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Abstract

Background: Olfactory dysfunction (OD) is prevalent in people with cystic fibrosis (PwCEF);
however, its overall impact in this population is understudied. No systematic review on
this topic is currently available. Objective: The objective of this study was to systematically
review the existing literature on OD in PwCFE. Methods: A systematic review was performed
using PRISMA guidelines. Inclusion criteria consisted of articles that examined OD in
PwCF using psychophysical olfactory testing. PubMed, Ovid Medline, Google Scholar,
Cochrane Library, MedRxiv, and Web of Science databases were searched on 13 June 2022.
The Newcastle-Ottawa Scale was used to assess the quality and determine risk of bias
for the studies included in the meta-analysis. Results: A total of 87 articles were initially
identified; ten were ultimately included. All ten studies were prospective and observational.
A total of 420 PWCF were included in these studies (209 females, mean age = 26 years).
Psychophysical olfactory testing was performed via the 40-Question Smell Identification
Test (n = 4 studies), Sniffin’ Sticks Testing (n = 4 studies), and other odor identification tests
(n =2 studies). The mean prevalence of OD was 61% (range 10-88%), while rates of anosmia
ranged from 5 to 14. The meta-analysis demonstrated that PwCF had lower threshold,
discrimination, and identification scores compared to controls, with a very large effect size
(Hedges’ g = —1.57, 95% CI = —2.51 to —0.63). Five studies revealed impairment in odor
identification. Five studies assessed potential associations between OD and body mass

T —— ‘ index. Conclusions: OD is common in PwCF. Most PwCF have hyposmia, while anosmia

is less common. Olfactory limitations have not been well characterized in pediatric patients.
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1. Introduction

Cystic fibrosis (CF) is an autosomal recessive disorder caused by mutations in the
CF transmembrane conductance regulator (CFTR) gene, which results in deranged ion
transport [1,2]. CF affects multiple organ systems, including the upper and lower respira-
tory tracts, pancreas, liver, and gastrointestinal and reproductive systems. The majority of
people with CF (PwCF) have chronic rhinosinusitis (CRS), which is associated with nasal
obstruction, nasal congestion, rhinorrhea, and olfactory dysfunction (OD) [3]. OD has a
significant adverse impact on quality of life (QOL) and has been associated with increased
rates of depression and loneliness [4].

Despite its substantial QOL impact and prevalence, OD in PwCF is understudied [3].
Prior studies have reported rates of olfactory loss in adults with CF, with limited investiga-
tion into this complication among children with CF. The congenital and slowly progressive
nature of CF may make it difficult for PwCF to perceive their olfactory deficits. Additionally,
the severe pulmonary and systemic features of CF may cause PwCF to minimize their
olfactory symptoms [5]. CFTR modulators are a new class of drugs that impact the basic CF
defect and improve CF sinus symptoms; however, these medications have not been shown
to improve OD [6]. Objective psychophysical olfactory testing is a critical component to
evaluate OD in PwCF. The aim of this study was to systematically review and analyze the
evidence regarding OD in PwCF to better understand the prevalence and severity of this
disease complication and to identify areas in need of further study.

2. Methods
2.1. Search Strategy

This study was conducted using the Preferred Reporting Items for Systematic Review
and Meta-Analyses (PRISMA) guidelines (see Supplementary File S1: PRISMA Checklist).
A comprehensive literature search of PubMed, Ovid Medline, Google Scholar, Cochrane
Library, MexRxiv, and Web of Science was completed on 13 June 2022. The search strat-
egy included keywords in titles and abstracts, as well as subject headings (MeSH terms)
related to the concepts of olfactory dysfunction, cystic fibrosis, and/or nutrition. Titles
and abstracts were first screened and then followed by a thorough manuscript review.
References cited in these articles were also screened and considered. Two authors (L.M.A.
and J.E.M.) independently reviewed the articles for eligibility. Any potential discrepancies
were resolved via discussion with a third author (D.M.B.). The review was not registered in
a public registry as data extraction had already commenced prior to initiation of registra-
tion. Consequently, retrospective registration was not feasible in accordance with registry
policies.

2.2. Selection Criteria

Studies included in this systematic review required articles to report findings of
psychophysical olfactory testing in PwCF of any age. Studies involving non-human subjects
were excluded.

2.3. Data Extraction

For articles that met all inclusion criteria, the following information was collected:
authors, year of publication, study design, number of subjects, patient demographics (age
and gender), and measurement tools used to assess olfaction. OD prevalence was recorded,
as well as any other information related to the quality or quantity of olfactory loss. When
available, the impact of OD on nutrition and ideal body weight IBW) was also recorded.
Studies with insufficient data, including those lacking information on olfactory dysfunction
or its effects on health and quality of life, were excluded.
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2.4. Data Presentation

The prevalence of OD in PwCF was calculated based on data collected from studies that
reported numerical values for normosmia, hyposmia, and anosmia using psychophysical
olfactory testing. The obtained hyposmia percentages were combined to create a mean
and range for OD in PwCF. Rates of anosmia were generated similarly using reported
anosmia percentages.

2.5. Meta-Analysis

Studies that reported threshold, discrimination, and identification (TDI) scores, stan-
dard deviations, and a control group were included in a meta-analysis. The TDI score is
a sum of three subtests based on the Sniffin” Sticks (SS) results. A score greater than 30.5
is considered normosmic, between 16.5 and 30.5 is considered hyposmic, and less than
16.5 is considered anosmic [5]. Studies that did not include a control group or that did
not report sufficient data, such as mean values, standard errors/standard deviations, or
confidence intervals, were excluded. The meta-analysis was conducted using Stata/SE
software (version 17). The model assumed random effects and was fit with restricted
maximum-likelihood estimation. A forest plot was then generated to compare differences
between TDI scores for PWCF and healthy controls. The Newcastle-Ottawa Scale (NOS)
was used to assess the quality and determine risk of bias for the studies included in the
meta-analysis.

3. Results
3.1. Search Characteristics and Prevalence of Olfactory Dysfunction

The initial search yielded 87 articles; 30 studies underwent a full manuscript review,
and 10 articles met all inclusion criteria (Figure 1). Table 1 provides a summary of each
study included in this systematic review [5-14]. The range of OD across studies was 10-88%
(mean 61%). Rates of anosmia ranged from 5-14%. The majority of studies included a
wide age range of PwCE, and two studies focused specifically on children/adolescents with
CF. Psychophysical olfactory testing that was employed in these ten studies included the
40-Question Smell Identification Test (SIT-40, n = 4), Sniffin” Sticks Testing (n = 4), and other
odor identification tests (n = 2). Two studies included participants on CFTR modulator
therapy [6,12].

3.2. Rates of Hyposmia and Anosmia Are Increased in People with Cystic Fibrosis

Data from five studies reporting rates of normosmia, hyposmia, and anosmia were
available and analyzed. High rates of olfactory impairment were found in PwCF and,
in studies that included a control group, rates of OD in the CF population were higher
than those in control participants (Figure 2) [5,6,8,10,12]. In a study by Lindig et al. that
compared 35 PwCF with 35 age-matched controls, hyposmia was reported at a higher fre-
quency in the CF group compared to the non-CF group (63% versus 37%, respectively) [10].
Furthermore, none of the controls had anosmia, while 9% of PwCF were anosmic [10]. In a
study by Di Lullo et al., a total of 71 PwCF were studied and compared to 50 age-matched
controls [5]. Among PwCF, 82% with nasal polyps (NP) and 88% without NP were hy-
posmic, and 13% with NP and 5% without NP were anosmic [5]. In the control group,
96% were normosmic, 4% were hyposmic, and none were anosmic (Figure 2) [5]. Similar
rates of OD were obtained by Beswick et al., who found 63% of PwCF to be dysosmic and
37% normosmic [12]. A study by Bacon et al. found 27% of PwCF to be normosmic, 66%
hyposmic, and 9% anosmic [6]. In a study by Aitken et al., olfaction was found to be normal
in 44% of PwCF [8]. Among the remaining participants, 40% exhibited hyposmia, while
14% were found to be anosmic.
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Figure 1. Flow diagram of search results.
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Figure 2. Prevalence of olfactory dysfunction in individuals with cystic fibrosis based on psychophys-
ical olfactory testing results [5,6,8,10,12].
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Table 1. Summary of articles on olfactory dysfunction in people with cystic fibrosis.
% of
Author Type of Stud Study Age Grou ggz;:;}ént Olfactory Findings Olfactory Testing Associated Findings Nutritional Level of Participants
YP Yy Population 8 P Tools y 8 Scores & Impact Evidence with a Copy
of F508del
265% n=9)of
participants exhibited Baseline UPSIT score did
nOﬁQﬁ%SIélla,.llgﬁ% (n=6) not differ significantly
Prospective 12-60 years exnibrted miid microsmia, by sex, allergic rhinitis, Y
ngcf netal. Observational i% 12}8 Fand (median age SIT-40 rzr?é)?i/é)rgr’:ezrrzgcer)égrlrliil;ed genotype, or CF-related Level III 1ggt/ioci0fants
Study 28) 26.5% (n = 9) exhibited diabetes status. P P
severe microsmia, and No correlation with age
8.8% (n = 3) exhibited total was found.
anosmia.
Most CF patients were .
. - F508del heterozygosit L
. Prospective hyposmic. 19/30 (63%) yEOsILy No association o
eBte 2}”1[31;] «  Observational ?8 1(\}[? Fand Mein age34 g4 individuals were dysosmic and CF-relgteddd@bﬁtes between OD Level III 100t(o N "
. Study years and 11/30 (37%) were were associated wit and BMI participants
Normosmic © worse olfaction.
Nasal polyp group: 4/71
(5.63%) were normosmic, ) .
Prospective 21-39 years SS and 2ﬁé791 /(7811 (6120/60;3})’2?;?;% %)8261; TPl score: }iiv)s(vdallgr?c%t(?ff%%.the Negative
Di Lullo Observational 71 36 F and (mean age SNOT-22 and  Non-nasal pblyp group: © Olfactory threshold  Low olfactory threshold correlation Level 11T 63% of
etal. [5] Stud 35 M) 30.1) VAS 4/59 (6.78%) were score was values were mainly found between participants
y ’ normos.mico 52/59 (88 140/0) 51gn1f1cantly lower attributable to CRS with OD and BMI
were hyp osmi ¢, and 3/59 than controls. or without nasal polyps.
(5.08%) anosmic.
Sinonasal pathogen Positive
Normosmia was found in ggesan TDI'score was  colonization, gender, Egaféakt)leotz}veen
Lindig et al. Prospective 35 (22 F and 5-70 years SS and 28.6 0/u of CF patients. Olfactory threshold pulmonary fgnc’non, olfactory
[10] Observational 13 M) (mean age SNOT-20 62.9% of them were score was allergy, and sinonasal function and Level III
Study 22.5) hyposmic, and 8.6% significantly lower surgery did not have IBW (not
functionally anosmic. than controls. significant effects on statistically
olfactory function. significant)
Hyposmia was found in
Three-choice  9.5% of patients; none Mean identification No significant
. 5.5-17.9 16-item odor  Were anosmic. score for CF subjects . relationshi
Laingetal. ~ OrOSPeCtVe 4y (1gFand  years identification ~ CF patients had a poorer (1436 5D: 142) was o comelationbetween LRI b sav%of
[9] St s(,ierva ona 24 M) (median age test ability than controls to significantly lower ; dg tificati bilit and odor participants
udy 10.5) 94-item ques-  identify odors, particularly  than that of controls rdentiication abriity. identification
tionnaire cheesy, grassy, sour, and (15.31 SD: 1.07). scores

spicy odors.
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Author Type of Study Popu}{ation Age Group Assessment Olfactory Findings Scores ry & Associated Findings Impact Evidence with a%opy
Tools
of F508del
CF patients with or
. Prospective 2-57 years Smell without nasal polyps Nasal polyps have no
I;e;ilrlllﬁsion Observational 211111}:1 (55?? 15[) (mean age Identification  presented a slightly significant impact on Level III
: Study 17.1) Test 28 reduced score in OD.
comparison to controls.
Olfaction was normal in L No correlation
Aitken et al Prospective 50 (26 Fand 14-53 years 22/50 (44%), partially Ollf)]ei_tlve_loss of . between o6 of
8] * Observational 24 M) (mean age SIT-40 abnormal in 20/50 (40%), gFaCSéS/“ 18 Cé)mmon mn olfaction and Level III ar:ici ants
Study 28) completely lost in 7/50 : t]f(l o) and increases patients’ IBW p p
(14%). with age. was found
Olfactory thresholds
were significantly
P ) higher than controls
i rospective i PEMEC threshold U
zzlelffe[z?ﬁach Observational %8 1(\}[()) Fand 43 55 years SIT-40 g:;;cgs atients have (= 48, p < 0.002). Level III
’ Study ’ QOdor identification
was also impaired.
UPSITU=84,p <
0.05.
Significant
Child {th C/Fh ¢ difference in
Lidren wi aveat  threshold scores i i
P ) 718 best .n_or.mach})llfactory between CF (;.O X lliet%vaetle\;lea?; ;erigtlon
rospective —18 years sensitivity. There was no 103 M range: 2.5 x .
%—]Igi'tz etal. Observational }3 1(31)1: and (median age SS indication of 104035 i 101 g‘fs_hg lzdzf oncentration Level III
Study 11) yiﬁigﬁt}vuy but some and the control . Antibiotics may increase
i group (3.6 x 107 M gensitivity slightly.
hyposensitivity. range: 43 x 10~ to
2.8 x 1073 M).
. No significant change
. .. . 10/11 CF subjects & ¢ 8
. Prospective 6-20 years Olfaction in CF patients was noted in OD after
Iglsxl;i?[z;?d Observational %é 1(\}[)1: and (medianage  SS was roughly 10,000 times fgg‘g’;sig ;r];?lrilsectléy treatment with Level III
Study 9) that of normal subjects. Y carbohydrate-active

detect all substances.

steroids.

* These studies included participants on CFTR modulator therapy. SIT-40—40-Question Smell Identification Test; SS—Sniffin” Sticks; SNOT-22—22-Question Sinonasal Outcome Test;
SNOT-20—20-Question Sinonasal Outcome Test; TDI—threshold discrimination identification; IBW—ideal body weight; BMI—body mass index.
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Multiple studies comparing PwCF to age-matched controls showed differing rates of
OD. In general, a significant portion of PWCF exhibited some form of olfactory impairment,
with percentages ranging from 27% to 82%. Controls generally had better olfactory function,
with most having normal olfaction. These studies highlight the variability in olfactory
dysfunction among PwCF [5,6,8,10,12].

3.3. Threshold, Discrimination, and Identification Scores in People with Cystic Fibrosis

Four studies utilized SS testing to assess olfactory TDI [5,7,10,13]. All but one study
demonstrated reduced detection abilities in PWCFE. The study by Di Lullo et al. showed
significantly weakened odor detection in PwCF compared to individuals without CF [5].
Specifically, PWCF identified n-butanol at dilution steps of 2.97 &+ 2.89 and 3.25 &+ 2.96
(mean), while healthy controls detected it at 7.29 & 1.61 steps (p < 0.0001). PwCF had
overall lower TDI scores (23.28 & 6.02 and 24.61 £ 4.95) compared to controls (33.31 & 2.45,
p < 0.0001) [5]. Similar outcomes were reported by Lindig et al. [10]. In their study, PwCF
only recognized n-butanol at 2.95 &= 1.60 dilution steps (mean), while healthy controls could
identify it at 7.78 4 2.95 steps (p < 0.001) [10]. The TDI score was again lower in PwCF than
controls (mean score 25.8 vs. 31.8 points, p < 0.001) [10]. Both studies demonstrated no
differences in odor discrimination or identification between PwCF and control groups [5,10].
In the study conducted by Hertz et al., the average butanol threshold concentrations for
PwCF were 2.0 x 1073 M (range: 2.5 x 107* to 3.5 x 10~ M), while for people without
CF, itwas 3.6 x 1074 M (range: 4.3 X 1072 t0 2.8 x 1073 M) [13]. The difference between
PwCF and those without CF was statistically significant at the 0.01 level (t-test) [13].

Contrary to other research findings, Henkin and Powell’s historical study showed
that PwCF (median age 5.5) exhibited significantly heightened detection abilities for all
substances [7]. PWCF could identify substances at concentrations 40 to 13,000 times more
diluted than detectable by normal volunteers. However, the study indicated reduced smell
thresholds in PwCF [7].

3.4. Odor Identification Testing

Five studies investigated odor identification using SIT-40 and a three-choice 16-item
odor identification test [6,8,9,11,12]. In a study by Bacon et al., PwCF exhibited a median
baseline UPSIT score of 29 (interquartile range = 24-34) [6]. Beswick et al. reported that
PwCF had an average SIT score of 30.6 [12]. Additionally, Laing et al. found a statistically
significant difference in mean identification scores between PwCF (14.36/16, SD 1.42) and
controls (15.31, SD 1.07), with PwCF scoring lower (p = 0.001) [9]. Consistent with these
findings, Weiffenbach et al. demonstrated a significant difference between PwCF and
control groups using the Mann-Whitney U test (U = 84) [11]. PwCF displayed severe
olfactory deficits, evident in elevated detection thresholds and impaired odor identification.
Aitken et al. also reported a significant difference in the objective sensation of smell between
PwCF and controls [8].

3.5. Meta-Analysis of Combined Threshold, Identification, and Discrimination Scores

Two studies presented data that were amenable to inclusion in a meta-analysis [5,10].
The pooled estimate revealed that PwCF had lower TDI scores on average than control
patients across all studies with a very large effect size (Hedges’ g = —1.57, 95% CI = —2.51
to —0.63, Figure 3). This effect is equivalent to the TDI score being 8.14 units lower in PwCF
versus controls. Heterogeneity was large (I? = 87.41%), likely due to the small number of
studies included. The difference in overall effect size was statistically significant (p = 0.001).
Based on the NOS, both studies had six stars, consistent with moderate-quality studies
with some risk of bias (Supplementary Table S1, [5,10]).
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CF patients Control Hedges's g Weight
Study N Mean SD N Mean SD with 95% CI (%)
DiLullo, etal. (2019) 71 23.28 6.02 50 3331 245 —J}— -2.04 [-2.49, -1.60] 50.73
Lindig, J, etal. (2012) 35 25.81 575 35 31.84 521 —l— -1.09[-1.58, -0.59] 49.27
Overall e _{ 57 [-2.51, <0.63]

Heterogeneity: T = 0.40, I’ = 87.41%, H = 7.94
Testof 8,=0; Q(1)=7.94, p=0.00
Testof 8=0:z=-3.29, p=0.00

Random-effects REML model

Figure 3. Forest plot of the meta-analysis comparing differences between threshold, discrimination,
and identification (TDI) scores for both experimental and control groups [5,10]. Diamond = overall
effect estimate; square = point estimate of the study; blue line = 95% confidence interval.

3.6. Association of Olfactory Dysfunction with Nutritional Status

Five studies investigated the potential association of OD on nutrition and body mass
index (BMI) [5,8-10,12]. Two adult studies and one pediatric study that included children
aged 5 to 18 years old failed to identify any association between OD and nutritional
status [8,9,12]. Olfactory function did not show a significant difference between PwCF
who were below their ideal body weight (IBW, calculated using the %IBW method, which
assumes the ideal weight to correspond to the same percentile ranking as the individual’s
height-for-age percentile) and those with an IBW, as indicated by the SIT-40 results [8]. One
study showed that PWCF had the same affinity for high- and low-fat foods compared with
non-CF individuals [9]. While two other studies found a potential correlation between
olfactory loss and low BMI, these did not reach statistical significance [5,10].

3.7. Factors Associated with Olfactory Dysfunction

Nine studies evaluated factors associated with OD in PwCE. In one report, F508del
heterozygosity and CF-related diabetes were strongly correlated with OD [12]. OD was
also shown to potentially increase with advancing age in another report, although this
association did not reach statistical significance [8]. Pulmonary function, allergies, sinonasal
surgery, and medication use were not associated with OD [10]. Two studies included
participants on CFTR modulator therapy and did not identify an association between
modulator use and OD [6,12].

Three studies included data on QOL outcomes. One reported a mean 22-question
Sinonasal Outcome Test (SNOT-22) score of 32.1 and a mean questionnaire of olfactory
disorders (QOD) score of 5.5; smell identification was correlated with QOD scores but not
with SNOT-22 scores [12]. Another study reported worse 20-question Sinonasal Outcome
Test (SNOT-20) scores among PwCF with hyposmia (11.1) and anosmia (28.3) compared to
PwCF with normosmia (7.2); however, this was not statistically significant [10]. The third
study reported a mean SNOT-22 score of 38.1 among PwCF; however, they did not evaluate
for an association with olfactory function [5].

3.8. Olfactory Dysfunction in Children with Cystic Fibrosis

In one study, 25% of children aged 5 to 18 years with CF correctly identified odorants
in a three-choice 16-item odor identification test, whereas 60% of age-matched controls
correctly identified all odors [9]. A study from 1962 by Henkin et al., paradoxically, found
an increased sensitivity of smell in children with CF (median age: 5.5 years) [7]. However,
these findings were later refuted in a study by Hertz et al. and other studies in adults,
which found decreased olfactory function in individuals with CF [7,13].
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4. Discussion

Findings from this systematic review demonstrate that the majority of PwCF have
olfactory loss. Based on the existing evidence, the prevalence of hyposmia ranges from 10
to 88%, while anosmia occurs in 5-14% of PwCE. When compared to the general population,
in which the estimated prevalence of OD is 22%, olfactory loss is much more common in
PwCF [15].

Based on data from people without CF, one of the most concerning consequences of
OD is its potential impact on nutrition [5,10]. It has been theorized that olfactory loss may
be a contributing factor to the lower BMI in PwWCEF, as olfaction, gustation, and appetite
are closely intertwined [10]. Overall, five studies explored this question. Three studies
(mean age 27 years) failed to show any correlation between olfaction and BMI, although
these studies had modest sample sizes, which may explain the lack of association [8,9,12].
PwCF with a low BMI had similar olfactory function to those with normal BMI [8]. Food
preferences also did not differ, and PwCF were shown to enjoy high-fat foods as much
as non-CF individuals [9]. In contrast, two studies found a potential association between
increasing severity of OD and decreasing BMI; however, this was not statistically significant.
Ultimately, the potential link between OD and nutritional status was not clearly established
by previous studies in CF, and further research is needed in this area, particularly in the era
of early initiation of highly effective CFTR modulators [5].

This review analyzed specific components of olfactory testing when those findings
were reported, including TDI. Olfactory threshold testing measures the minimal amount of
stimulus needed to elicit odor detection, while identification and discrimination testing
measure higher-order cognitive processing [5]. Four studies evaluated olfactory thresholds,
discrimination, and identification using SS testing [5,7,10,13]. The majority of these studies
indicated diminished detection abilities in PWCEF, with only one historical pediatric study
(median age 9 years) showing an exception [7]. The six studies conducted prior to 2012
warrant careful consideration, given the recent emergence of specific sinus treatments and
systemic therapies that address the basic defect in CF, although a study in adults with CF
who used one of these therapies did not show post-therapy improvement in OD [16,17]. As
these treatments are relatively new, there exists a strong inclination to posit that anosmia
may manifest progressively over time. Consequently, it is possible that individuals in the
earlier studies, predominantly comprising children, may not have lived long enough to
exhibit substantial disease development.

The meta-analysis demonstrated that PwCF also exhibited significantly lower TDI
scores than controls, indicating reduced olfactory function [5,10]. However, it is important
to note that only two studies could be included in the meta-analysis, which introduces
a risk of bias due to the limited number of studies. Additionally, both studies were
of moderate quality, with some risk of bias according to the NOS. Across five studies
examining odor identification using SIT-40 and a three-choice 16-item odor identification
test, PWCF generally exhibited lower identification scores [6,8,9,11,12]. These findings
suggest that olfactory loss might result from impairment at the level of the olfactory
periphery rather than higher-order centers. This finding could be due to the blockage of
molecules reaching olfactory receptors by the thick, viscous mucus that is often present in
the sinonasal cavities of PwCF [18]. However, it could also be attributable to a functional
lesion of peripheral nerves that develops over time due to chronic inflammation [12].

The final aspect of this systematic review was to investigate factors related to OD in
PwCEF. One included study showed that F508del heterozygosity and CF-related diabetes
were associated with OD [12]. One study found that increasing age was associated with
worse olfactory function; however, this correlation was not found in other studies [8]. This
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finding may be due to the effects of sinonasal disease progression, sinus surgery, or the
decreased turnover rate of olfactory bipolar neurons that occurs with advancing age [8].

5. Conclusions

OD is common in PwCF and has an estimated prevalence of up to 88%. Olfactory
thresholds and odor identification are affected significantly in PwCEF. Study results on the
relationship between OD and nutritional status are mixed, and additional research on this
topic is needed.
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