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Abstract

Background/Objectives: Primary ciliary dyskinesia (PCD) caused by biallelic RSPH4A
variants is enriched in the Puerto Rican population due to the founder allele c.921+3_921+
6delAAGT, a 4-nucleotide deletion affecting the intron 6 splice donor. This study aimed
to characterize the genotype–computed tomography (CT) phenotype associated with ho-
mozygosity for this founder variant and examine relationships among age, pulmonary
function, and structural lung disease. Methods: We performed a cross-sectional analysis
of 20 genetically confirmed patients homozygous for RSPH4A c.921+3_921+6delAAGT.
Demographic characteristics, spirometry, and chest CT findings were evaluated. Struc-
tural disease burden was quantified using a Bhalla-style CT severity score, and regression
analyses assessed associations among age, CT severity, sex, and forced expiratory volume
in 1 s (FEV1). Results: Mean FEV1 was 48.9% predicted (range, 26–65%) and showed no
measurable association with age (slope −0.02% per year; 95% CI, −0.26 to +0.22; p = 0.88).
Bronchiectasis was multilobar, with right-middle-lobe involvement in 80% of patients.
CT severity showed a modest cross-sectional increase with age, whereas FEV1 remained
relatively stable across age groups. In multivariable analysis, greater CT severity showed
the strongest association with lower FEV1 (β = −0.56% per CT point; 95% CI, −1.13 to
+0.01; p = 0.07), although this association did not reach statistical significance. Conclusions:
In this Puerto Rican RSPH4A founder cohort, substantial airflow obstruction was observed
across the age spectrum, while structural CT abnormalities were greater in older patients
despite relatively stable FEV1. This cross-sectional dissociation suggests that spirometry
alone may incompletely reflect structural disease burden. These findings support the
complementary role of CT imaging in phenotypic characterization and longitudinal assess-
ment of RSPH4A-related PCD and provide a rationale for earlier identification and future
longitudinal studies.

Keywords: primary ciliary dyskinesia; RSPH4A; founder genetic variant; Puerto Rico;
bronchiectasis; FEV1; chest CT; genotype–phenotype

1. Introduction
Primary ciliary dyskinesia (PCD) is an autosomal-recessive ciliopathy characterized

by impaired mucociliary clearance, neonatal respiratory distress, chronic rhinosinusitis,
otitis media, and progressive bronchiectasis [1]. Its estimated prevalence is approximately
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1:7500 [2], and more than 60 causative genes have been identified [1]. The RSPH4A gene
encodes a structural component of the ciliary radial spoke head, an indispensable element
of the central pair–radial spoke complex that coordinates ciliary beat [3,4]. Pathogenic
RSPH4A variants typically produce a central-pair defect on transmission electron mi-
croscopy, a rotational ciliary beat pattern on high-speed video microscopy, and absent or
markedly reduced nasal nitric oxide [5,6]. Within Puerto Rico, RSPH4A-related PCD is
unusually common because of a founder variant, designated at the DNA level as RSPH4A
c.921+3_921+6delAAGT, a 4-nucleotide deletion affecting the conserved +3 to +6 positions
of the intron 6 splice donor site [7,8]. The variant is predicted to cause aberrant splicing-
exon 6 skipping or intron retention, generating frameshift transcripts that are degraded by
nonsense-mediated decay; functionally it behaves as a near-null (loss-of-function) allele [8].
Despite its importance on the island, the clinical, functional, and imaging consequences of
the Puerto Rican RSPH4A founder variant have not been described in a unified cohort [9].
We therefore performed a genotype–phenotype analysis restricted to patients homozygous
for c.921+3_921+6delAAGT. The aims were to: (1) describe demographics, spirometry, and
chest CT severity; (2) estimate age-related patterns of lung function and structural disease;
(3) assess sex-based differences; (4) identify multivariable predictors of FEV1; and (5) place
the findings in the context of allele biology and the Puerto Rican founder effect.

2. Materials and Methods
2.1. Cohort and Data Acquisition

The analysis included 20 patients (n = 20) with genetically confirmed RSPH4A
PCD who were followed at the PCD center in Puerto Rico and were homozygous for
c.921+3_921+6delAAGT genetic variant. Demographic data (age at evaluation and sex),
spirometry (FEV1 as percentage predicted using Global Lung Index (GLI) 2012 reference
equations), and chest CT imaging (Digital Imaging and Communications in Medicine files—
DICOM) were extracted from the medical record. Clinical and imaging data were obtained
from medical records spanning (2021–2026). Because specialized PCD diagnostic services
in Puerto Rico were established relatively recently, several participants were diagnosed
later in life; therefore, age at diagnosis should not be interpreted as reflecting the age of
disease onset. For participants with more than one available chest CT, the most recent CT
examination was selected for analysis. Spirometry was obtained from the pulmonary func-
tion assessment performed closest in time to the selected CT examination. This approach
provided one cross-sectional imaging and pulmonary function data set per participant and
was used consistently across the cohort.

2.2. Imaging Scoring

A composite Bhalla-style score was used as the per-patient imaging severity metric [10].
The lungs were divided into six anatomical regions: the right upper, middle, and lower
lobes; the left upper and lower lobes; and the lingula. Each region was evaluated separately
for five CT abnormalities by a single scorer: bronchiectasis, mucous plugging, peribronchial
thickening, parenchymal abnormalities, and pulmonary hyperinflation. Mucous plugging,
peribronchial thickening, parenchymal abnormalities, and hyperinflation were scored as
either absent (0 points) or present (1 point). Bronchiectasis was graded according to the
diameter of the bronchus relative to the adjacent pulmonary artery: absent (0 points), mild
at 1–2 times the arterial diameter (1 point), moderate at 2–3 times the arterial diameter
(2 points), or severe at greater than 3 times the arterial diameter (3 points). Therefore, each
region could receive a maximum score of 7 points, 3 points for bronchiectasis and 1 point
for each of the other four features, resulting in a total lung score ranging from 0, indicating
a normal CT examination, to 42, indicating severe disease across all six regions. In this
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scoring system, higher scores indicate greater structural lung disease burden; a score of
0 represents no scored CT abnormalities, whereas a score of 42 represents the maximum
measurable disease burden.

2.3. Statistical Analysis

Continuous variables are reported as mean ± SD and median (IQR), and categorical
variables as n (%). Pearson and Spearman correlations were calculated for relationships
among age, FEV1, and CT severity. Univariable linear regression was used to estimate
the slopes of FEV1 and CT score with age. A multivariable ordinary-least-squares model
regressed FEV1 on age, sex, and CT score. Tests were two-sided with α = 0.05. Analyses
were performed in Python 3 using NumPy and pandas; Pearson, Spearman, and ordinary
least squares (OLS) statistics were implemented from first principles to reproduce standard
reference statistics.

3. Results
3.1. Demographics, Lung Function, and CT Severity

The cohort comprised 20 founder-variant homozygotes (12 female, 60%) ranging from
5 to 63 years of age (mean 33.4 ± 19.4 years). Mean FEV1 was 48.9 ± 10.2% predicted
(range 26–65%), and the mean Bhalla-style CT score was 13.8 ± 8.2. Detailed demographic,
lung-function, pseudomonas aeruginosa and imaging characteristics are summarized in
Table 1.

Table 1. Demographics, lung function, and CT severity of the RSPH4A founder-homozygous cohort.

Variable Founder-Homozygous Cohort (n = 20)

Female, n (%) 12 (60%)
Male, n (%) 8 (40%)

Age, mean ± SD (yr) 33.4 ± 19.4
Age, median (IQR) 24 (20–51)

Age range (yr) 5–63
FEV1, mean ± SD (% pred) 48.9 ± 10.2

FEV1, median (IQR) 48 (42–58)
FEV1 range (%) 26–65

Pseudomonas aeruginosa colonization 20 (100%)
CT score, mean ± SD 13.8 ± 8.2

CT score, median (IQR) 13 (8–18)
FEV1, forced expiratory volume in 1 s; CT, computed tomography; IQR, interquartile range. CT score
uses a Bhalla-style lobar grading system.

3.2. CT Imaging in RSPH4A, c.921+3_921+6delAAGT Founder Variant

Chest CT demonstrated a broad spectrum of structural lung abnormalities among
patients homozygous for the RSPH4A c.921+3_921+6delAAGT founder variant. Across age
groups, abnormalities included airway dilation, bronchial wall thickening, mucus plug-
ging, air trapping, tree-in-bud opacities, bronchiolitis, ground-glass opacities, architectural
distortion, segmental collapse, and bronchiectasis. Representative axial and coronal images
illustrate increasing structural complexity across the age spectrum, with more extensive
bronchiectasis and parenchymal abnormalities apparent in older patients (Figure 1). This
qualitative pattern complements the quantitative CT scoring used throughout the cohort.
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Figure 1. Age-related progression of structural lung abnormalities on chest CT. Representative axial
and coronal CT images are shown across age groups from 0–9 years to ≥60 years. Yellow boxes labeled
A–D identify selected regions of interest (ROIs), with corresponding magnified views displayed in
the right column. The images demonstrate progressive structural lung abnormalities with increasing
age, including airway dilation, bronchial wall thickening, mucus plugging, parenchymal opacities,
and increasingly extensive bronchiectasis changes, most pronounced in the older age groups.
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High-resolution CT further demonstrated the heterogeneity of the pulmonary pheno-
type, ranging from small-airway and parenchymal abnormalities to established bronchiec-
tasis remodeling (Figure 2).

Figure 2. Representative computed tomography (CT) findings in patients with primary ciliary dysk-
inesia (PCD) due to the Puerto Rican RSPH4A founder variant. Representative axial CT images
from patients with the RSPH4A c.921+3_921+6delAAGT founder variant demonstrate the spec-
trum of structural pulmonary abnormalities observed in the cohort, including segmental collapse,
architectural distortion, ground-glass opacities, saccular bronchiectasis, air trapping, tree-in-bud
opacities, broncholiths, and mucus plugging. Yellow boxes identify regions of interest (ROIs), with
corresponding magnified views displayed adjacent to each CT image to highlight the characteristic
abnormalities. Collectively, these findings illustrate the heterogeneous airway and parenchymal
involvement associated with RSPH4A-related PCD.

Bronchiectasis exhibited variable morphology, including cylindrical, varicose, and
cystic patterns. Representative coronal images illustrate this morphological spectrum from
relatively preserved airway caliber to progressively irregular airway dilatation and cystic
remodeling (Figure 3). Collectively, these findings demonstrate substantial structural lung
involvement in RSPH4A-related PCD and provide the imaging context for the subsequent
quantitative analyses of CT severity, age, and pulmonary function.
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Figure 3. Morphologic spectrum of bronchiectasis in RSPH4A-related primary ciliary dyskinesia.
Representative coronal computed tomography (CT) images from patients with primary ciliary dyski-
nesia (PCD) harboring the Puerto Rican RSPH4A c.921+3_921+6delAAGT founder variant illustrate
progressive morphologic patterns of airway dilatation. Images demonstrate normal airways, cylindri-
cal bronchiectasis characterized by relatively uniform bronchial dilatation, varicose bronchiectasis
characterized by irregular bronchial caliber with alternating areas of dilatation and narrowing, and
cystic bronchiectasis characterized by markedly dilated, sac-like distal airways. Yellow boxes in-
dicate regions of interest (ROIs), which are shown at higher magnification in the center column.
Corresponding schematics in the right column illustrate the characteristic airway morphology of
each pattern.

3.3. Age-Related Trajectory of Lung Function and CT Severity

FEV1 showed no measurable decline with age in the founder cohort: linear-regression
slope = −0.02% per year (95% CI −0.26 to +0.22; R2 = 0.001; p = 0.88). The Pearson
correlation between age and FEV1 was −0.04 (95% CI −0.47 to +0.41; p = 0.88), and the
Spearman ρ was −0.03 (p = 0.91). The flat trajectory is consistent with an early-established,
fixed obstructive deficit rather than progressive decline (Figure 4A). CT severity, in contrast,
drifted upward with age (Pearson r = +0.33, 95% CI −0.13 to +0.68; p = 0.15), although
this association was not statistically significant, and total bronchiectasis severity correlated
more strongly (Pearson r = +0.43, 95% CI −0.02 to +0.73; p = 0.06), which approached
but did not reach statistical significance. Linear regression of CT score on age gave a
slope of +0.14 points per year (R2 = 0.11), translating to roughly +1.4 points per decade
(Figure 4B). The apparent age-related increase in CT severity was influenced by one older
adult with a particularly high CT severity score, while the remaining adult participants
generally had lower scores. Thus, the cross-sectional trend should not be interpreted as
evidence of uniform progressive structural disease across all individuals. Imaging severity
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inversely correlated with FEV1 in the founder cohort (Pearson r = −0.40, 95% CI −0.71
to +0.06; p = 0.08; Spearman ρ = −0.37, p = 0.11). Univariable linear regression yielded
a slope of −0.49% FEV1 per CT point (R2 = 0.16; p = 0.08; Figure 4C)—imaging burden,
not chronological age, captured most of the functional variability. Within the founder
cohort, females (n = 12) had numerically higher CT scores (14.7 ± 8.7 vs. 12.4 ± 7.9) and
slightly higher FEV1 (50.2 ± 9.3% vs. 47.0 ± 11.7%) than males (n = 8), with no statistically
significant differences (all p > 0.25) (Figure 4D).

A B 

C D 

Figure 4. Associations between age, lung function, and structural lung disease in the RSPH4A
founder-homozygous cohort (n = 20). (A) FEV1 remained stable across age, with values consistently
below the lower limit of normal (80%, dotted line). (B) CT severity showed a modest increase with
age. (C) Greater CT disease burden was associated with lower FEV1. (D) CT severity scores were
compared between male and female participants. Females had numerically higher CT severity scores
than males, although the difference was not statistically significant (p > 0.05). Solid lines in panels A–C
represent linear regression fits. FEV1, forced expiratory volume in 1 s; CT, computed tomography; ns,
not significant.

3.4. Lobar Bronchiectasis Distribution

Bronchiectasis was multilobar with right-middle-lobe (RML) predominance: 80%
of founder homozygotes had RML involvement, followed by the left lower lobe (75%),
right lower lobe (60%), and lingula (55%) (Table 2). An OLS model regressing FEV1 on
age, sex, and CT score in the founder cohort identified CT score as the only predictor
approaching significance (β = −0.56% per CT point, 95% CI −1.13 to +0.01; p = 0.07).
Age and sex contributed negligibly once imaging severity was included. The model
explained 21% of FEV1 variance (R2 = 0.21; n = 20) (Table 3). Stratifying the founder cohort
by age showed reduced mean FEV1 among participants <18 years (n = 5: mean 51.8%
predicted; CT score 7.0), with higher mean CT severity in young adulthood (18–39 years,
n = 7: FEV1 46.7%; CT score 15.7) and adulthood (≥40 years, n = 8: FEV1 49.0%; CT score
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16.2). Importantly, the 0–9-year age group included only one participant with available
spirometry; therefore, this individual’s FEV1 should not be considered representative
of lung function in young children with this founder variant. Mean CT severity more
than doubled between childhood and adulthood while FEV1 stayed near 50% predicted,
consistent with the fixed-deficit/accruing-structure pattern.

Table 2. Lobar bronchiectasis prevalence in the founder-homozygous cohort.

Lobe Founder Cohort, n (%)

Right upper (RUL) 6 (30%)
Right middle (RML) 16 (80%)
Right lower (RLL) 12 (60%)
Left upper (LUL) 2 (10%)

Lingula 11 (55%)
Left lower (LLL) 15 (75%)

Table 3. Multivariable OLS regression—FEV1 on age, sex, and CT score (founder-homozygous cohort,
n = 20).

Predictor β (95% CI) Standard Error p-Value

Intercept 56.8 (45.4 to 68.2) 5.81 <0.001
Age (per year) +0.04 (−0.20 to +0.29) 0.12 0.73

Male sex −4.20 (−13.14 to +4.73) 4.56 0.37
CT score (per point) −0.56 (−1.13 to +0.01) 0.29 0.07

4. Discussion
This study provides, to our knowledge, the first dedicated genotype–computed to-

mography (CT) phenotype characterization of patients homozygous for the Puerto Rican
RSPH4A founder variant, c.921+3_921+6delAAGT, building on earlier descriptions of the
clinical presentation and population genetics of this founder allele [8,9]. Three principal
observations emerged from this 20-patient cohort. First, airflow obstruction was substantial
and remarkably uniform, with a mean FEV1 of 48.9% predicted across the full age range
studied. Second, structural CT burden increased progressively with age even though FEV1

remained essentially unchanged over the same interval, more than doubling in mean CT
score between childhood and adulthood. Third, bronchiectasis was consistently multilobar,
with a right-middle-lobe predominance (80%) accompanied by frequent left lower lobe,
right lower lobe, and lingular involvement. Taken together, these observations begin to
define a distinct structural and functional pulmonary phenotype for RSPH4A-related PCD
in the Puerto Rican founder population and indicate that functional and structural disease
evolve along divergent trajectories in this genotype.

The most striking functional finding was the absence of any measurable decline in
FEV1 with age (slope −0.02% per year; 95% CI −0.26 to +0.22; p = 0.88). Rather than
reflecting genuine disease stability, this flat cross-sectional trajectory is better explained
by an obstructive deficit that is established early in life and subsequently preserved at a
relatively fixed level: FEV1 was already reduced to a mean of 51.8% predicted in patients
younger than 18 years and remained close to 50% predicted in both the young-adult and
adult strata. This pattern contrasts with the more heterogeneous, and on average modestly
declining, longitudinal trajectories reported in larger, genetically mixed PCD cohorts, where
mean annual FEV1 has been estimated to fall by roughly 0.06–0.11 z-scores per year with
substantial inter-individual variability [11,12]. It is also consistent with observations that
lung function in PCD can deteriorate before diagnosis and then stabilize once patients are
established in specialized care [13]. We therefore interpret the flat FEV1–age relationship in
this founder cohort as evidence of an early-established functional ceiling effect rather than
proof that the underlying disease process is quiescent.
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In contrast to the flat spirometry trajectory, structural disease appeared to progress
steadily with age. CT severity increased by an estimated 1.4 points per decade (R2 = 0.11)
and total bronchiectasis severity correlated even more strongly with age (Pearson r = +0.43;
p = 0.06), while mean FEV1 changed by only a fraction of a percentage point across the same
age strata. This dissociation between preserved spirometry and accumulating structural
abnormality mirrors observations in cystic fibrosis, where CT scores have been shown
to worsen significantly over time even when FEV1 remains stable or improves [14], and
parallels reports in PCD cohorts in which CT severity, exacerbation frequency, and chronic
infection correspond more closely with structural change more closely than with spirom-
etry decline [15,16]. Because FEV1 is a global, effort-dependent measure that reflects the
combined mechanical output of all lung units, focal or multilobar structural injury, of the
kind demonstrated here, can accumulate substantially before it is reflected in a measurable
fall in FEV1. These findings suggest that spirometry alone may underestimate the true
burden and trajectory of structural lung disease in RSPH4A-related PCD.

The CT phenotype observed across the cohort was broad and heterogeneous, en-
compassing airway dilation, bronchial wall thickening, mucus plugging, air trapping,
tree-in-bud opacities, bronchiolitis, ground-glass opacities, architectural distortion, segmen-
tal collapse, and bronchiectasis. This constellation is consistent with previously described
high-resolution CT features of PCD, which similarly emphasize mucous plugging, tree-in-
bud pattern, and atelectasis as characteristic findings [17,18]. Bronchiectasis itself spanned
the full morphologic spectrum, from cylindrical to varicose to cystic disease, sometimes
within the same patient. This heterogeneity likely reflects variable regional exposure to
recurrent infection and inflammation over time in the setting of impaired mucociliary
clearance, producing airway remodeling that ranges from early, potentially more reversible
dilation to fixed, saccular destruction [19]. The coexistence of small-airway findings (air
trapping, tree-in-bud opacities, bronchiolitis) alongside established bronchiectasis in the
same cohort suggests that the founder-variant phenotype includes both active small-airway
disease and its downstream structural sequelae.

Bronchiectasis distribution was multilobar but not uniform: right-middle-lobe involve-
ment was present in 80% of patients, followed by the left lower lobe (75%), right lower
lobe (60%), and lingula (55%), with comparatively less upper-lobe disease. A middle- and
lower-lobe-predominant, right-middle-lobe/lingula-weighted pattern has previously been
reported as a typical, though not PCD-specific, feature of PCD-related bronchiectasis more
broadly [17,18], and has even been incorporated as a discriminating feature in diagnostic
scoring systems for bronchiectasis of unclear etiology. The consistency of this pattern within
our genetically homogeneous cohort raises the possibility that it represents a recognizable
imaging signature of the Puerto Rican RSPH4A founder genotype specifically, potentially
related to regional differences in airway geometry, gravitational dependency, or baseline
mucus clearance efficiency. However, because this study lacked a comparator cohort of
patients with other PCD-causing genotypes or non-PCD bronchiectasis, we cannot distin-
guish a genotype-specific distribution from a distribution that is characteristic of PCD in
general. Confirming whether this lobar pattern is unique to RSPH4A-related disease will
require direct comparison with other PCD genotypes.

CT severity was the variable most closely linked to FEV1 in this cohort. Imaging
burden correlated inversely with FEV1 (Pearson r = −0.40; p = 0.08), and in the multi-
variable model that included age, sex, and CT score, CT score was the only variable that
approached statistical significance (β = −0.56% FEV1 per CT point; 95% CI −1.13 to +0.01;
p = 0.07), while age and sex contributed little once imaging severity was accounted for,
and the model explained only a modest proportion of FEV1 variance (R2 = 0.21). This
pattern is broadly consistent with prior work linking automated and visual CT scores
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to spirometry impairment in PCD [15,16]. Given the small sample size inherent to this
genetically homogeneous founder cohort, the study has limited precision for detecting
modest associations, as reflected by confidence intervals that include the null and p-values
above the conventional threshold for statistical significance. Accordingly, the observed
relationships should be interpreted primarily in terms of their estimated magnitude, di-
rection, and uncertainty rather than as definitive evidence of association. Nevertheless,
several analyses demonstrated directionally consistent patterns. Greater CT disease burden
was associated with lower FEV1 in both univariable analysis (β = −0.49% FEV1 per CT
point; p = 0.08) and the multivariable model adjusted for age and sex (β = −0.56% per
CT point; 95% CI, −1.13 to +0.01; p = 0.07). Similarly, CT severity and bronchiectasis
burden tended to increase with age, whereas FEV1 showed essentially no cross-sectional
relationship with age. These concordant trends are clinically informative and generate
hypotheses regarding a possible dissociation between structural and functional disease
burden; however, they do not constitute definitive statistical evidence of these associations.
The uncertainty arises principally from the limited number of individuals available with
this rare founder genotype and the resulting wide confidence intervals. Confirmation
will require longitudinal follow-up of this cohort and, where feasible, larger collaborative
studies of patients carrying the same variant.

These findings are plausible considering the predicted molecular consequences of
c.921+3_921+6delAAGT. This 4-nucleotide deletion disrupts the canonical splice donor
site of RSPH4A intron 6 and is predicted to cause exon 6 skipping or intron retention,
generating a frameshifted transcript that is targeted for degradation by nonsense-mediated
decay; functionally, it is expected to behave as a near-null, loss-of-function allele, an
interpretation supported by prior characterization of this founder variant and its ancestral
origin in the Puerto Rican population [7,8]. RSPH4A is a core structural component of the
radial spoke head, which physically couples the axonemal central-pair apparatus to the
dynein regulatory machinery and is required for normal, coordinated ciliary beating [4].
Near-complete loss of RSPH4A function would therefore be expected to produce severe,
early, and relatively uniform impairment of ciliary beat and mucociliary clearance from
birth, consistent with our biophysical characterization of ciliary beat abnormalities in this
same founder variant [20]. We speculate that this severe, early ciliary dysfunction could
drive early airway injury, manifesting as the fixed obstructive deficit already present in
childhood, while impaired clearance of secretions and recurrent infection and inflammation
continue to remodel the airways over subsequent decades, producing the progressive
structural findings observed on CT [19]. This two-phase interpretation, an early, largely
fixed functional insult followed by a slower, cumulative structural process, is offered as
a plausible biological framework rather than a mechanism directly demonstrated by this
cross-sectional dataset.

These findings carry several clinical implications. First, because FEV1 appeared to
plateau early and did not correspond with the ongoing accumulation of structural disease,
FEV1 alone may not adequately capture the true evolution of lung disease in RSPH4A-
related PCD, and structural imaging surveillance may provide complementary prognostic
information not captured by spirometry [14,15]. Second, given that substantial functional
impairment already appears to be established during childhood, early diagnosis is likely to
be particularly important in this population, since interventions initiated after a fixed deficit
has developed may have a narrower window in which to alter the disease trajectory; earlier
recognition and diagnosis have been associated with more favorable outcomes in other
PCD cohorts [13]. Third, recognition of the distinctive clinical and radiographic phenotype
associated with this founder variant, together with the availability of confirmatory genetic
testing [20], may support population-specific diagnostic pathways, including a lower
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threshold for genetic testing among Puerto Rican patients with unexplained bronchiectasis
or an RML-predominant pattern, and could inform the feasibility of targeted screening
strategies in this population [8,9].

This study has several notable strengths, including a genetically homogeneous cohort
restricted to confirmed homozygotes for a single founder variant, detailed Bhalla-style CT
phenotyping across six anatomical regions, systematic lobar assessment of bronchiectasis,
and integration of imaging findings with spirometry data. These strengths are balanced
by important limitations. The sample size was small (n = 20), which limited statistical
power and likely explains why several associations, including the CT–FEV1 relationship,
approached but did not reach conventional significance. The cohort was drawn from
a single center, single scorer, and a single founder population, which may limit gener-
alizability. The design was cross-sectional rather than longitudinal, and no comparator
cohort of patients with other PCD-causing genotypes or with non-PCD bronchiectasis was
available, limiting our ability to determine whether the observed imaging phenotype and
lobar distribution are specific to this genotype. Differences in treatment intensity, disease
duration, and unmeasured comorbidities could also have confounded the observed age-
related patterns. The heterogeneity of CT findings despite a shared homozygous founder
genotype also suggests that non-genetic modifiers, including environmental exposures,
infection history, treatment intensity, and other clinical factors, may contribute substantially
to the structural pulmonary phenotype and should be systematically evaluated in future
longitudinal studies. Most importantly, because these data are cross-sectional, the apparent
age-related increase in CT severity reflects a comparison across different individuals at
different ages rather than documented progression within the same patients over time, and
it therefore cannot establish individual longitudinal trajectories of structural disease.

Future work should prioritize longitudinal follow-up with paired CT and pulmonary-
function testing in the same individuals to directly test whether structural disease pro-
gresses within patients as it appears to across the cohort cross-sectionally. Larger, mul-
ticenter cohorts, potentially through collaboration with PCD registries in other centers,
will be needed to confirm these associations with adequate statistical power and to deter-
mine whether the imaging phenotype and lobar distribution described here are specific
to the RSPH4A founder genotype or shared across other PCD-causing variants [11,12].
Quantitative and automated CT analysis methods may offer more reproducible and sen-
sitive measures of structural change than visual scoring alone [15], and complementary
physiologic biomarkers, such as lung clearance index or other measures of ventilation
heterogeneity, could help detect early functional decline that FEV1 fails to capture. In
summary, the Puerto Rican RSPH4A founder phenotype appears to be characterized by an
early-established obstructive deficit accompanied by continued accumulation of structural
lung injury, a pattern in which imaging serves as an essential complement to spirometry
for understanding the true burden of disease in this population.

5. Conclusions
This study defines a structural and functional lung phenotype associated with homozy-

gosity for the Puerto Rican RSPH4A c.921+3_921+6delAAGT founder variant. Affected
individuals demonstrated substantial airflow obstruction that was already evident in
childhood and remained relatively stable across age, while CT abnormalities accumu-
lated with increasing age and encompassed progressive bronchiectasis, mucus plugging,
small-airway disease, and parenchymal remodeling. Bronchiectasis was characteristically
multilobar, with prominent right-middle-lobe involvement, and greater CT disease bur-
den was associated with lower FEV1. Together, these findings suggest that spirometry
alone may incompletely reflect the evolution of structural lung disease in this genotype
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and support the complementary role of CT imaging in longitudinal assessment. Recog-
nition of this genotype-specific phenotype may facilitate earlier identification, improve
disease monitoring, and inform future natural-history studies and targeted interventions
for RSPH4A-related PCD.
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The following abbreviations are used in this manuscript:

CI Confidence interval
CT Computed tomography
DICOM Digital Imaging and Communications in Medicine
FEV1 Forced expiratory volume in 1 s
GLI Global Lung Function Initiative
IQR Interquartile range
LLL Left lower lobe
LUL Left upper lobe
OLS Ordinary least squares
PCD Primary ciliary dyskinesia
RLL Right lower lobe
RML Right middle lobe
ROI Region of interest
RSPH4A Radial spoke head component 4A
RUL Right upper lobe
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