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Abstract

Importance: Olfactory deficits are common in aging and associated with several
conditions linked to inflammation. A few studies suggest that increased concentration of pro-
inflammatory biomarkers may be related to olfactory deficits, but these associations are under-
studied in population-based samples.

Objective: To investigate the association between serum concentrations of C-reactive protein
(CRP) and olfactory identification level as well as rate of change in aging.
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Methods: We included [,721 participants (mean age 70.5 years; 61.9% female) with at least two
olfactory assessments across the |2-year follow-up. Baseline level and change in odor identifica-
tion were estimated with linear mixed models as a function of CRP levels, derived from blood
plasma at baseline.

Results: Results indicated a negative dose—response association between CRP level and odor
identification scores at baseline, after adjustment for demographic, cognitive, health, and lifestyle
factors. CRP levels ranging between || and 20 mg/L were significantly related to lower olfactory
ability (f=—0.811, 95% confidence interval [CI] [—1.503 to —0.118]; p =.022). Likewise, CRP
values above 20 mg/L were related to lower olfactory scores, an association that approached
statistical significance (f = —0.996, 95% CI [—2.045 to 0.054]; p =.063). We found no associations
between CRP and olfactory change (ps>.368). Sensitivity analyses showed that associations
between CRP and olfaction were confined to younger participants (age <72 years) and men
(ps < .034).

Conclusions: Our findings suggest a negative association between serum CRP levels and olfac-
tory identification ability in aging that may be dependent on age and sex.
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Introduction

Although some olfactory loss is expected along with the aging process (Attems et al., 2015;
Doty & Kamath, 2014), olfactory impairment is overrepresented in older adults with depres-
sive symptoms (Kohli et al., 2016), cardiovascular disease (Seubert et al., 2017), diabetes
mellitus (Lietzau et al., 2018), and neurodegenerative conditions, such as Alzheimer’s disease
(AD) and Parkinson’s disease (Mesholam et al., 1998; Sun et al., 2012). Furthermore, olfac-
tory impairment is associated with shorter survival among older adults (Devanand et al.,
2015; Ekstrom et al., 2017; Pinto et al., 2014). This suggests that the olfactory system is
vulnerable to processes associated with age-related conditions. One such process is inflam-
mation. Indeed, a recent study suggests that the association of olfactory dysfunction and
mortality in older adults may be mediated by inflammatory processes (Laudisio et al., 2019).
Two studies that examined the link between inflammatory markers and olfactory function
found elevated levels of cytokine interleukin-6 (IL-6) in blood plasma of participants with
olfactory deficits (Cazzolla et al., 2020; Henkin et al., 2013). Furthermore, in patients with
advanced renal impairment, olfactory deficits have been linked to higher levels of the inflam-
matory marker C-reactive protein (CRP; Raff et al., 2008). CRP is a liver-derived pentraxin
and a highly sensitive serum biomarker of both acute and chronic inflammation as well as of
tissue damage resulting from excessive inflammation or failure in the initial inflammatory
response (Sproston & Ashworth, 2018). Elevated CRP levels are amongst others related to
cardiovascular disease (CVD; Emerging Risk Factors Collaboration, 2012), stroke (Kuo
et al., 2005; Luo et al., 2012), depression (Kuo et al., 2005; Valkanova et al., 2013), cognitive
dysfunction (Kuo et al., 2005; Tegeler et al., 2016), and AD (Ng et al., 2018; Swardfager
et al., 2010; Wehling et al., 2015), conditions in which olfactory impairment is also overrep-
resented (Croy et al., 2014; Kotecha et al., 2018; Roberts et al., 2016; Zou et al., 2016).
However, to our knowledge, no study has so far examined whether CRP concentrations are
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associated with olfactory performance in a population-based sample of older adults. The aim
of our study was to investigate the relationship between CRP levels and odor identification,
both regarding olfactory ability at baseline and rate of olfactory change across 12 years of
follow-up. Given that both inflammatory processes and olfactory function differ by age and
sex (Doty & Kamath, 2014; Franceschi & Campisi, 2014; Roved et al., 2017; Sorokowski
et al., 2019), sensitivity analyses tested associations between CRP and olfactory function in
younger and older participants and females and males.

Methods

Participants

Participants were from the Swedish National Study on Aging and Care in Kungsholmen
(SNAC-K), an ongoing longitudinal population-based study on aging and health that started
in 2001 (Santoni et al., 2017). All parts of the SNAC-K project have been approved by the
Ethics Committee at Karolinska Institutet or by the Regional Ethical Review Board in
Stockholm, Sweden. The participants provided written informed consent. Of 4,590 invited
participants, 3,363 participants enrolled in the baseline assessment. Of these, 2,848 completed
a neuropsychological test battery and 2,569 underwent olfactory assessment (Larsson et al.,
2016). We excluded participants with a diagnosis of dementia, schizophrenia, Parkinson’s
disease, or developmental disorder at baseline, as well as those with a Mini-Mental State
Examination (MMSE) score below 24, indicative of cognitive impairment. We further
excluded 695 individuals who did not participate in at least one of the additional four
olfactory assessments after baseline—age=75.1 (10.6); 59.1% female; years of educa-
tion=11.2 (4.1); baseline odor identification score=10.6 (3.6); and CRP=6.1 (4.8).
Comparisons between the final sample and participants without follow-up showed that
the latter group was significantly older (r=-9.96, p<.001, Hedges’s g=—0.47), had
fewer years of education (r=-54, p<.001, Hedges’s g=—0.25), had lower olfactory
scores (1=-9.8, p<.001, Hedges’s g=—0.49), and had higher average CRP (r=2.4,
p=.017, Hedges’s g=0.13). We found no difference in sex distribution between these
groups (7> =1.65, p=.199). Of the remaining 1,780 participants, 59 had not participated
in the blood sampling assessment and information about CRP could not be obtained. The
final sample consisted of 1,721 participants who participated in the study during an average
follow-up time of 9.2 (3.1) years.

Odor Identification Assessment

Odor identification was measured with the Sniffin’ Sticks, a well-established and norm-
referenced olfactory test kit with high test-retest reliability (Hummel et al., 1997, 2007;
Croy et al., 2015). The testing procedure has been described in detail elsewhere (Ekstrom
et al., 2020). In brief, participants were presented with 16 household odors and instructed to
freely identify the presented odor by providing a verbal descriptor (free identification). If
they failed to provide a correct label, they were presented with four written response alter-
natives to choose the label that best matched the odor (cued identification). The odor iden-
tification score was calculated as the number of correctly identified odors with either free or
cued identification, with a performance range of 0 to 16. Participants were randomized to
three different presentation orders of the odor identification items at baseline and presenta-
tion order was rotated across follow-up occasions. Participants with obvious symptoms of
viral infections or other respiratory problems did not perform olfactory testing.
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C-Reactive Protein

Non-fasting venous blood samples were obtained at the beginning of each individual assess-
ment, centrifuged for 10 minutes at 3,000 runs per minute, and kept at 2°C. CRP serum
concentrations were analyzed at Karolinska University Hospital, Stockholm, within 3 hours
from sampling, through an enzyme-linked immunosorbent assays with a lower detection
limit of S5mg/L (i.e., low-sensitivity test). CRP was further categorized into the following
four levels (Kravitz et al., 2009; Pepys & Hirschfield, 2003): (a) CRP of 0 to Smg/L, repre-
senting normal concentrations; used as the reference group; (b) CRP of 6 to 10mg/L,
representing somewhat elevated values that may, however, still be encountered in the healthy
population; (¢) CRP of 11 to 20 mg/L, representing clearly elevated concentrations that may
be indicative of either acute or chronic inflammation; and (d) CRP of >20mg/L, indicative
of either acute or chronic inflammation.

Assessment of Covariates

Age was measured as years since birth and education as years of formal schooling. These
variables were centered on their respective means. We included a Swedish vocabulary test,
SRBI, from the Synonym Reasoning Blocks (Dureman , 1960), with a similar format to the
odor test, to control for semantic word knowledge.

Several diseases, health conditions, and behavioral/lifestyle factors that may be linked to
inflammation were included as covariates. Diagnosis of disecases were made by physicians
according to the International Classification of Diseases 10th edition (ICD-10) based on
clinical examinations, medication lists, participant self-report, medical records, and infor-
mation gathered from participants’ proxies. The diagnostic procedure is detailed elsewhere
(Calderén-Larranaga et al., 2017). We considered history of cerebrovascular disease, cardio-
vascular diseases including atrial fibrillation, heart failure, and ischemic heart disease,
inflammatory bowel disease, inflammatory arthropathies, autoimmune disease, chronic
kidney disease, and current depression. A diagnosis of diabetes Type 1 or 2 was obtained
from medical history, use of diabetes drugs (ATC code A10), diagnosis in the inpatient
register, or HbAlc >6.5% (48 mmol/mol) (Marseglia et al., 2019). We further included
hypertension Stage 2 (>160/100 mmHg or current use of antihypertensive medication),
intake of corticosteroids (yes or no; ATC codes HO2 and MO1BA), smoking (current vs.
previously or never), and longest held occupation (manufacturing vs. nonmanufacturing
profession) as covariates.

Statistical Analysis

We used linear mixed models with unstructured variance—covariance matrices to investigate
olfactory level and change as a function of CRP levels at baseline. Time in study measured in
years from baseline was used as the time scale. The random effects included random intercept
and slope, allowing for individual differences at baseline and across time. Age, sex, educa-
tion, and odor test version were adjusted in the basic model. We entered each of the addi-
tional covariates individually to the basic model to test if these were associated with olfactory
ability. All covariates that were related to odor identification, based on an alpha-level < .10,
were then added to the basic model to constitute the multiadjusted model. An alpha-level of
<.05 was used in the main analyses. In sensitivity analyses, we excluded participants with
CRP concentrations above 50mg/L, indicative of acute infection. In further analyses, we
stratified the sample according to age (<72 vs. >78 years) and sex (female vs. male).
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Results

Background characteristics for the total sample as well as for age, sex, and CRP subgroups
are summarized in Table 1. Results from the basic model (adjusted for demographics and
odor test version) indicated a negative dose—response association between CRP levels and
olfactory scores at baseline. Somewhat elevated CRP values, ranging between 5 and 10 mg/L,
were not associated with olfactory function (p =.608). By contrast, participants with CRP
concentrations between 11 and 20 mg/L had lower olfactory identification scores than the
reference group, an association that was statistically significant (p =.020). Likewise, we
observed lower olfactory scores for CRP concentrations above 20 mg/L, an association
that approached statistical significance (p=.086). The lack of statistical significance was
likely attributable to the small sample size with resulting low power in this group.
Although olfactory function decreased significantly as a function of time (annual change
rate of —0.213; p <.001), as described in detail elsewhere (Ekstrom et al., 2020), no statis-
tically significant associations between CRP levels at baseline and olfactory change were
observed (ps > .400).

In addition to the covariates in the basic model, vocabulary, atrial fibrillation, hyperten-
sion, current smoking, depression, and intake of corticosteroids were significantly associated
with olfactory scores in our sample (ps < .071) and were therefore included in the multiad-
justed model. The pattern of results for the multi-adjusted model resembled closely that of the
basic model. In comparison to the reference group, CRP levels of between 11 and 20 mg/L
(p=.022), as well as of above 20 mg/L (p = .063), were associated with lower olfactory scores.
Again, we found that associations in the latter group only approached significance, which is
likely due to lack of power. As before, we observed no statistically significant associations
between CRP levels and olfactory change trajectories (ps > .368). Coefficients and confidence
intervals from the basic and the multiadjusted models are reported in Table 2.

Sensitivity Analyses

Excluding participants with CRP > 50 mg/L (n=15), likely indicative of acute infection, did
not affect our results (Table 2). In stratified, multiadjusted analyses, we obtained significant
associations between CRP values above 10 mg/L, as well as above 20 mg/L, and poorer odor
identification for the younger participants (ps < .034). Stratified analyses also showed signif-
icant associations between CRP values above 10 mg/L and lower olfactory scores for male
participants (ps < .014). By contrast, we found no significant associations neither for partic-
ipants aged > 78 nor for women (ps > .249). As in the total sample, no statistically significant
interaction effects with time were found for the subsamples (ps>.294). The results of the
stratified multiadjusted analyses are summarized in Table 3.

Discussion

In this population-based study of older adults, we observed a negative dose-response cross-
sectional association between CRP levels and olfactory identification scores. The observed
effects were independent from demographic, cognitive, health, and lifestyle factors associated
with olfactory ability or inflammation. Likewise, results of sensitivity analysis showed that
the effects were not driven by participants with CRP levels above 50 mg/L, indicative of an
acute infection.

Our results indicate a gradual decrease of olfactory scores as a function of increasing
CRP-levels. Although normal CRP levels for adults may be population-dependent and have
not been precisely defined, values of 5Smg/L and above are typically considered elevated in
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clinical settings (Kravitz et al., 2009; Pepys & Hirschfield, 2003). However, concentrations
between 5 and 10 mg/L may still be found among the healthy older population (Franceschi &
Campisi, 2014). This may explain why participants in this group did not exhibit significantly
lower olfactory scores in our sample. By contrast, statistically significant associations were
found for CRP values of 11 to 20mg/L. The association between CRP and olfaction was
even more pronounced among participants with values above 20 mg/L. Given the compar-
atively small sample size, a lack of statistical significance may likely be due to low power in
this group. Further studies with larger sample sizes are therefore needed to confirm this
potential association.

CRP values within the observed range can be encountered among individuals with both
chronic and acute inflammation (Kravitz et al., 2009; Pepys & Hirschfield, 2003; Ribeiro,
1997). Importantly, however, it should be stressed that participants were not acutely ill at the
time of assessment. We suggest therefore that the observed associations may, at least in part,
be representative of a relationship between chronically elevated CRP levels and olfaction.
Studies mapping changes in both CRP and olfaction are needed to evaluate this further.

Our findings align with a previous study of 31 patients with advanced renal impairment
that found significantly higher CRP levels in those with lower olfactory scores (Raff et al.,
2008). Furthermore, previous studies found elevated levels of the cytokine IL-6 in blood
plasma of participants with olfactory deficits (Henkin et al., 2013; Laudisio et al., 2019). IL-6
is a primary determinant of hepatic production of CRP and plays a key role in acute-phase
inflammatory responses to for example viral or bacterial infections (Heinrich et al., 1990).
Given its pro-inflammatory properties, it is also elevated in many chronic diseases charac-
terized by a low-grade inflammation (Gabay, 2006; Maggio et al., 2006; Naugler & Karin,
2008). Interestingly, the association between CRP levels and olfactory function observed in
the current study was independent from co-occurrent chronic conditions. To note, a low-
grade inflammation—referred to as inflammaging—is a common finding in older adults also
in the absence of major diseases (Franceschi & Campisi, 2014).

Contrasting our cross-sectional observations, we found no evidence for longitudinal asso-
ciations between baseline CRP concentrations and rate of olfactory decline. These findings
may result from small effect-sizes that are especially difficult to detect in longitudinal anal-
yses. Alternatively, they may indicate an effect of inflammation on olfaction that is exerted
earlier in life and that is not related to olfactory changes in old age. A lack of longitudinal
studies on CRP and olfaction hinders comparison with previous research.

Given that CRP is part of a complex and sophisticated immune response system, the
observed associations between inflammatory markers and olfactory function may be
explained by multiple potential mechanisms. For example, inflammation may induce
changes within the olfactory system through an increased activation of microglia.
Microglia are supportive glial cells with an important immune surveillance role (Aloisi,
2001) that regulate CRP (Juma et al., 2011). As the olfactory system is directly exposed to
the outside environment, xenobiotics (e.g., virus, bacteria, pollutants) enter the brain via the
olfactory pathway where they sometimes induce microgliosis, changes in microglia with an
increased secretion of cytokines and inflammatory mediators as a result (Seo et al., 2018). In
a normal state, microglia contribute to neurogenesis (Tremblay et al., 2011), whereas
microgliosis-derived pro-inflammatory processes reduce the number of newborn cells in
neurogenic centers, such as the olfactory bulb (Lazarini et al.,, 2012; Pickering et al.,
2005). Indeed, previous results showed that IL-6 levels related to hyposmia were higher in
nasal mucus than in plasma, urine, or saliva, indicating that biochemical changes induced by
local inflammatory processes may underlie parts of olfactory loss (Cazzolla et al., 2020). In
addition to local inflammation, the olfactory system may also be vulnerable to effects of
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systemic inflammatory changes. These changes may be induced by, for example, neurode-
generative or cardiovascular diseases that are accompanied by an increase in microglial
activation (Badoer, 2010; Kingwell, 2012; Perry et al., 2010). Importantly, inflammatory
markers are a highly heterogenous group that, in complex interaction with each other, per-
form a variety of biological functions (Slaats et al., 2016). The investigation of single inflam-
matory markers is thus insufficient to draw conclusions regarding underlying mechanisms.
Recent work suggests that one may discriminate between different types of inflammatory
reactions based on marker profiles (Holub et al., 2013; van de Veerdonk et al., 2012). To
further our understanding about the mechanisms underlying inflammation in olfactory def-
icits, future studies may investigate a wide array of both pro- and anti-inflammatory
markers, as well as their interactions.

Interestingly, sensitivity analyses showed that associations between CRP and olfactory
function were confined to participants aged 72 years and below and males. Increasing age is a
principal cause for olfactory loss (Doty & Kamath, 2014; Ekstrom et al., 2020), which may
over-shadow potential effects of inflammatory processes on olfactory ability in older age
groups. Alternatively, and as mentioned earlier, potential influences of inflammation on
olfaction may be exerted before a certain age.

Female sex has consistently been shown to be associated with better olfactory perfor-
mance (Sorokowski et al., 2019), but mechanisms behind this effect are poorly understood. A
tentative hypothesis is that female sex may to some extent be protective against
inflammation-induced olfactory loss. Indeed, sex differences in the human immune response
are well-documented (Klein & Flanagan, 2016; Roved et al., 2017). The prognosis for
females suffering from many inflammatory conditions is generally better than for men
throughout the lifespan, which may result from a more efficient inflammatory response
for females than for males facing similar insults (Casimir & Duchateau, 2011). For example,
female renal patients have a better outcome than males, suggesting a cardioprotective effect
of sex hormones on inflammation in the face of vascular injury (Stenvinkel et al., 2002).
Importantly, inflammatory reactions are largely driven by hormonal status with estrogen
exerting an inhibitory activity on microglia (Vegeto et al., 2008).

Main strengths of this study include the large population-based sample and access to both
cross-sectional and longitudinal olfactory data. Several limitations of our study deserve
mention. First, the measured serum levels of CRP can neither differentiate between local
and systemic inflammation nor between central nervous system- and peripheral inflamma-
tion. Second, single time-point assessments of CRP cannot differentiate between chronic or
acute inflammation and may be less reliable than repeated measures. Third, selective drop-
out resulting from the longitudinal study design likely introduced bias to our results.
Participants with a comparatively better sense of smell and lower average CRP were more
likely to remain in our sample, which may lead to an underestimation of the actual associ-
ation between inflammation and olfactory function.

Conclusion

We found higher CRP levels in blood plasma to be associated with lower olfactory identi-
fication ability in older adults. Our results suggest olfactory function to be associated with
inflammation. Further research considering a wider array, as well as multiple repeated
measures, of inflammatory biomarkers are needed to further our understanding about
these associations.
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