass other language processing areas, as proposed
es's tapping meaning-ievet knowledge, but because of Ine fexic y Noble et al. (2000). Critically, however, neither the presence
pathway of the DRC framework, this central semantic impairment

will not result in surface dyslexia. Therefore, the SD-squared

results must be explained by additional damage to either (b) the *we are grateful to Max Coltheart for providing us with the stimuli used
orthographic input lexicon, (c) the phonological output lexicon, (d)in this task.
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nor the direction of such spreading is universal in SD, whereas the CONCLUSION
case-series data presented in this article demonstrate that the ) ) )
prevalence of surface dyslexia ultimately is. Hence it does not 'h€ 100 observations of reading data from 51 SD patients pre-

seem likely that the anatomical contiguity hypothesis can accourgented here confirm the predictions of the triangle model concerning

for these results. What would be required to support this explanat-he consequences of deterioration of meaning-level knowledge for

tion would be a case-series investigation of reading in SD with€ading aloud. Owing to a graded division of labor that develops
structural and functional imaging data indicating that surface dys:[hmughOUt the course Of_ training within this model of the r_ea_dlng
lexia is not seen in SD patients with damage confined to theSystem, semantic activation comes to support the pronunciation of

anterior temporal lobes, but is observed only among patients WitH"ordS that are low in frequency or atypical in terms of their spelling—
deterioration of more superior and/or posterior regions sound correspondences. Hence disruption to semantic activation of

Infc,existing structural imaging data appear o disconfim tnef FTC 28 SN 0 O e e e
predictions of the anatomical contiguity hypothesis. Recently,

Gold et al. (2005) observed the enhanced length effect that del‘inecsOrdlng to both the frequency and the typicality of the stimulus apply

A . . . well beyond reading aloud, successfully predicting performance of
pure alexia in the regular word reading latencies of six mild case : . Y L

- . patients in a number of other linguistic and nonlinguistic tasks.
of SD. These data have been taken as evidence for increas

reliance on the nonlexical pathway within the DRC account, as thigsonnectlonlst models therefore offer an elegant explanation of the

rocedure incorporates a serial component. Increased nonlexic |D ~squared phenomenon that is derived from general principles ap-
P P P ) icable across a number of disparate cognitive domains.

reliance must presumably result from damage to areas responsible
for lexical processing over and above those responsible for seman-
tic processing. In contrast, following Cumming et al. (2006), we References
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Appendix A
Surface List Words
The following stimuli were used to assess the reading perforalternative reading of components (LARC) errors are provided

mance of both the lesioned triangle model and all semantic dewhere appropriate in the version of DISC phonemes used by Plaut
mentia patients in this study. Responses classified as legitimatet al. (1996).

Regular LARC Exception LARC

High frequency

air are Ar

black blood blud, blud
Board both boT, BT
brown brOn broad brOd
cost kOst, Kst come kOm

dark do do

days does dOz, dUz
did done dOn, don
down door

feel four fWwr, fUr
food fud, fd front frant, frOnt
free full A

girl give glv

goes gz, guz gone gon, gn
green great orEt, gret
had have hAv
hand head hEd

hear hAr heard hErd
heat hAt, het heart hErt
home A'm learn IErn

land love I0v, IUv

(Appendixes continge
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Regular LARC Exception LARC
leave month manT
mouth muUT most most, fist
much move mOv, v
must none noOn, non
nine once ans
off one On, on
per own Wn
same put pt
saw said sAd, s@d
sense says SAz
south sUT some sOm
stock source sWrs
too stood stud, sd
trial truth T
well two to
which where WETr, wur
while whom ham, Am
whole whose hOz, hOs
will world wOrld
with would wOld
year yAr your yWr, yUr
Low frequency
breach breast brEst
broach brooch brucC
carve caste kAst
cliff climb klim
coil comb kUm, kam
couch K'C cough kW, kO, kf, kU
ditch dost dOst, dost
dodge dough dw, dof, dU -l
dole dread drEd
gaze gauge gOrj
gland gland ghoul gwil, gol
glide glove glOv, glUv
hoarse hearth hurT
hoop hood hud, Hd
hoot hut hook hUk
ledge leapt IEpt
mince mauve mOrv
mug mould mud
mulch mourn mwWrn
munch mow mw
pare par pear pEr
pleat plAt, plet plaid plAd, pled
pork purk poll pal
pray pour pWr, pUr
sag scarce skars
saint seize sAz
scribe sew sU, syU
shout shove SOv, SUv
snatch snaC sieve sEv
sour sOr, sUr soot sUt
sparse sparz sponge spanj
stack stead stEd
starch steak stEk
swell suave SWAV, SW@V, Bv
swerve suede sWed
swoop swear SWETr
trance tread tred
truce trough trw, trO, tif, tru
vale vase VAZ, VAS
wipe womb wam, wOm
wisp waool wul
yeast yest yearn
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The following stimuli were used to assess the reading performancpatients in this study. Acceptable pronunciations are provided for each
of both the lesioned triangle model and a subset of semantic dementiring in the version of DISC phonemes used by Plaut et al. (1996).

Nonword Pronunciations Nonword Pronunciations
kead KEd, ked dut d, dut
larp larp, 10rp nasp n@sp, nasp
fove fov, fv, fUv frowl frwl, frol
haid hAd, hed, h@d gamp g@mp, gamp
rint rint, rint neath nET, neT
gorth gOrT, gurT pash p@Ss, poS
nall nol, n@I pook puk, pUk
mive mlv, miv lon lan, Fn
bross bros, brOs hinth hinT, hint
pome pOm, pm fost fOst, fost, fst
reast rEst, rest pown pOn, pWn
bood bud, bud, tolf tolf, tulf
hont H'ht, hOnt, hant roul rOl, rwi, rul
nush n's, nuS chone COn, €n, Con
mave mAv, m@v heaf hEf, hef
sull s, sul voe vO, vU
gow gw, go houch hwc, fc
trear trEr, trAr toth toT, tOT,"T
doad dOd, dod goot gut, gut
sonk soNk, SNk deak dEk, dAk
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