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Abstract

Most people find it profoundly difficult to name familiar smells. This difficulty persists even
though perceptual odor processing and visual object naming are unimpaired, implying deficient
sensory-specific interactions with the language system. In this article, we synthesize recent
behavioral and neuroimaging data to develop a biologically informed framework for olfactory
lexical processing in the human brain. Our central premise is that the difficulty in naming common
objects through olfactory (compared to visual) stimulation is the end result of cumulative effects
occurring at three successive stages of the olfactory language pathway: object perception, lexical-
semantic integration, and verbalization. Understanding the neurocognitive mechanisms by which
the language network interacts with olfaction can yield unique insights into the elusive nature of
olfactory naming.
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Olfactory naming

Object naming and categorization enable the human brain to impose structure on the
external world. However, objects come in many shapes, sizes, and sensory modalities, and
how the senses differ in their capacity to interact with the language system may provide new
insights in human cognition [1-3]. Although the ability to view a banana and conjure up the
word “banana” comes quite easily and rapidly, the corresponding ability to smell a banana
and conjure up the word “banana” can be extremely effortful. The comparison of olfactory
naming to visual naming is of particular interest because many common odor objects (e.g.,
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banana) are otherwise primarily identified through visual perceptual channels. The tenuous
link between odors and names might have been noted already by Plato, who wrote that “the
varieties of these smells have no name, but are indicated by two distinctive terms only,
‘pleasant’ and ‘painful’” [4]. Although the difficulty to name odors has been demonstrated
empirically for decades, the underlying mechanisms remain elusive [5-7].

The key goal of this article is to provide a neurocognitive framework for olfactory language
that incorporates recent psychophysical and neuroimaging research findings. Our approach
to olfactory naming is inspired by recent models for understanding visual processing [8,9]
and language pathways [10-12]. First, we present key empirical observations regarding
olfactory perception and cognition. Second, we propose key neural mechanisms within a
three-stage framework. Finally, we discuss how this framework might be used to address
outstanding questions for future research.

Behavioral and perceptual insights into odor perception and naming

Below, four lines of study are reported that are of particular relevance in informing
theoretical views of olfactory neural interactions with language.

Naming failure

Compared to naming visual objects, our ability to name the source of odors is exceptionally
unimpressive. Pioneering studies showed that in healthy participants, only 20-50% of
common odors (e.g., pine, chocolate) were successfully named, compared to nearly 100% of
common pictures in an equivalent naming task [13,14]. Although naming failure could be
the result of deficient olfactory perception, this generally appears not to be the case:
common odors are easily discriminable from each other when presented pairwise, and
critically, performance increases dramatically when odors are matched to labels in a
multiple-choice testing format [15,16]. Although sensory impairments in olfaction would
also lead to impaired odor naming and identification, the everyday phenomenon of olfactory
naming failure is more likely based on poor lexical access and/or verbalization of odors.
This concept is often described as a “weak link” between odors and words [5], though until
recently its neural foundations had been poorly understood.

Configural perception

Poor olfactory naming might be partly explained by the tendency of the olfactory system to
generate ‘configural’ object representations, thereby subsuming individual features that
could otherwise improve lexical mapping. Most commonplace odors, such as spices or
flowers, are chemically complex, yet there is little cognitive access to their constituent
components [17]. In pioneering studies, participants were presented with up to five common
odors as part of a mixture and asked to identify its components from a list. A majority of
both novices and wine experts were incapable of identifying more than three components,
and consistently underestimated the complexity of the mixture [18,19]. Olfactory configural
perception critically relies on synthesis or blending of associative features; for example,
repeated exposure to a binary odor mixture (e.g., lemon and mushroom) or an odor-taste
pairing (e.g., lemon and sucrose) leads to a persistent blending of perceptual qualities, such
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that even pure lemon obtained a hint of “mushroom” or “sweetness” for those exposed to the
mixtures [20,21]. By comparison, although the visual system enables configural processing,
most notably in face perception, specific features (e.g., eyes, mouth, nose) remain fully
accessible. Thus, in the olfactory system, the lack of access to distinctive features may
impair mapping precision onto lexical-semantic space.

Early-stage object encoding

Configural odor ‘objects,” as described above, are often viewed as key building blocks of
olfactory cognition and emotion [22,23]. An alternative theory holds that odor naming is
instead constrained by an initial, valence-based encoding format that resists verbal
translation [24]. According to this theory, hedonic valence might be critical because it
typically emerges as a primary dimension of olfactory perception [25,26], and because
variations in odor valences correlate with activation patterns in the olfactory
neuroepithelium and the brain [27,28]. Whether configural objects or valences constitute the
initial perceptual odor encoding stage should be reflected by the speed for “object-based’
versus ‘valence-based’ decisions. A recent study suggested that when rapid behavioral
responses were based on accessing the valence of a familiar odor, decision latencies were
consistently longer (> 100 ms) and more variable compared to an object categorization task
[29]. Similar results were obtained in a follow-up study where odors were subject to binary
classifications based on their valence or object properties [30]. These findings suggest, at
least for familiar smells, that odor objects manifest early in the processing stream [31].

Elusiveness of lexical descriptors

In-depth analysis of failed attempts to name odors shed additional light on how odor
information interacts with lexical semantics. When familiar visual objects elude naming, a
subjective “tip-of-the-tongue” state is elicited wherein partial lexical information (e.g., the
first letter of the word) is often accessible [32]. When the naming of common odors was
compared to pictures of well-known faces [33,34], naming failure was common in both
sensory modalities but “tip-of-the-tongue” experiences were less common for odors. When
subjects did have these experiences with odor naming, they were resolved less often and
were poorer predictors of subsequent recognition. Importantly, partial lexical representations
(e.g., what is its first letter?) were more accessible for pictures than odors, whereas broader
semantic associations (e.g., is it edible?) were more common for odors than pictures [33].
After failed odor naming attempts, subsequent performance is rescued only by feedback
regarding the veridical odor names [35]. These findings suggest that whereas visual naming
failure results from an incomplete retrieval of an active lexical representation, odor naming
failure results from an inefficient activation of the lexical representation.

A neuro-cognitive framework for odor naming

Anatomical comparisons between olfactory and visual object-naming pathways may aid our
understanding of why odor naming is much poorer than visual naming. The language
network is widely distributed across frontal, temporal, and parietal cortices [36,11,37].
Inferior and middle parts of the left temporal lobe support visual semantic processing of
visual objects and written word stimuli [38—40]. Regions adjacent to the left Sylvian fissure
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are critical for visual object naming [41,42], and anteriorly, the inferior frontal gyrus (IFG)
is particularly relevant for lexical-semantic selection and/or access for verbalization [43,37].
The superior temporal gyrus supports phonological processing in object naming and other
verbal tasks [44,45]. Finally, the left temporal pole (TP) plays an important role in linking
lexical representations to representations of unique and familiar sensory objects [46,47].
Here we review recent findings from human neuroimaging studies relevant for
understanding odor naming, organized according to three main stages of processing:
perception, lexical-semantic integration, and verbalization.

Odor perception

The first stage of our model begins with the arrival of odor inputs from the olfactory bulb
into the piriform cortex (PC). Human imaging data increasingly point towards the PC being
the principal associative brain area of the olfactory system [48]. For example, sequential
presentation of two odors sharing the same perceptual quality (e.g., lemon and orange share
a citrus quality) evoked fMRI “cross-adaptation’ in the posterior PC, suggesting that
category-based perceptual information was processed in this area [49]. Multivariate fMRI
pattern analyses have shown that distributed ensemble representations in the PC exhibit
greater pattern overlap for odor stimuli belonging to the same perceptual category [50]. A
recent study demonstrated that the posterior PC encodes value-based ensemble codes of a
complex natural food-odor (peanut butter), but not its chemical components [51], consistent
with the idea of configural processing in this area. Non-olfactory cues may also elicit
odorspecific distributed patterns in the posterior PC in advance of odor input [52,53],
suggesting that this area receives top-down projections to facilitate olfactory predictive
coding and rapid processing [29].

The role of the PC in establishing configural representations of odor object quality implies
that the PC is the olfactory analog of visual associative areas in the ventral temporal cortex
[48,54]. Of note, these olfactory and visual regions differ profoundly in their capacity for
object analysis and their connectivity with the language network. For visual objects, a
widely-distributed network of associated nodes along the ventral stream provide an excellent
feature analysis [55-57] (Fig. 1a). These inputs converge onto global object-based
representations in visual associative cortices (in monkeys, areas TE and TEO), which are
densely and reciprocally interconnected with numerous other nodes in occipital, parietal,
temporal, and frontal cortices [58,59]. This rich network of cortical connections enables
parallel and iterative access to feature-selective detail, allowing for the assembly of richly
endowed visual object configurations, and critically, offering multiple entry points into the
lexical-semantic network.

By comparison, in the olfactory system, the olfactory associative cortex (PC) is densely
connected with limbic and paralimbic regions, but poorly connected with cortical areas that
might otherwise embellish odor object representations with lexical-semantic content.
Anatomical tracer studies in rodents show that individual PC neurons project to target
regions in the basolateral amygdala, perirhinal cortex, entorhinal cortex, insula, orbital
cortex, and olfactory tubercle [60] (Fig. 1b). The functional consequence is that while
configural olfactory objects in the PC are endowed with emotion, value, memory, and
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experience, the ability to enrich these configurations with lexical-semantic content is
relatively meager. This limitation poses an initial challenge to generating odor names.

Lexical-semantic integration

The second stage of our model provides a basis for integrating odor objects with lexical-
semantic information. Critical elements in this process include the temporal pole (TP) and
orbitofrontal cortex (OFC), which receive direct olfactory input from the PC.

In crossmodal priming tasks, odor cues (e.g., orange odor) or visual cues (e.g., picture of an
orange) were followed by a matching or non-matching word (e.g., “orange” or “wood”).
Results showed that semantic word processing was affected by its congruency with the
preceding cue, and critically, depended on the sensory modality of the preceding cue [61].
Event-related potentials highlighted differential scalp distributions and timing of the N400
effect, an index of semantic integration, as a function of cue modality. fMRI response
profiles revealed response decrement (cross-adaptation) in both OFC and dorsomedial TP
when odor (but not visual) cues were followed by non-matching vs. matching word targets.
Involvement of the OFC in integrating olfactory and lexical-semantic content likely
represents just one aspect of its broader associative role in synthesizing converging
information streams from different sensory modalities [62—69].

Evidence for the role of the TP in odor identification and haming has further emerged from
studying patients with primary progressive aphasia (PPA), who exhibit progressive deficits
in naming and identifying visual objects [70-72]. Patients with PPA had considerable
difficulty naming common smells, but performance increased significantly and approached
controlgroup levels when visual and verbal cues were available. The degree of left-
hemisphere TP atrophy across patients correlated with deficits of odor matching and odor
familiarity, reinforcing the idea that this brain region is critically involved in mediating the
access of odor objects to lexical-semantic representations. Imaging data increasingly suggest
that the TP serves as an associative gateway that supports identification and naming
[73,46,74]. In particular, the dorsomedial TP is perhaps the most plausible anatomical
candidate for bridging olfactory and left hemisphere language networks, with tracing
experiments in monkeys revealing that the PC directly projects to the dorsomedial rim of the
TP [75].

Importantly, odors are already integrated with lexical representations at the third synapse
from receptor neuron input. This could put olfaction at a disadvantage compared to the
visual system, where multiple subcortical and cortical sites create object representations
prior to lexical-semantic integration by integrating features at different spatial scales [76]. It
has been noted that within the visual object stream, short synaptic links that provide coarse
object processing are complemented by more complex processing networks which are
needed to establish detailed object features [77,78]. In the current framework, this
distinction is invoked to explain differences between olfactory and visual source naming.
Indeed, neural processing of lexical semantics might be initiated more rapidly when a word
is preceded by an odor prime, compared to a visual prime, yet behavioral matching
performance is ultimately less accurate for odor-word integration [61,79]. The reliance on
early, coarse lexical integration of odors poses a second challenge to generating odor names.
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Verbalization

The third stage of our model culminates in the verbalization of olfactorylexical
representations. As noted above, odor-based naming failures are common despite intact odor
discrimination and intact knowledge of lexical-semantic concepts. The brain region most
consistently associated with object naming across sensory modalities is the inferior frontal
gyrus (IFG) and adjacent regions [43]. Early evidence for the role of IFG in odor object
naming came from a study showing that odor-evoked fMRI activity in the IFG was linearly
correlated with the familiarity of the odor [80]. More recently, neural activation was
compared for odors that were easy or hard to name in the context of a working memory task
[81]. While unnameable odors activated the PC as a putative “working-memory buffer,”
easily named odors activated the IFG [81], suggesting a primary role for the IFG in
successful identification and verbalization of odors.

Evidence from neurological patients with PPA provides complementary insights on the
causal role of the IFG [72]. Those patients with the highest degree of cortical thinning in the
IFG were most impaired in odor naming, as well as in visually-cued odor identification [72].
In terms of effect-size, odor naming was more impaired than visual naming in these patients
[72]. Converging findings from regional atrophy and functional neuroimaging studies thus
underscore a key role of the IFG in identifying and verbalizing familiar odors.

Neural substrates of odor naming: an integrated perspective

We propose that the common failure to name and identify odors might be tied to inherent
properties of the designated network for olfactory language. The olfactory processing
hierarchy is characterized by direct cortical links from the olfactory bulb to PC, and from the
PC to TP and OFC, leaving odor object information minimally elaborated before interacting
with the lexical-semantic system. Although “direct access” might be beneficial in very
simple tasks, lexical integration and naming require a higher degree of cortical elaboration
than the odor object recognition system typically provides. Olfactory representations might
thus be conducted to the language network in an unconstrained, indeterminate format,
causing an unspecific activation of latent object concepts.

Our framework for odor naming (Fig. 2) is broadly consistent with the idea that visual
perceptual learning involves back-projections from high-level object representations onto
sparse lower-level sensory inputs [8], and that top-down predictions refine perception of
bottom-up inputs [9]. Here, we extend this notion to cross-modal visual influences on odor
object matching and identification. In fact, access to odor names improves performance on a
variety of olfactory tasks, including quality discrimination [82]. We hypothesize that as
initial neocortical representations of odors are configural and relatively unembellished,
access to visual cues or labels may thus exert strong “top-down” influences on olfactory
representations.

In odor naming (when cues are absent), feed-forward projections from the PC present
relatively coarse odor object information directly to the language network via the OFC and
TP (Fig. 2, black arrows). The resulting unconstrained mapping onto lexical-semantic
concepts manifests downstream as an exaggerated reliance on the IFG for odor
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verbalization. As a result, the correct name is occasionally retrieved, though more often a
generic categorical word, an incorrect word, or an arbitrary autobiographical association is
retrieved. By comparison, in cued odor identification tasks, access to visual cues or labels
provides an entry point for developing lexical-semantic expectations about which odor is
most likely to be encountered (Fig. 2, red arrows). Predictive feedback from visual
associative areas effectively constrains activation of relevant lexical concepts in the
language network, and also helps refine olfactory object representations (in the PC) and their
integration with semantic systems (in the TP and OFC). These feedback effects of visual
cueing utilize the intrinsic associative depth of visual object representations to engage the
language network, with the ultimate result of accurate verbal retrieval and identification.

Although the radically different capabilities to name olfactory and visual objects may be
rooted in neuroanatomy, odor naming and perception are not immune to effects of
experience [83,84]. Professional perfumers show enhanced thickness of the orbitofrontal
cortex and piriform gyrus [85], and more experienced perfumers exhibit reduced fMRI
activation in the piriform cortex upon recalling odors [86]. Experts and novices thus engage
partly similar networks for olfactory perception and naming, but semantic-integrative
resources might be expanded in experts through neuroplastic changes [87]. As it has been
argued that the specific inability to name odor objects is due to cultural, rather than
neurobiological, constraints [83], an important question for future research is whether
olfactory experts may approach olfactory source naming performance levels comparable to
those typically observed in visual naming.

Concluding remarks

This framework brings together recent neuroimaging findings on the cortical basis of
olfactory-language interactions. It also reconciles previous behavioral findings of olfactory
naming deficits with other characteristic perceptual features, including the lack of olfactory
feature analysis and poor translation of odor objects to lexical representations. Thus, the
concepts highlighted here provide an integrative foundation for future research to specify the
roles of key nodes in the olfactory naming network, as well as emerging research on how
cultural and experiential variability shapes individual differences (Box 1-2). Our framework
also formally conceptualizes olfactory naming failure as a cumulative deterioration of signal
quality over multiple processing stages in the cascade from odor input to verbal output. In
this manner, the anatomical and functional organization of the olfactory system presents
persistent challenges to its ability to map odors to names.
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Box 1: Cultural differences and similarities in olfactory language

Although most published research support a view that odors resist verbal description and
uncued naming, it is unclear whether these results constitute evidence of a universal
limitation on olfactory naming (compared to visual naming). Only a few experimental
investigations have been conducted on olfactory perception and naming outside of
industrialized societies, for example, in nomadic hunter-gatherers in the Malay Peninsula
[83,88]. In contrast to English and related languages, where odors are named by
providing source-based descriptors (e.g., “this smell is [coming from a] banana™), the
Jahai and Maniq languages include over a dozen abstract olfactory terms that may be
used to describe and categorize odors independently of their source. Of note, the actual
abstract terms used to describe classes of odors — such as edible, roasted, fragrant, stink,
musty, stinging, urine — do resemble the kinds of odor categorical descriptors often used
by English speakers, though their usage in these communities is strikingly flexible and
facile.

In one study, odor terms used by speakers of Maniq were subjected to a multidimensional
scaling procedure. Results showed that two distinct perceptual dimensions, roughly
corresponding to pleasantness and dangerousness, best captured the odor descriptions
[88]. This two-dimensional structure is broadly similar to results obtained in speakers of
English [89,26]. Native speakers of Jahai and English were asked to name 12 odors from
the Brief Smell Identification Test [90]. Results revealed that for the Jahai speakers, odor
naming was as accurate as color naming, and abstract terms were used to describe both
odors and colors. In contrast, speakers of English provided source-based (e.g., “banana™)
and evaluative (e.g., “pleasant™) words to describe odors, but used abstract words
exclusively to describe colors. Critically, odor naming accuracy in both Jahai and English
was well below color naming accuracy in English [83]. Although these results highlight
cultural differences, as well as possible similarities in olfaction, they are compatible with
the notion that olfactory object naming is limited, or at least subserves a different role,
compared to visual object naming. More extensive cross-cultural research is needed to
address whether naming is more fully integrated with visual compared to olfactory
content.
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Box 2: Outstanding questions

Do olfactory inputs (as opposed to visual inputs) activate a larger and less
constrained set of lexical-semantic concepts in the language network? Is the
TP an obligatory bridge between olfactory percepts and the lexical-semantic
system? The emergence of multivariate techniques [91] to analyze distributed
patterns of fMRI information, and the use of non-invasive brain stimulation
protocols [92] to induce virtual brain lesions, may be able to bring new
insights to these questions.

How does the brain compare predictive and afferent inputs to emit an
olfactory prediction error signal? Such mechanisms are critical in odor
perception [93], and could be important for helping the olfactory system
converge toward odor object recognition by iteratively comparing an
olfactory input (e.g. rose) to predictions (vanilla? strawberry?), emitting
prediction errors until the error signal is minimized, and a match to rose odor
is made. Though recent evidence [53,72,94-96] suggests that the
mediodorsal thalamus is well-positioned to mediate comparisons between
afferent and predictive streams of information in human olfaction, further
work is necessary to fill in this critical assumption of our framework
presented here.

Avre there similarities in the naming of odors compared to other non-visual
sensory systems? We speculate that our framework could generalize to
include touch and sound, given that naming of somatosensory objects and
(non-verbal) auditory objects also generally relies on supporting visual cues,
and may face some of the same mapping imprecisions and limited associative
network processing. This would be an important area of investigation, to
develop a more generalized model of naming that is applicable across all
senses.
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Connectivity of visual and olfactory object-specific areas. (A) In the visual system,
associative representations in macaque areas TEO and TE are densely and reciprocally
integrated with neocortical areas in the temporal, parietal, and frontal lobes. Reprinted from
[16] with permission from Wiley Periodicals Inc. In humans, such pathways offer rich
opportunities for endowing visual object information with associative content to inform
lexical-semantic processing and verbalization. (B) In the olfactory system, associative
representations in rodent piriform cortex are densely and reciprocally integrated with limbic
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and paralimbic areas in the medial temporal lobe and basal forebrain. In humans, such
pathways offer opportunities for endowing olfactory object information with limbic
associative content to inform emotion, memory, and behavior, but lack robust connectivity
with cortical language areas to optimize odor naming. Reprinted from [34] with permission
from the Society for Neuroscience.
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Fig. 2.

A%eurocognitive model for olfactory naming and identification. In uncued naming,
olfactory information (e.g., banana odor) is propagated along a feed-forward pathway from
PC (black arrows) to OFC and TP (light blue box). Due to feature loss and mapping
imprecisions at these initial levels of odor processing, a broad and unconstrained set of
olfactory-lexical representations is activated in the perisylvian language network (purple
box). This places greater challenges on IFG (yellow box) to retrieve and select from among
the diverse set of lexical representations in order to generate an odor name. The example
here shows verbalization of a superordinate categorical name (“edible”). In contrast, with
access to visual cues, olfactory identification benefits from feed-back information (red
arrows) along the ventral stream (pink box), helping to predict and specify olfactory
representations at the levels of odor object coding in PC, semantic integration in OFC and
TP, and lexical processing in the language network. Together the availability of predictive
codes enables correct identification of the odor as “banana”.
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