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Olfaction: Smell of Change in the Air 
 

By Richard L. Doty, Ph.D. 
 
 

 

Editor’s Note: Every whiff you take not only brings a cloud of chemicals swirling up your nose, but 

matters to your experience of taste as well as smell. Scientists studying smell have not only provided 

compelling evidence that it’s more sophisticated than previously thought, but believe that the sense of 

smell impacts our mood and behavior and has the potential to detect and treat some neurological 

disorders. Compared to other senses, smell has long been underappreciated, writes our author, but 

that is now beginning to change. 
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In many ways, the sense of smell—also known as olfaction (from the Latin word for smell or odor, 

olfactorius)—is our most complex sensory system, capable of distinguishing thousands, if not 

millions, of different odors, often at concentrations below those detectable by sophisticated 

instruments. The biological machinery required for such a feat is remarkable, involving six to ten 

million odorant receptor cells embedded within a thin layer of tissue (epithelium) high in the nasal 

chambers. Each receptor cell projects 10 to 30 thread-like cilia into the mucus covering the 

epithelium (see figure 1 below).   

These cilia carry receptors—protein structures specialized to respond to odor-carrying molecules, 

termed odorants. There are nearly 400 types of receptors, different subsets of which are triggered by 

different odorants. Each of the olfactory receptor cells contains only one type of receptor. When 

enough odorant molecules get through the mucus layer and bind to the receptors located on the 

receptor cell cilia, they stimulate a neural impulse. The pattern of activated receptors is specific to a 

given odorant, and the neural impulses that are generated are decoded by higher brain regions. 

Memory processes also become involved, allowing us to recognize odor sensations of which we are 

familiar. 

 

Figure 1.  A transition region between the human olfactory 
neuroepithelium (bottom) and the respiratory epithelium (top).  
Arrows identify olfactory receptor cell dendritic endings with cilia, 
some of which are cut off.  (From Menco and Morrison.49 Copyright 
© 2003 Richard L Doty.) 
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The major breakthrough for understanding the first phase of olfactory transduction came in 1991 

when Linda Buck and Richard Axel at Columbia University published their seminal paper identifying 

the gene family responsible for the expression of the olfactory receptors.1 Their work, which led to 

the 2004 Nobel Prize in Medicine or Physiology, put to rest questions as to the nature of initial 

olfactory transduction that had puzzled scientists for hundreds of years.  

Since then the situation has become much more complex, with ever more types of receptors being 

found on some olfactory receptor cells,2 and the realization that olfactory receptors are present in 

tissues throughout the body. These include the skin,3 skeletal muscle,4 thyroid,5 heart,6 lungs,7 

pancreas,8 thymus,9 prostate,10 kidney,11 bladder,9 testes,5 intestine,12 blood vessels,13 and ganglia of 

the autonomic nervous system.13 Their widespread distribution raises the question of whether these 

receptors should, indeed, be called “olfactory.“ Depending upon their location, they  are involved in 

many biological and physiological processes, including glucose homeostasis, lung ventilation, 

regulation of blood pressure, mitigation of tumor progression, promotion of angiogenesis, 

facilitation of sperm motility, induction of wound healing, and alteration of gut motility and 

secretion.14 Understanding the role of such receptors in these diverse processes is opening new 

vistas for novel pharmacological approaches to disease management and treatment.  

The Underrated Sense 

Although most of us take our sense of smell for granted, it is critical for our well-being. We use 

olfaction to verify the cleanliness of our clothes and homes, and to fully enjoy foods, beverages, 

personal care products, flowers, and other aspects of our environment.  Without a sense of smell, 

we are exposed to the dangers of spoiled food, leaking natural gas, burning electrical wires, smoke, 

and other environmental hazards. The sense of smell is so important that those who can’t smell 

(anosmics) are disqualified for “appointment, enlistment, and induction” into the US Armed Forces. 

Indeed, the lack of smell ability can be the basis for retirement or discharge.15   

 

Multiple factors influence our ability to smell. These include occupation (e.g., perfumers and master 

sommeliers perform better than most of us on olfactory tests), sex, age, exercise, smoking, nutrition, 

head trauma, disease, and exposures to viruses, bacteria, and xenobiotics.16 The influence of age on 

smell function is particularly salient. More than three-quarters of individuals over the age of 80 have 

a demonstrable smell problem, usually reduced sensitivity.17 This decrease is illustrated below (see 
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Figure 2 below), where a major drop occurs in later life in scores on the University of Pennsylvania 

Smell Identification Test (UPSIT), a 40-odor smell test developed at our center in the early 1980s 

(Figure 3).18 (Note in Figure 2 that women, on average, outperform men on this test and maintain 

their superiority into later life.) Over the age of 85 years, 40 percent of men and 26 percent of 

women are anosmic, i.e., have no sense of smell at all.19 

 

Figure 2.  University of Pennsylvania Smell Identification (UPSIT) scores as a function of age and 
sex. Note that women identify odorants better than men at all ages although significant overlap 
occurs.  Numbers by data points indicate sample sizes. (From Doty and colleagues.17 Copyright 
1984 American Association for the Advancement of Science.)  

 

Figure 3. The University of Pennsylvania Smell Identification Test can be self-administered 
and is comprised of four booklets, each of which contains 10 ‘scratch and sniff’ odorants. 
The subject’s task is to identify the smell of each odorant based upon cued alternatives. 
Norms based upon 4,000 subjects are available for this test which has been translated 
into 30 different languages and administered to over one million people. (Photo courtesy 
of Sensonics, International. Copyright © 2004, Sensonics International, Haddon Heights, 
NJ.) 
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Taste versus Smell 

It is noteworthy that many patients who come to our center’s clinic for evaluation and treatment do 

not recognize that they have a smell problem, complaining only of a “taste” problem. However, 

when we formally test them, their ability to smell proves to be the culprit. Why? Because the taste 

buds, located throughout the oral cavity but primarily on the tongue, sense only sweet, sour, bitter, 

salty, and savory (“umami) sensations. Everything else we think of as taste, such as strawberry, 

apple, chocolate, coffee, butterscotch, meat sauce, and apple pie, are really flavors that depend 

upon the sense of smell.  

 

This is easily demonstrated. The next time you sip your coffee, pinch your nose closed while swishing 

the coffee around in your mouth. You will notice the bitterness of the coffee, its warmth and 

smoothness, but not the distinctive coffee flavor. Indeed, the sensation is much like swishing bitter 

hot water. The reason why the coffee “taste” disappears is that, by holding your nose shut, you block 

the flow of coffee flavor molecules from the rear of the oral cavity to the olfactory receptors via the 

nasopharyx, the opening from the mouth into the nose.   

I was once asked to visit a large retirement home to better understand why there was concern about 

bad tasting food. The situation was quite dire, since some residents had largely refused to eat the 

food and a few were wasting away. Such turmoil arose around this issue that many of the residents 

were on a campaign to have the chef fired. The chef eventually quit, but the problem continued even 

after a new chef had come on board. I had the opportunity to give a lecture to 100 or so of the 

residents on nutrition and the chemical senses, and passed out the UPSIT for them to take 

immediately after my talk. It was at this time that most of the residents discovered they could not 

smell very well, with most exhibiting hyposmia (decreased smell function), and that the problem 

with the institution’s food was largely in their noses, not in the kitchen! 

Smelling Danger 

Aside from altered perception of the flavor of foods and attendant nutritional issues, the loss of 

smell function that most of us experience in our later years has potentially lethal consequences. This 

is evidenced by the disproportionate number of elderly people who have died in accidental gas 
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poisonings, in part because of their inability to detect the odor added as a safety factor to natural 

gas.20 Most of us have, at some time in our lives, used this sense to avert a danger from something 

burning on the stove, a smoldering wire in an electrical outlet, or gas from a stove that was not 

completely turned off. In a study of over 1,000 persons conducted by the Medical College of Virginia, 

anosmics were three times more likely than those with a normal sense of smell to report having 

experienced a potentially life-threatening event such as the ingestion of spoiled food or a failure to 

detect smoke or leaking natural gas.21  

Recent studies suggest that smell loss is an extremely strong risk factor for death in healthy older 

persons, increasing the odds of dying by more than 300 percent over a four-to five-year period.22 

Although the reasons behind the association have yet to be determined, smell loss is a stronger 

predictor of death than cognitive deficits, cancer, stroke, lung disease, or hypertension, even after 

controlling for sex, age, race, education, socioeconomic status, smoking behavior, cardiovascular 

disease, diabetes, and liver damage.22, 23 

Independent of age, we now know that smell dysfunction heralds the onset of a number of 

neurological diseases, including Alzheimer’s and Parkinson’s diseases.24 In some cases, such 

dysfunction occurs years, even decades, before the appearance of the classic disease symptoms. The 

olfactory bulb—a structure at the base of the brain that receives information from the olfactory 

receptor neurons—is among the two brain regions that first show disease-related pathology in 

Parkinson’s disease.25 Although damage to the olfactory bulb also occurs in early Alzheimer’s 

disease, some studies suggest that disrupted connections between the olfactory cortex and the 

hippocampus, which is involved in memory, predate it.25 Factors including damage to 

neurotransmitter systems critical for olfactory function may precede the development of the 

neuropathology of such diseases, possibly even catalyzing disease development itself.26  

Impact on Memory 

We and others have observed a close relationship between the ability to smell and memory:  older 

persons with olfactory loss are more likely to report  difficulties in memory.27 In a study of 1,092 non-

demented elderly persons (average age 80 years) from a multi-ethnic community in New York, UPSIT 

scores varied with the degree of memory impairment and with performance on a number of 
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cognitive tests.28 Importantly, such scores were weakly correlated with the MRI-determined volume 

of the hippocampus, a brain structure intimately associated with memory.  

Numerous longitudinal studies have demonstrated that olfactory deficits are associated with future 

cognitive decline and Alzheimer’s disease in older populations.29 Moreover, interactions with 

genetics have also been demonstrated. In 1999, Amy Bornstein Graves and her associates at the 

University of South Florida published a pioneering study in which a 12-odor version of the UPSIT was 

administered to 1,604 community-dwelling senior citizens. None initially showed any signs of 

dementia.30 The smell test scores were found to be a better predictor of cognitive decline over the 

study’s two-year period than scores on a global cognitive test. Persons with normal smell function 

who carried one or two APOE-4 alleles (a risk factor for Alzheimer’s disease) had only a slight 

elevation in risk of developing cognitive decline. However, anosmic carriers of such alleles had a five-

fold risk in developing cognitive decline during this time period. While this risk was approximately 

three-fold in men, it was nearly 10-fold in women.  

Close relatives of patients with Alzheimer’s disease appear to have poorer smell function than non-

relatives of the same sex and age, implying that genetic factors may be at play.31 However, the 

potential influences of interactions between environmental factors and genes, including the APOE-4 

allele, cannot be overlooked. Using the UPSIT, Calderon-Garciduenas and her colleagues in Mexico 

City found olfactory dysfunction in 35.5 percent of 62 young persons (average age 21 years) living in 

a highly polluted area of that city, as compared to only 12 percent of those living in a much less 

polluted city.32 Interestingly, APOE-4 carriers from the polluted areas failed to identify 24 percent on 

the 10 items reported to be particularly sensitive to Alzheimer’s disease,33 whereas carriers of the 

APOE 2/3 and 3/3 alleles, which are not risk factors for Alzheimer’s disease, failed only 13.6 percent 

of such items, suggesting that AOE-4 gene carriers are more susceptible to adverse influences of 

pollution on their olfactory pathways. 

Association with Parkinson’s 

In the 1990s, G. Webster Ross and his collaborators at the University of Hawaii administered the 12-

item version of the UPSIT to 2,276 non-symptomatic elderly men (average age: 80) of Japanese 

ancestry.34 Over the next four years, 35 were clinically diagnosed with Parkinson’s disease, a disorder 

whose motor dysfunction is due to damage to areas of the brain that employ the neurotransmitter 
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dopamine for motor control. After adjusting for age, smoking behavior, and other confounders, 

those persons whose initial olfactory test scores fell within the bottom 25 percent of the group were 

five times more likely to develop Parkinson’s disease than those whose test scores fell within the top 

25 percent.  

Additional support for early olfactory involvement in Parkinson’s disease came from a 2004 study 

performed at the Vrije Universiteit (VU University) in Amsterdam. In this study, olfactory tests were 

administered to 361 asymptomatic first-degree relatives of Parkinson’s disease patients.35 The health 

of regions of the brain involved in motor control also was determined using single photon emission 

tomography (SPECT) imaging. This procedure measures the concentration of dopamine transporter, 

the protein responsible for returning the neurotransmitter into cells after its release into the 

synaptic cleft (see Figure 4). Those with the best (top 10 percent) and worse (bottom 10 percent) 

olfactory test scores were followed over time to determine who developed Parkinson’s disease.  

 
 

 
 

Figure 4.  Illustration of the location of the dopamine transporter on the pre-synaptic 
membrane of a dopaminergic cell. The dopamine transporter removes dopamine from 
the synaptic cleft and returns it to the terminal of the presynaptic nerve cell. From 
Fusar-Poli and colleaguesl.50 Copyright © 2012 American Psychiatric Association.   
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Figure 5: Imaging of the dopamine receptor in patients with Parkinson’s disease (PD) (Right) and age-
and sex matched normal controls (Left). Note the depletion of the radioactively labelled ligand 
sensitive to the dopamine transporter in the PD subjects relative to the controls. Photograph courtesy 
of Jacob Dubroff, Smell and Taste Center and Department of Neuroradiology, University of 
Pennsylvania. 

 

Two years into the study, four of the 40 relatives (10 percent) with the worst olfactory test scores 

developed clinical Parkinson’s disease, whereas none of the 38 relatives with the best test scores did. 

By five years, the incidence among relatives rose to 12.5 percent. Only those from the poor-smelling 

group evidenced decreased imaging of the dopamine transporter and, in some cases, such decreases 

were evident at baseline, suggesting that subclinical disease had already begun. These data 

suggested that the risk of developing Parkinson’s disease in the presence of hyposmia may be as high 

as 22 percent in first-degree relatives.35  

Numerous other studies support the view that olfactory testing may be helpful in predicting the 

development of cognitive and motor disorders.24 Indeed, olfactory dysfunction rivals and even 

exceeds the sensitivity of a number of other biomarkers in such prediction, including SPECT imaging 

of the dopamine transporter,36 as described above. Currently, novel methods are being developed to 

enhance the predictive power of olfactory tests. For example, spraying the inside of the nose with 

atropine, a drug that accentuates cognitive dysfunction in patients with Alzheimer’s disease via its 

anticholinergic effects, may induce a greater degree of smell loss in individuals who are at risk for 

future dementia, in effect “unmasking” the disease.37 
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Although quantitative smell testing is rarely performed by most physicians, it has been found to be 

useful in not only detecting, but also discriminating among, a number of neurodegenerative 

diseases. For example, a disorder called progressive supranuclear palsy (PSP) is often misdiagnosed 

as Parkinson’s disease. Unlike Parkinson’s, however, patients with PSP have a relatively normal sense 

of smell.38 Thus, a neurologist whose evaluation of such a person is inconclusive can use smell testing 

to aid in making the correct diagnosis. The same is true for distinguishing between depression and 

Alzheimer’s disease, with depressed patients showing little evidence of smell loss.39 In a position 

paper, the quality standards committee of the American Academy of Neurology has in fact 

recommended that olfactory testing be considered to differentiate Parkinson’s disease from PSP and 

corticobasal degeneration, another neurological disorder.40 

Keeping Your Sense of Smell Sharp 

How can each of us maintain a healthy sense of smell? All through life, viruses, air pollutants, and 

other environmental toxins cumulatively damage receptor cells In the uppermost regions of our 

noses. Such cumulative damage is not manifested until later in life, when few cells are left to provide 

a normal sense of smell. Hence, the degree to which we can minimize exposure to such agents, such 

as having good air filters in our homes and washing our hands regularly, can go a long way in 

preventing damage.  

 

Maintaining good sleep patterns also protects smell function. Obstructive sleep apnea, in particular, 

has been associated with smell loss,41 which may be attenuated by the use of a CPAP (continuous 

positive airway pressure) machine at night.42 Importantly, daily exercise has been shown to help 

avert age-related decrements in the ability to smell.43 It may even help preserve olfaction in persons 

with Parkinson’s disease.44   

  

Aside from maintaining good health via exercise, sleep, and avoidance of pathogens, a healthy diet 

and certain dietary interventions may also help. Gopinath and associates at the University of Sydney 

compared the odor identification ability of 1331 persons who differed in terms of their dietary intake 

of nuts, fish, butter, and margarine.45 Those with the most nut and fish consumption had a reduced 

likelihood of olfactory loss, possibly because of the anti-inflammatory properties of these foods‘ 

constituents. Similarly, Richard Stevenson and his colleagues at Macquarie University in Sydney 
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found that persons who ate a Western style diet high in saturated fat and sugar exhibited poorer 

odor identification test scores than those whose diets were low in these nutrients.46   

Conversely, an impaired sense of smell may lead to dietary changes that ultimately impact health, as 

evidenced by a study at Yale University that assessed dietary habits in 80 elderly women, 37 of 

whom had olfactory dysfunction.47 The latter exhibited a nutrient intake profile that increases the 

chances for cardiac disease, including a higher intake of sweets and a lower preference for citrus 

fruits.   

A Tie to Coffee 

My own colleagues and I showed, in 2007, that the lifetime history of coffee drinking was positively 

associated with UPSIT scores in relatives of patients with Parkinson’s disease.48 Thus, after correcting 

for age, gender, and tobacco use, the mean UPSIT score for those who drank less than one cup a day 

was 30.4 (out of a possible 40); for those who drank one cup a day it was 32.6, while for those who 

drank two to three cups a day or four or more cups a day the mean scores were 33.1 and 34.1, 

respectively. This pattern was statistically significant (p < 0.009) and was stronger in men than in 

women. Whether the same relationship may be found in the general population has yet to be 

determined. 

 

Looking Forward 

What does the future hold? In Japan, a major pharmaceutical company has begun an initiative to 

educate physicians about the importance of this primary sensory system and to distribute olfactory 

tests via pharmacies to promote better understanding of the health of the Japanese elderly 

population. In light of recent discoveries, it is inevitable that more and more physicians will begin to 

pay attention to the smell ability of their patients, and to routinely test this faculty.  

Given that olfactory receptors are not just confined to the nose, future research will establish 

whether smell testing can provide information on the distribution of olfactory receptors elsewhere in 

the body and indicate whether such information may aid in the detection and treatment of some 

genetic-related diseases. More research on how odors influence mood and behavior is underway, 

and novel devices for adding odors to the environment are in development.  
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Just as we largely control our auditory environment, we may soon be able to engineer our olfactory 

environment in a much more sophisticated way, to alter our states of mind and improve our mental 

health. The future of olfactory research seems on target to fulfill the prescient assessment of 

Alexander Graham Bell in a 1927 Scientific Monthly article: “Odors are becoming more and more 

important in the world of scientific experiments and in medicine—and the need for more knowledge 

of odors will bring more knowledge, as surely as the sun shines.”      
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