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Abstract
Background: Olfactory dysfunction (OD) is among the most prevalent features of post-acute sequelae of COVID-19 (PASC) and 

frequently co-occurs with cognitive and neuropsychiatric symptoms. The specific predictors of objective olfactory impairment 

severity and its relation to systematic shifts in hedonic odor perception remain underexplored. Here, we used data-driven appro-

aches to identify and rank predictors of objective OD severity and examined hedonic valence ratings in patients with and without 

olfactory impairment. Methodology: We examined 144 patients with confirmed PASC diagnoses at 15-63 months post-infection 

using psychophysical testing (Sniffin’ Sticks), standardized cognitive tests for verbal fluency, working memory, attention, and wor-

king speed, and patient-reported outcome measures for other symptoms of PASC. Predictors were identified using LASSO regres-

sion with voting and random forest variable importance ranking. Hedonic valence ratings from the identification subtest were 

examined at the group and individual odor level. Results: Olfactory function was significantly below normative population values. 

Verbal fluency emerged as the most robust predictor of olfactory dysfunction severity, converging across both LASSO regression 

and random forest analyses, and remained significant after controlling for respiratory symptoms. Parosmia, respiratory symptoms, 

working memory, and somatic symptom burden were also consistently selected. Hyposmic patients showed significantly reduced 

maximal valence ratings independent of parosmia and anhedonia, while minimal ratings were preserved, with garlic and coffee 

remaining significant after correction. Conclusions: Verbal fluency emerged as the strongest predictor of OD severity in long-term 

PASC patients. Beyond reduced olfactory sensitivity, hyposmic patients showed asymmetric hedonic impairment, pointing to dif-

ferential involvement beyond peripheral olfactory loss.
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Introduction
Following the SARS-CoV-2 pandemic, post-acute sequelae of 

COVID-19 (PASC) emerged as a major global health burden, 

affecting approximately 36% of individuals with persistent 

sensory, cognitive, and physiological impairments (1). The 

WHO defines PASC as the continuation or development of 

new symptoms 3 months after the initial SARS-CoV-2 infec-

tion, with these symptoms lasting for at least 2 months with 

no other explanation (2). PASC may manifest heterogeneously 

across patients: While chemosensory alterations are one of 

the earliest and most prominent symptoms both during acute 

and persistent phase (3), symptoms like fatigue, cognitive 

impairments, insomnia, psychiatric problems, and others are 

frequently reported (4–6). Olfactory dysfunction (OD) appears 

in approximately half of COVID-19 patients (7). While most 

patients recover, objective testing reveals persistent olfactory 

impairment in a significant proportion of patients up to two 

years post-infection, often exceeding self-reported rates (8). This 

comes with a severely detrimental impact on everyday life, like 

reduced enjoyment of food and social interactions (9,10). ODs can 

also come with qualitative alterations, like differently perceived 

odors (parosmia), or perception of non-existent odors (phantos-

mia) (11,12). While smell impairment (hyposmia) or loss (anosmia) 

seem to rehabilitate with time for many patients, qualitative 

conditions can stay stable or even worsen over time (13).  Beyond 

quantitative and qualitative changes, OD can affect hedonic 

perception. Reductions in the span between the most pleasant 

and most unpleasant odor perceptions (hedonic range) have 

been observed in neurodegenerative conditions accompanied 

by olfactory loss, including Parkinson disease (14) and Alzheimer 

disease (15). Emerging evidence suggests that hedonic shifts 

also occur in PASC, both in patients with and without parosmia 
(16,17). Neuropsychological deficits, particularly in memory and 

executive function, can persist or emerge more than a year 

after infection (18). The olfactory system has direct anatomical 

connections to limbic structures including the hippocampus 

and amygdala (19), and PASC patients with olfactory complaints 

show altered functional connectivity in limbic and orbitofrontal 

networks that also support olfactory processing (20,21), suggesting 

shared neural substrates for cognitive and olfactory sequelae 

in PASC. Consistent with this, olfactory impairment is a robust 

predictor of cognitive decline at the population level (22), and in 

PASC specifically, the co-occurrence of olfactory and cognitive 

symptoms is well-established (23,24). A substantial body of cross-

sectional and meta-analytic work on PASC has characterized the 

prevalence, risk factors, and clinical correlates of OD (25,26). While 

associations between cognitive performance and OD have been 

reported in PASC cohorts, including studies with comprehensive 

neuropsychological assessments (18,21,27) and machine learning 

approaches for olfactory classification (28), these investigations 

have primarily examined olfaction as a predictor or correlate of 

cognitive outcomes. The present study takes a complementary 

approach, treating continuous, standardized olfactory function 

as the primary outcome and using data-driven feature selec-

tion to identify cognitive and neuropsychiatric predictors of 

OD severity in a diagnosed PASC cohort. We assessed a cross-

sectional cohort of clinically diagnosed PASC patients recruited 

from the specialized Post-COVID Center Erlangen (PCCE) using 

psychophysical olfactory testing (Sniffin' Sticks) on patients 15 

to 63 months post-infection, capturing a chronic and stabilized 

phase of OD. The aims of this study were, first, to characterize 

the prevalence and severity of OD and related chemosensory 

symptoms; second, to identify symptom-based predictors of OD 

severity using LASSO regression and random forest as comple-

mentary data-driven approaches; and third, to examine hedonic 

odor perception across olfactory function groups and individual 

odor items, given emerging evidence that OD may alter hedonic 

processing beyond simple detection loss.

Materials and methods 

Patient recruitment and testing routine

Patients attending the PCCE between March 2024 and July 2025 

were screened for this study. Patients were forwarded from a 

general practitioner and underwent a standard multidisciplinary 

diagnostic routine (Figure S1) (6,29). This included comprehensive 

cognitive assessments, psychosomatic, internal immunological-

rheumatological, ophthalmological, and serological examina-

tion, and an extensive battery of patient-reported outcome 

measures (PROMs) assessing fatigue, sleep, and psychological 

health (see Supplemental Methods). Patients with acute tempo-

rary smell loss or concurrent acute respiratory infections were 

excluded. Sinonasal comorbidities were recorded in question-

naires. Additionally, participants who reported excessive tran-

sient fatigue from previous testing were excluded from further 

assessment to ensure data quality. Out of 543 screened patients, 

178 volunteered. Following exclusions for incomplete data or in-

conclusive diagnoses, 144 patients (99 female, median age 50.50 

[41.75-58.00] years) were included in the final analysis (Table 1). 

Olfactory assessment

Olfactory testing was conducted in between examinations or 

after completion of the testing routine. Participants rated their 

subjective olfactory abilities retrospectively before their SARS-

CoV-2 infection (baseline), at the worst point during their infec-

tion (acute), and current on a scale from 0 (complete loss) to 10 

(excellent sense of smell and taste). Because patients frequently 

experience overlap between smell and taste disturbances, 

participants were instructed to consider these symptoms jointly 

for this subjective assessment. Quantitative (hyposmia, anosmia) 

and qualitative (parosmia, phantosmia) ODs were assessed via 

separate questionnaire items. To facilitate domain differenti-

ation, participants were provided with brief explanations and 
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examples (e.g., 'I do not perceive any odors') rather than relying 

solely on medical terminology. Olfactory function was measured 

using the standardized Threshold-Discrimination-Identification 

Sniffin’ Sticks (TDI) test (30), with scores transformed into age- and 

sex-corrected percentile ranks (TDI-PR) based on normative 

data (31,32). During the identification subtest, patients additionally 

rated valence (-5 to 5) and intensity (0 to 10).

Statistical analysis

Statistical analyses were conducted with R (version 4.3.1) (33). 

Group comparisons utilized the Wilcoxon rank-sum or Kruskal-

Wallis tests with Bonferroni-Holm-corrected Dunn's post-hoc 

tests where applicable (34). To handle missing data across mul-

tiple domains, multiple imputation (20 datasets) was performed 

prior to predictive modeling. We applied LASSO regression with 

Table 1. Demographic and clinical characteristics of the study cohort. 

Discrete variables: absolute counts with group comparison of TDI-PR (Kruskal-Wallis test: H; Wilcoxon rank-sum test: W; P). P values are unadjusted; 

these bivariate associations are descriptive, and multiplicity is addressed in the LASSO and random forest analyses. Effect sizes: r = Z/√N for significant 

binary comparisons, reported as absolute magnitudes (group medians in parentheses). Continuous variables: median (IQR) and observed range with 

Spearman correlation with TDI-PR (ρ, P). Abbreviations: CRS: chronic rhinosinusitis. TDI-PR: Sniffin' Sticks test score as age- and sex-corrected percen-

tile.

Parameter Descriptives Range Categorized (n) Total (n) Statistic P

Sex Female (99) / Male (45) 144 W = 2229 .997

Age (years) 50.50 
[41.75-58.00]

21-75 144 r = .004 .962

Education Lower secondary school (31) / Intermediate 
secondary school certificate (43) / University 
entrance qualification (29) / University degree 
(BA/MA/Diploma) (39) / Doctorate (PhD) (2)

144 H = 5.21 .266

Time since infection 
(months)

31.00 
[25.00-37.75]

15-63 134 r = -.07 .426

Course of acute 
disease

Non-hospitalized [asymptomatic (6), home 
(96)] / Hospitalized [hospital (9), intensive care 
unit (2)]

113 W = 708 .156

Vaccination 
frequency

0 (5) / 1 (4) / 2 (29) / 3 (76) / 4 (13) / 5 (7) 134 H = 3.73 .589

BMI (kg/m2) 26.03
[23.29-29.07]

16.92-61.71 Underweight (4) / Normal (52) / Overweight 
(50) / Obese (27)

133 r = -.16 .072

Smoking Never (96) / Former (29) / Occasional (4) / 
Daily (<5h) (5) / Daily (>5h) (2)

136 H = 4.77 .312

Alcohol Never (55) / Once per month or less (32) / 2-4 
times per months (33) / 2-3 times per week 
(7), 4 times per week or more often (6) 

133 H = 4.92 .296

Sports Never (59) / Once per week (38)/  2-3 times 
per week (27) / 4-5 times per week (6) / more 
than 5 times per week (3)

133 H = 3.28 .512

Diabetes No (135), Yes (9) 144 W = 722 .347

Hypertension No (132), Yes (12) 144 W = 661 .346

Supplements No (93), Yes (51) 144 W = 2716.5 .150

Corticosteroids No (138), Yes (6) 144 W = 213 
r = .17 

(no: 23.13, yes: 53.97)

.045

Olfactory-relevant comorbidities

Sinonasal history 
(CRS/nasal polyps)

No (119), Yes (25) [nasal polyps: 22, CRS: 3] 144 W = 1458 .878

Asthma No (129), Yes (15) 144 W = 748 .152

Concussion No (127), Yes (17) 144 W = 1447 
r = .19 

(no: 25.40, yes: 10.00)

.023

Chemotherapy No (141), Yes (3) 144 W = 195.5 .828

Zinc deficiency No (142), Yes (2) 144 W = 191 .401
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Table 2. Symptoms of PASC and their association with olfactory function (TDI-PR).

Parameter Scale Descriptives n Below norm, n (%) Statistic P

Olfaction 144

Olfactory function (TDI) 0 – 48 31.0 [27.3-34.0] 144 Hyposmic: 58 (40.3), Anosmic: 6 (4.2)

T 1 – 16 7.30 [5.53 – 9.00] 144

D 0 – 16 12 [10 - 13] 144

I 0 – 16 12 [11 - 14] 144

Olfactory function (TDI percentile rank) 0 – 100 23.80 [9.88 - 45.45] 144

Self-assessment (olfactory disorder) 144 Hyposmic: 54 (37.5), Anosmic: 8 (5.6)

Self-assessment (VAS, current) 0-10 7 [5-9] 144 Decrease: 80 (55.6), Same: 58 (40.3), 
Increase: 6 (4.2)

r = .38 < .001

Self-assessment (VAS, acute) 0-10 3 [0 - 7] 144 r = .27 .001

Self-assessment (VAS, baseline) 0-10 9 [8-10] 144 r = -.003 .968

Qualitative dysfunction (any) 144 46 (31.9) W = 2795.5, r = .19 .020

Parosmia 144 36 (25) W = 2611.5, r = .26 .002

Phantosmia 19 (13.2) W = 1076.5 .514

Cognition

Verbal fluency (RWT as percentile rank) 0 – 100 22 [9-48] 138 58 (42) r = .18 .036

Working memory (DSB, percentile rank) 0 – 100 34 [12-73] 137 49 (35.8) r = .22 .011

Attention (D2 KL, percentile rank) 0 – 100 21 [7-46] 134 57 (42.5) r = .12 .155

Working speed (D2 BZO, percentile rank) 0 – 100 16 [4-42] 134 68 (50.7) r = .07 .402

Self-reported symptom measures

Fatigue (FSS) 63 – 9 58 [52-61] 134 126 (94) r = -.12 .183

Insomnia (ISI) 28 – 0 14 [7.25-19] 133 66 (49.6) r = -.20 .023

Somatic symptom disorder (SSD) 48 – 0 25 [15-34] 133 88 (66.2) r = -.11 .193

Depression (PHQ-9) 27 – 0 10 [7-15] 134 81 (60.4) r = -.11 .222

Somatic symptom burden (PHQ-15) 30 – 0 11 [6-14] 134 95 (70.9) r = -.24 .005

Anxiety (GAD-7) 21 – 0 6 [2-11] 134 42 (31.3) r = -.07 .428

Post-Covid-Score (Bahmer et al.)

Total score 59 – 0 42.0 [33.0-50.5] 133 No/Mild: 1 (0.7), Moderate: 17 (11.8), 
Severe: 115 (79.9)

r = -.32 < .001

Chemosensory deficits 133 No (75), Yes (58) W = 3225.5, r = -.41 < .001

Fatigue 133 No (4), Yes (129) W = 343.5 .263

Exercise intolerance 133 No (5), Yes (128) W = 612.5 < .001

Joint or muscle pain 133 No (27), Yes (106) W = 1817.5 .031

ENT ailments 133 No (52), Yes (81) W = 2617.5 .018

Respiratory symptoms 134 No (60), Yes (74) W = 2814.0 .008

Chest pain 134 No (57), Yes (77) W = 2355.0 .471

Gastrointestinal ailments 134 No (66), Yes (68) W = 2761.0 .022

Neurological ailments 134 No (11), Yes (123) W = 753.5 .535

Dermatological ailments 134 No (64), Yes (70) W = 2039.0 .372

Infection signs 134 No (82), Yes (52) W = 2469.5 .124

Sleep disturbance 133 No (24), Yes (109) W = 1528.0 .199

Continuous variables: median (IQR). Correlations: Spearman ρ with TDI-PR. Group comparisons: Wilcoxon rank-sum test. P values are unadjusted; 

these bivariate associations are descriptive, and multiplicity is addressed in the LASSO and random forest analyses. Effect sizes: r = Z/√N, reported as 

absolute magnitudes. Clinical cutoffs: PHQ-9 ≥ 10; GAD-7 ≥ 10; ISI ≥ 15; PHQ-15 ≥ 10; FSS ≥ 36; cognitive percentile rank < 16; SSD-12 ≥ 23; Hyposmia: 

TDI ≤ 30.5; Anosmia: TDI ≤ 16. Abbreviations: FSS: Fatigue Severity Scale; ISI: Insomnia Severity Index; SSD: Somatic Symptom Disorder – B Criteria 

Scale, 12 items; PHQ-9: Patient Health Questionnaire - 9 items; PHQ-15: Patient Health Questionnaire – 15 items; GAD-7: Generalized Anxiety Disorder 

scale – 7 items; RWT: Regensburg Verbal Fluency Test (Regensburger Wortflüssigkeits-Test); DSB: working memory test (Digit Span Backward) from the 
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Results
Characterization of olfactory function

Olfactory function was assessed with objective TDI testing 

and subjective self-assessment (Table 2) and compared across 

clinical and demographic variables (Table 1). TSI ranged from 15 

to 63 months but was not significantly associated with changes 

in TDI-PR (r = - 0.07; P = .43). Median TDI-PR was numerically 

higher in patients with outpatient treatment during acute phase 

(Median: 24) compared to hospitalized patients (Median: 16), 

but the difference was not significant (W = 708; P = .16). Overall, 

64 patients (44.4%) showed test scores indicating OD. TDI-PR 

was significantly below the expected population average of 50 

(W = 1385; P < .001; r = 0.64). Subjectively perceived OD was 

noted by 62 (43.1%) patients. While self-assessed and TDI-

derived OD overlapped in only 88 (61.1%) of patients, higher 

self-assessments using visual analog scales showed a moderate 

positive correlation with higher TDI scores (r = 0.38; P < .001). 

The correlation was mainly driven by patients who rated their 

10-fold cross-validation to identify robust predictors of olfactory 

function, alongside a random forest model to assess complex 

non-linear variable importance. Pre-existing conditions known 

to affect olfaction (e.g., sinonasal disease, asthma, concus-

sion) were included as forced covariates (Table S1). To analyze 

hedonic perception, we restricted the dataset to trials where 

odor intensity was perceived as ≥ 2. Linear models and Linear 

Mixed Models (LMMs) with random intercepts for participants 

were utilized to evaluate hedonic ranges and odor-level valence 

effects across dysfunction groups, adjusting for age, sex, time 

since infection (TSI), parosmia, anhedonia, and trial-level inten-

sity. Anhedonia (PHQ-9 item 1) was included as a covariate given 

its documented association with sensory hedonic perception 
(14). Detailed descriptions of imputation parameters, variable 

selection criteria, bootstrapping methods, and R packages are 

available in Supplemental Methods. Significance was set at P < 

0.05.

Figure 1. Results from LASSO feature selection and linear regression model with TDI-PR as target variable. (A) Ranked frequency of predictors after 

LASSO feature selection on 20 MICE imputed datasets. Parameters that crossed the threshold of selection in 18/20 datasets (90%) are marked in blue. 

(B) Forest plot showing the coefficient estimates of final model with olfactory function as percentile rank as dependent variable, the features selected 

in LASSO as predictors, and relevant comorbidities as covariates. Error bars indicate the 95% CI. Significant effects are marked blue with significance 

labels (*** P < .001; ** P < .01; * P < .05). Parentheses after bivariate values represent the effect for the binary value. Abbreviations: TDI-PR: olfactory 

function as Sniffin’ Sticks test score standardized on age- and sex-corrected normative data; PCS: Post-COVID syndrome score; RWT: Regensburg 

Verbal Fluency Test (Regensburger Wortflüssigkeits-Test); DSB: working memory test (Digit Span Backward) from the Wechsler Memory Scale-Revised; 

FSS: Fatigue Severity Scale; PHQ-15: Patient Health Questionnaire - 15 items, SSD: Somatic Symptom Disorder - B Criteria Scale, 12 items.
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olfactory function as 5 or lower (r = 0.57; P < .001). More than 

half of patients (80; 55.6%) reported decreased olfactory func-

tion compared to baseline, with retrospective self-assessment 

differing significantly across timepoints (H(2) = 132.6; P < .001; ε² 

= 0.30). Current qualitative OD (parosmia, phantosmia) was self-

reported by 46 (31.9%) patients. TDI-PR was significantly lower 

in patients with compared to without parosmia (W = 2611.5; P = 

.002; r = 0.26). 

Evaluation of predictor effects via linear regression and ran-

dom forest

Regensburg Verbal Fluency Test (Regensburger Wortflüssigkeits-

Test; RWT), digit span backwards (DSB) test from the Wechsler 

Memory Scale-Revised for working memory, subjective paros-

mia, Patient-Health-Questionnaire - 15 items (PHQ-15) for bur-

den of somatic symptoms, corticosteroid intake, and Post-Covid 

Syndrome score (PCS) subitems for dermatological ailments, 

respiratory symptoms, and joint/muscle pain were consistently 

selected during LASSO variable selection (Figure 1A). Three pre-

dictors were significant in the final model: RWT test (B = 0.16; SE 

= 0.08; t(127.4) = 2.09; P = .039), respiratory symptoms (B = -8.41; 

SE = 4.09; t(118.8) = -2.06; P = .042), and dermatological ailments 

(B = 9.48; SE = 4.0; t(116.23) = 2.37; P = .019) (Figure 1B; Table 3). 

The inclusion of sinonasal comorbidities, asthma, and past con-

cussion as forced covariates did not substantially alter estimates 

or significance levels for most predictors. Only corticosteroid 

intake was unstable across specifications due to near-complete 

confounding with asthma diagnosis but was non-significant in 

both models (Table S2). In the random forest model, RWT test 

scores showed the highest importance (%IncMSE = 6.92), fol-

lowed by DSB test scores (%IncMSE = 4.04), and dermatological 

ailments (%IncMSE = 3.87) (Figure 2; Figure S2). Since respiratory 

symptoms were selected as important predictors of TDI-PR 

alongside cognitive performance, we evaluated whether these 

associations were independent using partial correlation analysis. 

The association between TDI-PR and both DSB (partial Spear-

man r = 0.20; P = .024) and RWT (partial Spearman r = 0.24; P 

= .006) remained significant while controlling for respiratory 

symptoms.  To examine whether associations between TDI-PR 

and cognitive performance were driven by specific TDI subtests, 

correlations with threshold, discrimination, and identification 

tests were computed separately. Correlations with individual 

subtests were weaker than with the composite score, and 

identification showed the weakest association for both cognitive 

measures (Table S3).

Asymmetric hedonic impairment in hyposmic patients

Hedonic range was found to be lower in hyposmic (EMM: 7.59) 

compared to normosmic (EMM: 8.05) patients, however the 

difference was not significant (t(115) = -1.37; P = .17; d = -0.27; 

Table S4). Comparing only the maximal perceived valence 

ratings, hyposmic patients showed significantly reduced values 

compared to normosmic (EMM: 3.67 vs. 4.18; t(115) = -2.37; P = 

.019; d = -0.47) (Figure 3A). No such difference was observed for 

Table 3. Pooled linear regression results with TDI-PR as dependent variable, LASSO selected variables as predictors, and comorbidities as forced 

covariates.

Predictor B SE β t df P

Dermatological ailments (PCS) 9.48 4.00 0.40 2.37 116.23 .019

RWT 0.16 0.08 0.18 2.09 127.36 .039

Respiratory symptoms (PCS) -8.41 4.09 -0.35 -2.06 118.80 .042

Asthma 13.92 7.53 0.59 1.85 126.02 .067

Joint or muscle pain (PCS) -9.43 5.15 -0.40 -1.83 96.59 .070

Parosmia -7.70 4.41 -0.32 -1.75 128.53 .083

PHQ-15 -0.46 0.40 -0.11 -1.15 111.31 .252

DSB 0.06 0.06 0.09 1.02 125.35 .309

Concussion -5.30 5.95 -0.22 -0.89 126.72 .375

Sinonasal 0.83 5.24 0.03 0.16 128.75 .875

Corticosteroids -0.80 11.84 -0.03 -0.07 128.29 .946

Abbreviations: TDI-PR: olfactory function as Sniffin’ Sticks test score standardized on age- and sex-corrected normative data; PCS: Post-COVID syn-

drome score; RWT: Regensburg Verbal Fluency Test (Regensburger Wortflüssigkeits-Test); DSB: working memory test (Digit Span Backward) from 

the Wechsler Memory Scale-Revised (WMS-R); PHQ-15: Patient Health Questionnaire - 15 items. B: unstandardized coefficient; SE: standard error; β: 

standardized coefficient (all predictors standardized, including binary); t: test statistic. Estimates were pooled across m = 20 multiply imputed datasets 

using Rubin's rules; df are Barnard-Rubin degrees of freedom and are therefore non-integer. Binary predictors coded no = 0, yes = 1; asthma, concus-

sion, sinonasal history and corticosteroid use were entered as forced covariates. RWT and DSB are percentile ranks. n = 144. P values are unadjusted.
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the lowest perceived valence ratings (EMM: -3.92 vs. -3.87; t(115) 

= -0.22; P = .82; d = -0.04) (Figure 3B). Male patients showed 

significantly lower maximum valence ratings (EMM: 3.52 vs. 4.33; 

t(115) = -3.57; P < .001; d = -0.74; Table S5) and hedonic range 

(EMM: 7.24 vs. 8.40; t(115) = -3.31; P < .001; d = -0.68) compared 

to female patients. In a supplemental continuous analysis using 

TDI-PR rather than clinical OD groups, maximal valence (B = 

0.01; 95% bootstrap CI [0.001, 0.019]; P = .039) showed a weak 

positive association with TDI-PR, whereas minimal valence did 

not (B = 0.003; 95% bootstrap CI [-0.006, 0.013]; P = .48), mirro-

ring the asymmetry observed at the group level (Table S4). In an 

exploratory per-odor analysis (OD×odor interaction P = .06), hy-

posmic patients rated the valence of garlic (Δ = -1.35; SE = 0.45; 

t(1125.7) = -3.00; P(uncorrected)= .003; P(Holm)= .04; d = -0.62), 

cloves (Δ = -1.15; SE = 0.45; t(1144.9) = -2.55; P(uncorrected)= 

.01; P(Holm)= .16; d = -0.53), and coffee (Δ = -0.90; SE = 0.46; 

t(1158.3) = -1.96; P(uncorrected)= .05; P(Holm)= .70; d = -0.41) as 

lower, while only garlic survived multiple comparisons correc-

tions (Figure 3C; Table S6). Consistent with the group-level con-

trasts, higher TDI-PR was positively associated with higher valen-

ce ratings for coffee (P(uncorrected)= .003; P(Holm)= .04), garlic 

(P(uncorrected)= .006; P(Holm)= .09), cloves (P(uncorrected)= 

.02; P(Holm)= .25), and leather (P(uncorrected)= .03; P(Holm)= 

.44), while only coffee survived correction. Taken together, hy-

posmic patients showed a significantly reduced upper hedonic 

limit while the lower limit remained intact at the clinical group 

level. The continuous analysis showed a similar pattern, with 

TDI-PR significantly predicting only the upper hedonic limit. In 

per-odor contrasts, garlic, cloves, and coffee showed the largest 

reductions, with garlic and coffee surviving correction in the 

group-level and continuous analyses, respectively.

Discussion
In this comprehensively evaluated PASC cohort, complementary 

data-driven approaches identified verbal fluency as the most 

robust predictor of TDI-PR. Item-level profiling revealed an 

asymmetric hedonic impairment in hyposmic patients, driven by 

a selectively reduced upper bound of valence ratings. Together, 

these findings integrate the cognitive and perceptual dimen-

sions of OD in PASC, which have previously been examined 

only in isolation. The cohort showed significantly sub-average 

TDI-PRs, despite a wide range of TSI up to 63 months, consistent 

with recent studies describing olfactory impairment persisting 

up to 3 years post-infection (35). Retrospective self-assessment 

confirmed lasting subjective decline, with more than half of 

the patients reporting a decrease. The frequent discrepancy 

between subjective self-assessment and objective testing in our 

cohort aligns with recent literature (26), reinforcing the neces-

sity of routine psychophysical testing in PASC evaluations (36). 

Contrary to current literature (37), acute infection severity was not 

significantly associated with olfactory impairments, potentially 

reflecting limited statistical power in the severe subgroups.

Verbal fluency emerged as a significant factor in the LASSO 

regression and as top predictor in the random forest model 

alongside working memory. Findings of predictive importance 

of verbal fluency therefore converged in two computational 

approaches with fundamentally different assumptions. Further-

more, TDI-PR was significantly correlated with both working me-

mory and verbal fluency, even when correcting for respiratory 

problems. As the PCS score assesses patient-reported symptom 

complexes rather than specific pathophysiological mechanisms, 

the respiratory item should be interpreted as reflecting general 

respiratory symptom burden rather than a specific pulmonary 

process. Together, these findings highlight verbal fluency and 

working memory as robust predictors of olfactory impairments 

in PASC, an association that persists at 15 to 63 months post-

infection. Importantly, the cognitive-olfactory associations were 

not primarily driven by methodological confounds. Suprathres-

hold olfactory tests such as discrimination and identification 

are known to involve semantic memory and executive function, 

while threshold is considered a primarily sensory measure (38). 

In our data, verbal fluency was most strongly associated with 

threshold, and both cognitive measures showed their weakest 

Figure 2. Results from the random forest model, with TDI-PR as target 

variable. Feature ranking after highest mean importance (%IncMSE) 

with error bars showing standard deviation (SD) across 20 imputed data-

sets. Only predictors with Mean %IncMSE > 1 are displayed. Standard 

deviation (SD) across 20 imputed datasets. Abbreviations: TDI-PR: 

olfactory function as Sniffin’ Sticks test score standardized on age- and 

sex-corrected normative data; RWT: Regensburg Verbal Fluency Test 

(Regensburger Wortflüssigkeits-Test); DSB: working memory test (Digit 

Span Backward) from the Wechsler Memory Scale-Revised; PCS: Post-

COVID syndrome score; GAD-7: Generalized Anxiety Disorder scale - 7 

items; %IncMSE: percentage increase in mean squared error.
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association with identification, suggesting the link extends be-

yond shared cognitive task demands. While some domains like 

cognition were represented by multiple variables, the applied 

modeling approaches evaluate predictors individually, and mul-

ticollinearity diagnostics did not indicate problematic redun-

dancy among predictors. Verbal fluency has been identified as 

the cognitive domain most consistently affected in PASC before 
(23,36). Our findings extend this by demonstrating that verbal 

fluency performance is also the strongest cognitive predictor 

of TDI-PR. Inconsistent cognitive-olfactory associations in PASC 

literature (39,40) often reflect methodological variations. Studies 

using domain-specific cognitive tests and objective olfaction 
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Figure 3. Hedonic odor perception compared between normosmic (blue) and hyposmic (orange) patients. (A) Maximum and (B) minimum perceived 

valence per patient; coloured points show individual patients, black points and bars show estimated marginal means with 95% confidence intervals 

from linear models adjusted for age, sex, time since infection, parosmia, and anhedonia. (C) Estimated valence ratings per odor item from the linear 

mixed model, additionally adjusted for trial-level intensity, with odors ordered by the magnitude of the hyposmic–normosmic difference. Group dif-

ferences in (A) and (B) are indicated by bars above the groups. In (C), asterisks denote Bonferroni-Holm-corrected significance across the 16 odors, and 

shaded rows denote odors significant before correction; uncorrected and corrected values are reported in Table S6. Anosmic patients were excluded 

due to insufficient sample size for stable estimates. Analysis restricted to trials with intensity ratings ≥ 2 to ensure meaningful hedonic evaluation (*** 

P < .001; ** P < .01; * P < .05; n.s. = not significant).
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detect associations more reliably than those using screening 

instruments or self-reports (36). By employing domain-specific 

tests and regularized variable selection, which together account 

for symptom collinearity beyond the capacity of standard 

bivariate approaches, we demonstrate that verbal fluency is a 

robust predictor. Our findings are rooted in the neural basis of 

olfactory and cognitive processing. Olfactory processing areas 

are directly connected with fronto-temporal regions involved in 

verbal fluency, including the orbitofrontal cortex and temporal 

lobes (19). These regions exhibit the most consistent structural 

and functional disruptions in PASC patients (41–43), consistent with 

longitudinal evidence of SARS-CoV-2-induced changes speci-

fically in olfactory and limbic regions (44). Furthermore, altered 

thalamic connectivity within the olfactory network has been 

found to correlate negatively with cognitive tests for short term 

verbal memory, possibly indicating compensatory mechanisms 

at the neural level (45). Our findings provide behavioral evidence 

consistent with this shared neural vulnerability. 

Beyond cognitive predictors, several somatic symptom do-

mains were selected by LASSO or ranked highly in the random 

forest model, including burden of somatic symptoms (PHQ-15) 

and the PCS score items dermatological ailment, respiratory 

symptoms, and joint/muscle pain. The broader emergence of 

somatic symptom domains as predictors alongside cognitive 

variables points to the multisystemic nature of OD in PASC, in 

which olfactory outcomes are shaped by both central neuro-

logical and peripheral somatic processes. For other health and 

sociodemographic factors, no influence on olfactory symptoms 

was found. This is consistent with imaging studies that similarly 

did not find associations between these factors and changes in 

olfactory brain regions (43,44). 

We observed one-sided compression of valence perception 

in hyposmic PASC patients, while hedonic range did not differ 

significantly between groups. This differs from observations in 

Parkinson patients, where two-sided compression was observed 

in hyposmic patients (14), and more closely mirrors hedonic alte-

rations found in Alzheimer patients, where maximal valence was 

found to be reduced, while the lower bound remained intact 
(15). Previous studies on PASC using the Sniffin’ Sticks Parosmia 

Test (SSParoT) (46) found reduced hedonic range in patients both 

with and without parosmia (16,17), a more pronounced pattern 

than the asymmetric upper-bound compression observed in 

our cohort. Our findings are consistent with fMRI evidence that 

hedonic processing of pleasant and unpleasant odors engages 

partially dissociable limbic circuits (47), which may be differen-

tially vulnerable to post-viral damage. Notably, the preserved 

lower hedonic limit may in part reflect a floor effect, as highly 

unpleasant odors leave limited potential for further hedonic 

reduction. Lower maximum valence perception in male patients 

was consistent with established sex differences in hedonic odor 

perception. At odor level, garlic, cloves, and coffee showed the 

largest reduction in valence in hyposmic patients, while only 

garlic in group-level and coffee in continuous analysis remained 

significant after correction for multiple comparisons across 16 

odor items. These odors resemble chemically complex, food re-

lated compounds that overlap with the most commonly repor-

ted parosmia triggers (48), yet the effect persisted after adjusting 

for parosmia. Notably, these effects also persisted after adjusting 

for general anhedonia. If replicated, greater hedonic impairment 

for chemically complex odors rather than uniform attenuation, 

would argue against a purely affective explanation and would 

be consistent with differential vulnerability of olfactory proces-

sing pathways. The broader pattern of odor-specific vulnerability 

requires targeted replication.

The study was limited due to its observational nature, its inte-

gration into existing testing practice, and time constraints for 

the olfactory testing. As the olfactory testing was not advertised 

beforehand, patients tested for this study originally attended 

the PCCE for symptoms unrelated to their olfactory function. The 

voluntary nature of participation and the integration into clinical 

routine may introduce selection bias, potentially excluding pa-

tients with isolated OD or severe fatigue. Sinonasal comorbidi-

ties were self-reported rather than endoscopically verified, as no 

otorhinolaryngologist was involved. Subclinical sinonasal patho-

logy could therefore influence olfactory function independently 

of PASC. However, we controlled for this statistically to maintain 

clinical representativeness. Although no matched control group 

was available, the usage of age- and sex-corrected normative 

percentile ranks provided population-level comparisons. The 

cross-sectional design did not permit causal conclusions and 

longitudinal perspectives, and the retrospective self-assessment 

of pre-infection and acute-phase olfactory function was subject 

to recall bias. Qualitative OD was assessed with self-reported 

olfactory function rather than a test like the SSParoT, which 

might have underestimated parosmia prevalence (46), but ad-

ding another test would not have been possible due to time 

constraints and out of respect for the patients' energy.  While the 

explained variance of the pooled regression model was modest 

(R² = 0.21), this is consistent with the heterogeneity of a clinical 

PASC cohort where unmeasured factors, including viral variant, 

genetic susceptibility, and treatment history, likely contribute 

substantially to olfactory outcomes.

Longitudinal follow-up of clinically well-defined PASC cohorts 

would clarify whether the olfactory-cognitive association 

reflects a shared static deficit or a progressive trajectory. The 

finding that verbal fluency is the strongest cognitive predictor 

of OD is particularly noteworthy given evidence that olfactory 

training may yield benefits specifically in verbal fluency and ver-
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seed) implemented in the mice package (7). Variables redundant 

with TDI score, subitems of composite scores, variables with 

zero-variance or many missing values (e.g., PCS score item for 

exercise intolerance), or items with strong collinearity (e.g., DSQ-

PEM) were excluded, leaving 34 predictors. Variable coding and 

inclusion decisions are detailed in Table S1.

LASSO regression with 10-fold cross-validation (standardized 

predictors) was performed using glmnet (8), and variables with 

non-zero coefficients in ≥ 18/20 (≥ 90%) imputed datasets were 

retained. Final unpenalized linear models were fitted to each 

imputed dataset and pooled using Rubin’s rules using the mice 

package. To assess complex nonlinear relations, a random forest 

model was fitted to the imputed datasets using the randomFo-

rest package (9), and variable importances were averaged across 

imputations. Pre-existing conditions potentially affecting olfac-

tory function were documented (Table 1) and assessed for in-

clusion. Chemotherapy (n=3) and zinc deficiency (n=2) were not 

modeled due to insufficient prevalence for stable estimation; 

zinc deficiency was additionally considered unreliable based on 

self-report and ambiguous in causal direction relative to PASC.

For the analysis of hedonic perception, only valence ratings 

from trials with a perceived intensity ≥ 2 were included, since 

ratings of odors that were not perceived were considered non-

meaningful. Hedonic range (maximum minus minimum valence 

rating), upper hedonic limit (maximum valence rating), and 

lower hedonic limit (minimum valence rating) were computed 

per participant from perceived odors. Anosmic patients (n = 6) 

were not included because of insufficient sample size for stable 

estimates, ten patients were excluded due to missing TSI or 

rating values, and six further patients were excluded casewise 

due to missing covariate values, yielding 122 patients (df = 115) 

in the hedonic models. Linear models were fitted with the he-

donic parameter as target and OD group as predictor, alongside 

age, sex, TSI, parosmia, and anhedonia as covariates. Anhedonia 

(PHQ-9 item 1) was included given its documented association 

with sensory hedonic perception (10). For the hedonic summary 

metric models, bootstrap confidence intervals (5000 iterations, 

BCa method) were used to account for non-normally distributed 

residuals; t and P values were model based. Post-hoc pairwise 

comparisons were conducted using estimated marginal means 

(EMMs) with Bonferroni-Holm correction using the emmeans 

package (11).

Linear mixed models from the lme4 package (12) were used to as-

sess odor-level effects. A model was fitted with valence rating as 

target, a fixed-effects interaction between OD group and odor 

item, age, sex, TSI, parosmia, anhedonia, and trial-level intensity 

rating as a covariate to isolate hedonic from intensity effects, 

SUPPLEMENTARY MATERIAL

Supplemental methods

Extended clinical testing routine 

All patients of the PCCE were forwarded from a general practiti-

oner and had to meet the WHO criteria for PASC.  Independent 

of this study, patients went through a standard testing routine 

to confirm PASC and rule out other etiologies, conducted by 

trained specialists. Results from preceding diagnostics including 

laboratory analyses, electrocardiography, cardiac ultrasound, 

and pulmonary function testing were prerequisites. The spe-

cialized testing routine included cognitive assessments using 

the digit span backwards test (DSB) from the Wechsler Memory 

Scale-Revised for working memory (1), module 1 of the Regens-

burg Verbal Fluency Test (Regensburger Wortflüssigkeits-Test; 

RWT) (2), and the d2 Test of Attention (D2) for working speed and 

attention (3). Other parts of the testing routine included a psy-

chosomatic examination by trained psychologists, an internal 

immunological-rheumatological assessment, an ophthalmologi-

cal examination, and blood sampling.

As patient-reported outcome measures (PROMs), patients filled 

out health-related questionnaires including the Fatigue Severity 

Scale (FSS), Insomnia Severity Index (ISI), Somatic Symptom Dis-

order questionnaire (SSD), DePaul Post-Exertional Malaise Ques-

tionnaire (DSQ-PEM), Patient Health Questionnaire 9 (PHQ-9) 

and Patient Health Questionnaire 15 (PHQ-15), the Generalized 

Anxiety Disorder Scale (GAD-7), and the Post-COVID syndrome 

score (PCS score) after Bahmer et al. (4). Sociodemographic and 

health-related lifestyle behavioral variables were assessed in 

questionnaires, including vaccination status and course of acute 

disease. All factors were incorporated into an interdisciplinary 

medical note including the times since first infection (TSI) and a 

final diagnosis.

Extended statistical analysis 

All statistical analyses were conducted with R (version 4.3.1) (5). 

Non-normal data distribution was assessed for most variables 

using the Shapiro-Wilk test. Correlations were calculated using 

Spearman coefficients on pairwise complete observations; P 

values for bivariate correlations are reported unadjusted. To 

examine whether cognitive-olfactory associations were inde-

pendent of respiratory symptoms, partial correlations between 

olfactory function and cognitive measures were computed 

controlling for respiratory problems (6).

Due to the convergence of multiple tests and scores from dif-

ferent sources, single data points were missing. To account for 

this, predictor analysis was preceded by multiple imputation (20 

datasets; MICE with predictive mean matching; fixed random 
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and participant as random intercept. The OD×odor interaction 

was marginal (P = .06); per-odor contrasts from this model are 

therefore reported as exploratory. Per-odor contrasts (hyposmic 

vs. normosmic) were Bonferroni-Holm corrected across the 16 

odors. An analogous model using the continuous TDI-PR score 

in place of OD groups showed a significant interaction (P = .04). 

Effect sizes (Cohen's d) were computed for each pairwise con-

trast using the residual standard deviation of the model as the 

standardizer. All regression models were checked for residual 

normality, homoscedasticity, multicollinearity, and influential 

observations.
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Figure S1. Testing scheme and exclusion procedure for this study. Patients were forwarded from a general practitioner, completed a testing sequence 

at the Post-COVID-Center Erlangen, and filled out questionnaires and scales at home or in between tests. The olfactory testing regimen (green) was 

included in the existing testing procedure of the Post-Covid-Center Erlangen. 543 patients were approached for the olfactory testing in a timeframe 

from March 2024 to July 2025, of which 178 were tested and 144 were included for the analysis. 
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Figure S2. Feature ranking after highest mean importance (%IncMSE) with error bars showing standard deviation (SD) from random forest modelling 

without importance threshold. 
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Table S1. List of predictors for LASSO and random forest analysis with TDI-PR as outcome measure.

Predictor Used Inclusion coding / Exclusion reason

PAR LASSO+RF Yes/No

PHANT LASSO+RF Yes/No

Age LASSO+RF

Gender LASSO+RF

Education LASSO+RF

BMI LASSO+RF

Exercise LASSO+RF Dichotomized (Never - at least 1x per week)

Smoking LASSO+RF Dichotomized (Never/Former smoker - Sometimes or more often)

Alcohole LASSO+RF Dichotomized (1x per months or less/never - 1x per months)

TSI LASSO+RF

COD Not used Insufficient variability (85% in ‘home’ group)

Vaccination number LASSO+RF

Diabetes LASSO+RF

Hypertension LASSO+RF

Supplements LASSO+RF

Corticosteroids LASSO+RF

Sinunasal comorbidities Regression+RF Forced covariate instead of LASSO selection

Asthma Regression+RF Forced covariate instead of LASSO selection

Concussion Regression+RF Forced covariate instead of LASSO selection

Zinc deficiency Not used Insufficient prevalence (n=2), uncertain self-report, confounder versus PASC-mediated 
consequence

Chemotherapy Not used Insufficient prevalence (n=3)

SOF (baseline, acute, current) Not used Subjective/retrospective assessment of outcome measure

RWT LASSO+RF

DSB LASSO+RF

D2 (KL) LASSO+RF

D2 (BZO) Not used Collinearity with D2 (KL)

PHQ-9 LASSO+RF

PHQ-15 LASSO+RF

GAD-7 LASSO+RF

SSD LASSO+RF

FSS LASSO+RF

ISI LASSO+RF

PEM Not used Collinearity with FSS

CRP Not used Excessive missingness; near-zero variance

PCS: Fatigue LASSO+RF

PCS: Muscle/joint pain LASSO+RF

PCS: ENT ailments LASSO+RF

PCS: Respiratory symptoms LASSO+RF

PCS: Chest pain LASSO+RF

PCS: Gastrointestinal ailments LASSO+RF

PCS: Neurological ailments LASSO+RF

PCS: Dermatological ailments LASSO+RF

PCS: Infection signs LASSO+RF

PCS: Sleep disturbance LASSO+RF

PCS: Exercise intolerance Not used Conceptual overlap with other PCS items; extreme group imbalance (5 vs. 128)
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TDI-PR: Olfactory function as Sniffin’ Sticks Threshold-Discrimination-Identification score standardized on age- and sex-matched normative data; PAR: 

Parosmia; PHANT: Phantosmia; TSI: time since acute infection; COD: course of disease; SOF: Subjective Olfactory Function; RWT: Regensburg Verbal 

Fluency Test; DSB: Digit span backward test for working memory; D2: d2 test of attention; KL: Number of correctly marked d2-symbols minus the 

number of incorrectly marked symbols; BZO: Number of processed target objects; PHQ-9: Patient Health Questionnaire with 9 items; PHQ-15: Patient 

Health Questionnaire with 15 items; GAD-7: Generalized Anxiety Disorder Scale; SSD: Somatic Symptom Disorder scale; FSS: Fatigue Severity Scale; ISI: 

Insomnia Severity Index; PEM: Post-Exertional Malaise questionnaire; CRP: C-Reactive Protein; PCS: Post-Covid-Score

Table S2. Comparison of linear models with TDI-PR as dependent variable, LASSO-selected parameters as predictors, with and without comorbidities 

as forced covariates.

Predictor B (without) P (without) B (with) P (with)

Parosmia (yes) -7.64 0.083 -7.70 0.083

Respiratory symptoms (PCS) -8.04 0.051 -8.41 0.042

Verbal fluency (RWT) 0.16 0.040 0.16 0.039

Working memory (DSB) 0.05 0.391 0.06 0.309

Corticosteroids (yes) 13.56 0.136 -0.80 0.946

Muscle/joint pain (PCS) -8.72 0.090 -9.43 0.070

Dermatological ailments (PCS) 9.67 0.015 9.48 0.019

PHQ-15 -0.51 0.191 -0.46 0.252

Sinunasal (comorbidity) 0.83 0.875

Asthma (comorbidity) 13.92 0.067

Concussion (comorbidity) -5.30 0.375

Abbreviations: TDI-PR: olfactory function as Sniffin’ Sticks test score standardized on age- and sex corrected normative data; RWT: verbal fluency test 

(Regensburg Wortflüssigkeits-Test); DSB: working memory test (Digit Span Backward); PCS: Post-COVID-Score; PHQ-15: Patient Health Questionnaire 

– 15 items

Table S3. Selective spearman correlation between olfactory test (TD-PR) and subtests (Threshold, Discrimination, Identification) with selected cogni-

tive domain tests (RWT, DSB).

Cognitive measure Olfactory measure Spearman rho P value N

Working memory TDI percentile rank 0.209 0.015 135

Working memory TDI score 0.203 0.018 135

Working memory Threshold 0.133 0.123 135

Working memory Discrimination 0.167 0.053 135

Working memory Identification 0.103 0.235 135

Verbal fluency TDI percentile rank 0.176 0.04 137

Verbal fluency TDI score 0.15 0.08 137

Verbal fluency Threshold 0.125 0.146 137

Verbal fluency Discrimination 0.104 0.228 137

Verbal fluency Identification 0.039 0.651 137

Abbreviations: TDI-PR: olfactory function as Sniffin’ Sticks test score standardized on age- and sex corrected normative data; RWT: verbal fluency test 

(Regensburg Wortflüssigkeits-Test); DSB: working memory test (Digit Span Backward).
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Table S4. Association between olfactory function (TDI-PR) and hedonic summary metrics (linear models).

Hedonic metric B CI (2.5%) CI (97.5%) T P

VAL - max 0.009 0.001   0.018 2.12 0.036

VAL - min 0.009 -0.001   0.019 1.84 0.068

Hedonic range 0.000 -0.013   0.014 0.03 0.975

Hedonic SD -0.003 -0.008  0.002 -1.08 0.284

B: unstandardized regression coefficient for TDI-PR. VAL - max: maximum valence rating; VAL - min: minimum valence rating.

Table S5. Association between olfactory function (TDI-PR) and maximum valence (linear models).

Parameter B CI (2.5%) CI (97.5%) T P

OD (L) 0.375 0.083   0.666 2.55 0.012

Age 0.007 -0.012   0.025 0.72 0.475  

Sex (m) - 0.784 -1.208 0.361 -3.67 < 0.001

TSI - 0.009 -0.027  0.010 -0.91 0.367

Parosmia (yes) 0.153 -0.297  0.604 0.67 0.502

B: unstandardized regression coefficient; OD: olfactory dysfunction group; m: male sex; TSI: time since first infection.

Table S6. Slope of olfactory function (percentile rank) on hedonic valence per odor from linear mixed model analysis, adjusted for intensity, age, gen-

der, time since infection, parosmia, and anhedonia status. P (Holm): Bonferroni-Holm-corrected for 16 comparisons. P (uncorr.): uncorrected. Positive 

slopes indicate higher valence ratings with better olfactory function. 

Odor B SE t CI (2.5%) CI (97.5%) P

Garlic 0.025 0.009 2.721 -0.002 0.052 0.007

Coffee 0.025 0.009 2.716 -0.002 0.053 0.007

Cloves 0.02 0.009 2.102 -0.008 0.047 0.036

Leather 0.018 0.009 1.965 -0.009 0.046 0.050

Anise 0.011 0.01 1.2 -0.017 0.040 0.230

Fish 0.011 0.009 1.157 -0.017 0.038 0.247

Peppermint -0.01 0.009 -1.086 -0.037 0.017 0.278

Banana 0.008 0.009 0.857 -0.019 0.035 0.392

Licorice 0.008 0.009 0.87 -0.020 0.036 0.384

Rose -0.006 0.009 -0.661 -0.034 0.021 0.509

Lemon 0.005 0.01 0.489 -0.024 0.033 0.625

Turpentine 0.005 0.01 0.571 -0.023 0.034 0.568

Orange 0.004 0.009 0.469 -0.023 0.032 0.639

Apple 0.004 0.009 0.447 -0.023 0.032 0.655

Pineapple 0.003 0.009 0.301 -0.025 0.030 0.763

Cinnamon -0.001 0.009 -0.069 -0.028 0.027 0.945
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