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CFTR e An analysis of the characteristics of CFSPID individuals who evolve into CF.

Diagnosis e That the presence of one CF-causing CFTR variant, an initial sweat chloride (SC) > 40 mmol/L or an
Neonatal screening increase of SC > 2.5 mmol/L/year could allow identification of subjects at risk of progression to CF.
Sweat test e That CFSPID individuals with a CF causing variant/VVCC genotype and first SC in the higher

borderline range may require more frequent and prolonged clinical follow-up.

ABSTRACT

Objectives: Aim of this study was to iden-
tify risk factors for a progression to cystic
fibrosis (CF) in individuals detected as CF
Screening Positive, Inconclusive Diagnosis

(CFSPID).
Methods: This is a systematic review
through literature databases

(2015-2023). Blood immunoreactive
trypsinogen (b-IRT) values, CFTR geno-
type, sweat chloride (SC) values, isolation
of Pseudomonas aeruginosa (Pa) from res-
piratory samples, Lung Clearance Index
(LCI) values in CFSPIDs who converted to
CF (CFSPID > CF) and age at CF transition
were assessed.

Abbreviations: b-IRT, Blood-Immuno Reactive Trypsinogen; CF, Cystic Fibrosis; CRMS, CFTR-related metabolic syndrome; CFTR, cystic fibrosis transmembrane
conductance regulator; CFTR-RD, CFTR-related disorder; CFSPID, cystic fibrosis screening positive inconclusive diagnosis; CFSPIDs, CFSPID subjects; CFSPID>CF,
CFSPID converting to CF; CFSPID-P, CFSPID persistent; CFSPID>CFTR-RD, CFSPID converting to a CFTR-RD; LCI, Lung Clearance Index; NBS, newborn screening;
NGS, next generation sequencing; Pa, Pseudomonas aeruginosa; ppFEV;, percent predicted FEV1; SC, sweat chloride; ST, sweat test; VVCC, variant with varying
clinical consequences.
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Results: Percentage of CFSPID > CF varies
from 5.3 % to 44 %. Presence of one CF-
causing CFTR variant in trans with a
variant with variable clinical conse-
quences (VVCQ), an initial SC > 40 mmol/
L, an increase of SC > 2.5 mmol/L/year
and recurrent isolation of pseudomonas
aeruginosa (Pa) from airway samples
could allow identification of subjects at
risk of progression to CF.

Conclusions: CFSPIDs with CF causing
variant/VVCC genotype and first SC in the
higher borderline range may require more
frequent and prolonged clinical follow-up.
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Introduction

Cystic Fibrosis (CF), the most common life-threatening autosomal
recessive and multisystemic disease, is due to alterations in CF Trans-
membrane Conductance Regulator (CFTR) gene that encodes a mem-
brane glycoprotein [1]. Such protein acts as a transmembrane channel
by regulating chloride and sodium transport and its alteration or
reduction leads to the production of thick secretions within the affected
organs, causing progressive lung damage, pancreatic injury and multi-
organ involvement [2]. Furthermore, there is a growing number of in-
dividuals diagnosed as CFTR-related disorders (CFTR-RD), a clinical
condition with evidence of CFTR protein dysfunction that does not fulfil
the diagnostic criteria for CF [3,4].

The introduction of newborn screening (NBS) allowed early diag-
nosis of CF and, consequently, the opportunity to commence specific
treatments with an improvement of clinical outcome, quality of life and
survival [5]. Different NBS protocols are used in different countries even
within the same country [6,7]. All protocols start with the measurement
of blood immunoreactive trypsinogen (b-IRT) on dried blood spots at
49-72 h after birth. The second level may include either molecular
analysis of CFTR with techniques that explore a limited panel of variants
or with the whole gene scanning by next generation sequencing (NGS),
or a repeated measurement of b-IRT concentration at the age of 4-6
weeks [7,8] followed or not by molecular analysis. The sweat test (ST),
the gold standard for the diagnosis of CF, is offered to all children pos-
itive for NBS and it is considered pathological for levels of sweat chloride
(SC) > 60 mmol/L [9,10]. In most patients with CF the SC is pathological
and CFTR gene analysis shows two CFTR causing variants (https://cftr2.
org/), however such genotype may be observed even in patients with a
SC value in the intermediate (30-59 mmol/1) or normal (<30 mmol/L)
range [11].

Following the enhancement of diagnostic techniques, particularly
NGS for CFTR gene scanning, and the increase of the number of subjects
screened, a growing and variable number of positive NBS subjects with
an inconclusive diagnosis of CF has been identified over years [12,13].
This cluster of asymptomatic subjects, firstly designated in USA as CFTR-
related metabolic syndrome (CRMS), [14] and then in Europe as CF
Screen Positive, Inconclusive Diagnosis (CFSPID) [7], shows elevated b-
IRT with persistently intermediate SC levels and fewer than 2 CF causing
CFTR variants; or normal SC concentration (<30 mmol/L) and 2 CFTR
variants with 0 to 1 known to be CF-causing [15].

The two terms have been harmonised introducing the definition of
CRMS/CFSPID to improve indefinite diagnosis, international commu-
nications, and analysis of clinical outcomes [15]. Here, we preferred the
shorter term CFSPID throughout the rest of the paper. The number of
such subjects (and the ratio between CF and CFSPID cases) revealed by
NBS is widely different between countries depending on the different
protocols used for NBS and on genetic differences between populations
[16,17]. Over time, a variable percentage of CFSPIDs will be diagnosed
as CF owing to a positive ST, a re-classification of CFTR variants as CF

causing, or onset of CF-related symptoms (CFSPID > CF) [17]. However,
the most probable risk for these children seems the evolution in the
CFTR-RD label [3,4]. Even with the published revised guidance from the
European Cystic Fibrosis Society (ECFS) neonatal screening working
group [17], one of most important aspect concerning management and
monitoring of CFSPIDs is to early identify those at greatest risk of
transitioning in CF. This could avoid overmedicalization of healthy
subjects or healthy carriers and properly provide more information to
the families of these children, as persistence of an inconclusive diagnosis
may cause a negative psychological impact for families, increasing
parents’ distress [18-20].

Here, we performed a systematic literature review to investigate
possible biochemical, genetic and microbiological criteria, which could
early identify CFSPIDs who deserve a closer follow-up for the high
chance of developing a CF phenotype.

Material and Methods
Literature review

We performed this systematic literature review according to the
Preferred Reporting Items for Systematic reviews and Meta-Analysis
(PRISMA) [21], including papers published between January 2015
and December 2022, and using a protocol registered with the Interna-
tional Prospective Register of Systematic Reviews (PROSPERO
CRD42023398840).

Two reviewers (SM, FDA) independently conducted searches on
electronic databases, including PubMed, Global Health, and EMBASE.
The search strategy of each reviewer is detailed in Search Strategy
(Appendix 1). Manual searches of the current literature were also per-
formed by referring to Web of Science, Google Scholar, and BMJ Best
Practice. The following variations and terms were used: for “cystic
fibrosis”, “CF Screen Positive, Inconclusive Diagnosis”, “CFSPID”,
“CFTR-related metabolic syndrome”, “CRMS”, “immune-reactive tryp-
sinogen”, “IRT analysis”, “sweat chloride test”, “colonization”, “Pseu-
domonas aeruginosa” (Pa), “Lung Clearance Index” (LCI), “LCI”,
“infants”, “children”, “adolescent”, and “adult”. Lastly, selected refer-
ences of included papers were searched to find any other relevant doc-
uments in accordance with the inclusion criteria.

Inclusion and exclusion criteria

Inclusion criteria were publication in peer reviewed journals, written
in any language and including children and/or adults who have been
diagnosed with CF. The included publication types were guidelines,
meta-analysis and systematic reviews, narrative reviews, original arti-
cles, case series, case reports, and letters.

Exclusion criteria were publications not focusing on CRMS/CFSPID
in CF paediatric and adult populations. The first screening of the
retrieved publications was made according to the title and the abstract.
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Results
Included manuscripts’ characteristics

The electronic search resulted in 85 articles that were reduced by 63
after duplicates were removed. Therefore, a total of 22 studies focusing
on CFSPID who progressed to CF (CFSPID > CF) were included in this
review (Appendix 2, Fig. 1, Table 1): 10/22 multicentre retrospective
studies, 4/22 multicentre prospective studies, 2/22 monocentre retro-
spective studies, 1/22 monocentre prospective studies, 3/22 retrospec-
tive cross-sectional studies, 2/22 case series. 19/22 studies were
performed on children and 3/22 both children and adults. 11/22 papers
focused on CFSPID and IRT values (Table 3); 17/22 studies on CFSPID
and CFTR gene analysis (Table 4); 16/22 studies on CFSPID and SC
values (Table 5); 9/22 studies on CFSPID and Pseudomonas aeruginosa
(Pa) isolation (Table 6); 4/22 studies on CFSPID and lung clearance
index (LCI) (Table 7) and 5/21 on CFSPID follow-up.

Transition from CFSPID to CF

Among CFSPID infants, the percentage of subjects who converted to
a CF diagnosis varies in the different case series from 5.3 % found in an
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Italian population, to 48 % described in a CF screening positive popu-
lation from Australia, with F508del/other mutation and borderline
sweat test.

Table 2 shows the different included studies.

CFSPID and b-IRT analysis

Since the late 1970 s, b-IRT, a pancreatic enzyme precursor, has been
measured using dried blood spots collected from newborns to select
infants with elevated levels as they are at risk of CF [22]. Despite lacking
sensitivity and specificity as markers for CF, b-IRT is universally used as
the initial test for CF NBS programs.

Given the strong correlation between CFTR dysfunction, b-IRT levels,
and severity of pancreatic disease, it is reasonable to speculate on a
possible correlation between b-IRT levels and evolution from CFSPID to
CF [23,24]. Some authors [25-29] highlighted that b-IRT values were
significantly higher in CFSPID > CF than in those who remained with an
inconclusive diagnosis (CFSPID-P): moreover, CFSPID > CF seemed to
have b-IRT levels more like those of CF patients. Ooi CY et al, in a
multicentric (Canada-Italy) prospective study, evaluated b-IRT in CF, in
CFSPID > CF and in CFSPID-P. As expected, significantly higher b-IRT
concentrations (ng/ml) were present in CF than CFSPID infants (P <

e not pertinent

Fig. 1. Flow chart of the literature research for two independent reviewers.
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Table 1
Population and number of CF, CFSPID patients included in the selected papers.
Authors Year  Enrolled Nr. CF Nr. Ref.
population CFSPIDs
Ren CL et al. § 2015 1.962 1.540 309 [52]
Ooi et al. 2015 162 80 82 [25]
Groves T et al. 2015 29 0 29 [54]
Levy et al. 2016 376 300 57 [31]
Sasihiiseyinoglul 2019 66 12 54 [27]
et al.
Munck A et al. 2019 126 63 63 [30]
Ooi et al. 2019 218 120 98 [26]
Terlizzi V et al. 2019 82 32 50 [42]
Terlizzi V et al. 2020 43 0 43 [32]
Kasi AS et al. 2020 54 19 17 [58]
Terlizzi V et al. 2020 19 0 19 [44]
Terlizzi V et al. 2021 593 257 336 [16]
Ginsburg D et al. 2021 10 0 10 [41]
Hatton A et al. 2021 23 0 23 [45]
Bauer SE et al. 2021 2.613 45 145 [40]
Gonska T et al. 2021 115 0 115 [28]
Dolce D et al. 2022 217 0 217 [53]
Tosco A et al. 2022 129 30 58 [35]
McGarry M et al. § 2022 51.941 46.729 5.212 [60]
Fingerhut R et al. 2022 815.899 232 27 [29]
Salinas DB et al. 2022 112 53 59 [37]
Gunnett MA et al. 2023  1.346 129 63 [35]

§ Data from US CFF Registry.

Table 2

Percentage of CFSPID > CF/CFSPID in the different populations.
Authors Year CFSPID > CF/CFSPID % Ref.
Terlizzi V et al. 2021 18/336 5.3% [16]
Tosco A et al. 2022 6/58 10.3 % [35]
Ooi CY et al. 2015 11/82 11.0% [25]
Ooi CY et al. 2019 14/98 14.3 % [26]
Gunnett MA et al. 2023 11/63 17.5% [34]
Salinas DB et al. 2022 12/59 20.3 % [371
Gonska T et al. 2021 24/115 21.0 % [28]
Munck A et al. 2020 28/63 44.0 % [30]
Groves T et al. 2015 14/29 48.0 % [54]

§ also includes patients from the same authors’ 2015 paper.

0.0001). Moreover CFSPID > CF infants (n = 14) had significantly
higher b- IRT concentrations (ng/ml) than CFSPID-P (n = 83), (P =
0.02). This study shows a gradation of elevated b-IRT concentrations
among diagnostic cohorts, and authors concluded that b-IRT, in concert
with other factors, may have the potential to predict the likelihood of CF
in CFSPIDs [26]. However, to date, it has been impossible to identify any
b-IRT cut-off level to predict a later CF diagnosis in CFSPIDs [28].

In a more recent French multicentre cohort study, enrolling 63
CFSPIDs, authors showed lower b-IRT and SC values than in CF patients
[30]. Accordingly, Terlizzi et al. noticed in a large Italian population,
including 336 infants, that b-IRT levels were significantly lower in
CFSPIDs compared to CF infants. Moreover, 18 CFSPID > CF (5.3 %)
showed levels of b-IRT similar to CFSPID-P [16].

To explain this discrepancy in results, a role of CFTR variants has
been hypothesized since only some genotypes, such as D1152H/CF-
causing variant and R117H (p.Argl17His) variant, have been associ-
ated with higher b-IRT levels in CFSPIDs [31,32]. The complete list of
papers focusing on b-IRT in CFSPIDs is reported in Table 3.

CFTR genotype of CFSPID subjects transitioned to CF

One of the major challenges in the management of CFSPIDs is to
identify early on those with a higher or lower risk of later progression to
a clinical diagnosis of CF based on CFTR genotype. The genetic back-
ground of the several cohorts described are very different, based on the
geographical context and regional or population-specific genetics
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factors [33]. In 2015 Ooi et al. reported, in a prospective multicenter
study, a diagnosis of CF in nine of 82 (11 %) CFSPIDs: the reason for the
change in diagnosis was an abnormal repeat ST and updated functional
variant analysis by CFTR2 (https://cftr2.org/), which identified two
disease-causing variants. All nine subjects had two CFTR variants, the
second of which (as for L206W or R117C) was later labeled as CF
causing [25].

In a French multicenter study, Munch et al. matched CFSPIDs (n =
63) and CF patients (n = 63) diagnosed on NBS: 28 cases (44 %) con-
verted to CF diagnosis based on genotype (44 %), SC (28 %) or both (28
%). Interestingly five of 28 (18 %) cases had at least one R117H;7T CFTR
complex allele, and all but six showed clinical features suggestive of CF
[30]. According to Ooi’s study [26], all CFSPID > CF carried two CFTR
variants. Unlike R117H;5T, which is a CF-causing variant, R117H;7T is a
variant with varying clinical consequences (VVCC), ranging from iso-
lated infertility in males to severe pulmonary disease, typical of the
French population and less common in other cohorts of CFSPIDs
[16,25,34,35]. However, similar results have been described more
recently by Gonska et al. in a prospective, longitudinal, multicenter,
Canada-wide cohort study on 115 children with CFSPID [28]. Twenty-
four subjects (21 %) met CF diagnostic criteria during the seven years
of follow-up. For 12 of 24 children, the CF diagnosis was based on
reinterpretation of their second CFTR gene variant as a CF-causing allele
and again the most frequently genotypes were F508del in trans with
VVCC such as R117H;7T.

In an Italian retrospective multicenter study on 336 infants with a
CFSPID designation, 18 (5.3 %) converted or were reclassified to a
diagnosis of CF, and all but two were asymptomatic babies with a SC
increased over time up to pathological values [16]. Again, all CFSPID >
CF had two CFTR variants, in most cases a CF causing variant in trans
with a VVCC. However, two CFSPID > CF carried also two VVCC
(81455X/5T; TG13) or a VVCC (Q1476X) in trans with a variant not
reported in CFTR2 database (3272-26A > G). The same authors further
confirmed the role of the genetic profile in predicting the risk of disease
progression in CFSPIDs in other two papers: the first on 43 CFSPIDs
carrying D1152H CFTR variant [32]. Those with D1152H in trans with a
CFTR variant classified as CF-causing had a higher risk to evolve to CF
and more frequently developed episodes of pancreatitis, isolation of Pa
and respiratory exacerbations in the first year of life, also requiring
respiratory physiotherapy, radiological examinations, or saline supple-
mentation. In another paper on 129 Italian patients with F508del/5T;
TG12 (including 58 CFSPIDs), after a median follow-up of 6.7 years, 6
(10.3 %) out of 58 CFSPIDs transitioned to CF [36], a higher percentage
than that previously reported on Italian CFSPIDs [16]. Conversely only
one of 18 CFSPIDs with VVCC/5T; TG12 genotype converted to CF after
mean follow up 4.0 + 3 years [37]. Similar outcomes were also in
CFSPIDs from California: 12 (20.3 %) out of 59 were reclassified to CF,
all with two CFTR variants and eight (66.7 %) of 12 carrying 5 T; TG12,
5T; TG13 or D1152H [38].

The complete list of papers focusing on genetic profile of CFSPID >
CF is reported in Table 4.

CFSPID and sweat test

With the aim to identify subjects early on at risk of evolving into CF,
and therefore move them into CF care pathways, due to the relationship
between SC levels, genotype, severity of the disease and treatment
[39,40], it seemed reasonable to consider whether the initial SC values
after NBS could be higher in CFSPID > CF than in subjects who will
remain with an inconclusive diagnosis.

In a 10-year retrospective study performed in Indiana, USA, enrolling
2613 infants NBS positive plus one CFTR variant, Bauer SE et al. [41]
reported that no infants with an initial SC of 30-39 mmol/L were sub-
sequently diagnosed with CF and only one out the 31 infants with an
initial SC of 40-49 mmol/L, was subsequently diagnosed as CF. In
contrast, 61 % of those with SCs of 50-59 mmol/L were later diagnosed


https://cftr2.org/

V. Terlizzi et al.

Paediatric Respiratory Reviews xxx (xxxx) xxx

Table 3
List of the papers focusing on b-IRT in CF, CFSPID > CF or CFSPID-P.
Authors Year  Study Nr. Aim Main findings Ref.
CFSPID
Ooi et al. 2015  Multicenter prospective case 82 To identify CFSPIDs and evaluate outcomes b-IRT value was significantly higher  [25]
control in CF than CFSPIDs
Levy et al. 2016  Two-center retrospective cross 57 To evaluate the concordance between physician CF and CFSPIDs significantly [31]
sectional diagnoses and consensus guidelines differed in b-IRT levels

Ooi CY et al. 2019

*

Multicenter Prospective study 98

Munck A 2019  Prospective study 63
et al.
Terlizzi V 2020  Multicenter retrospective study 43

To identify CFSPIDs at risk of developing CF

To characterize the genotypic expression of CFSPIDs

To define the role of the second CFTR variant as a
et al. predictive factor of CF evolution in CFSPIDs carrying the
D1152H variant

Infants CFSPID > CF had [26]
significantly higher b-IRT levels

than CFSPID-P

No differences in b-IRT value [30]
between CFSPID > CF and CFSPID-P

IRT values were higher in CFSPIDs [32]
with D1152H/CF-causing genotypes

Terlizzi V 2021  Multicenter retrospective study 336 To evaluate the prevalence, clinical data, management, No differences in b-IRT value [16]
et al. and outcome for Italian CFSPIDs between CFSPIDs > CF and CFSPID-
P
Gonska T 2021 Multicenter 115 To describe the clinical course of CFSPIDs No differences in b-IRT value [28]
et al. prospectivelongitudinal study between CFSPIDs > CF and CFSPID-
P
Fingerhut R 2022  Multicenter retrospective study 27 To compare b-IRT levels between healthy newborns, CF No evaluation of b-IRT levels in [29]
et al. and CFSPIDs CFSPID > CF
Salinas DB 2022  Multicenter retrospective study 59 To describe the progression to a CF diagnosis in CFSPIDs  No differences in b-IRT value [37]
et al. between CFSPIDs > CF and CFSPID-
P

CF = Cystic Fibrosis; CFSPID = Cystic Fibrosis Screen Positive Inconclusive Diagnosis; CFSPID > CF = subjects who progressed to CF; CFSPID > P = subjects who

remained CFSPID b- IRT = Immunoreactive Trypsinogen.

with CF. These results suggest that infants with a positive CF-NBS and
one CFTR variant whose initial SC concentration is 50-59 mmol/L need
to be monitored more closely for CF with strong consideration for earlier
repeat ST and immediate genotyping.

In a recent CFSPID cohort of Alabama [35], 11 out of 63 (17.5 %)
children progressed to CF: none had an initial SC value less than 30
mmol/L, 12 % with an initial SC between 30 and 39 mmol/L converted
to CF (4 out of 34), 4/8 (50 %) with an initial SC value ranging 40-49
mmol/L and 3/5 (60 %) with an initial SC value ranging between 50 and
59 mmol/L received a CF diagnosis during follow up.

In an Italian multicentre study in 336 CFSPID infants [16], among
infants with an initial SC lower than 30 mmol/L only two out of 139 (2.1
%) converted to CF, while 8 % (16/197) of infants with an initial SC in
the borderline range (30-59 mmol/L) did.

A Canadian study followed a cohort of 103 CFSPID infants [28]
evaluating if their initial SC level could be considered as a predictive
biomarker for a CF diagnosis. 12 % of CFSPID converted to CF during the
follow-up period due to a SC level above 60 mmol/l. Authors showed
that the first sweat chloride value could be predictive of a conversion to
a CF diagnosis. Children with an initial value >40 mmol/L chloride had
a 10 times higher hazard of having a CF-converting ST of >60 mmol/1
chloride later in life, compared with those with an initial value <40
mmol/L (hazard ratio: 12.1 [95 % CI 2.6 to 55.6]; P = 0.001). Of the 10
children with CFSPID with a ST > 40 mmol/L, nine converted to a CF
diagnosis between the ages of 2.8 and 4.4 years.

On the contrary, Ginsburg et al. [42] reported a series of seven
CFSPID who progressed to CF, despite an initial SC lower than 30 mmol/
L.

Indeed, during the initial follow up, a gradual increase of SC in
CFSPIDs may be observed both in those who will evolve to CF and, in
subjects who will not progress [38]. This may be due to ongoing
maturation of sweat gland, changes in the innervation or hormonal
levels, or other yet to be identified factors. Therefore, attention could be
directed to the trend of increasing chloride value that CFSPIDs could
present in the first years of life, wondering if subjects who progressed to
CF showed a different trend of increase in the chloride value compared
to CFSPID-P.

In this regard, some authors have evaluated the trend of variation of

SC value during CFSPIDs follow up [43].

Ooi et al. presented a series of 82 CFSPIDs, among them nine (11 %)
subjects fulfilled the diagnostic criteria for CF during the follow-up
period based on genotype and/or abnormal SC [25]. As expected
CFSPID > CF individuals had a significantly higher SC values than did
CFSPID-P (p < 0.001), moreover, the study showed a significant dif-
ference in the longitudinal SC trajectories between the two groups of
subjects.

Also, in their multicenter Italian study, Terlizzi et al. [16] showed a
different trend in increasing SC values during follow up between
CFSPID > CF and those CFSPID-P.

Ginsburg et al. [42] reported a series of 10 children reclassified as CF,
who presented an increase in SC concentration of 5.8 mmol/L/year.
These authors suggested that the rate of SC increase, together with ge-
notype, clinical features and CFTR functional assay, could potentially be
used as prognostic tools in CFSPIDs.

A Californian CFSPID population was studied and described by Sal-
inas et al. [38] with the aim to identify risk factors for reclassification
from CFSPID to a CF diagnosis. Analyzing repeated values of SC over
time showed distinct trajectories between children CFSPID > CF
compared to CFSPID-P (p-value for difference between slopes = 0.013).
CFSPID > CF children presented an increase of 4.71 (95 % confidence
interval [CI]: 2.45-6.97) mmol/1/year of SC, compared to 1.21 (95 % CI:
0.4-2.02) mmol/l/year among those who did not progress to CF.
Moreover, the initial SC values were also significantly different between
the two groups (p < 0.0001).

Regarding the correlation between genotypes and SC levels [44], as
also seen in CF patients (37), some CFSPID genotypes could have a more
significant correlation with high SC levels during follow-up, like the
F508del/R117H;7T; F508del/D1152H, F508del/5T;TG12 or F508del/
5T;TG13 [39,45,46].

Other researchers have showed normal SC levels in CFSPIDs bearing
a CFTR variant of unknown significance (VUS), such as D537N, T582I,
MO952T, in trans to a CF-causing variant [27,31].

In conclusion, a greater risk of evolution in CF seems to be in CFSPIDs
with first SC in the higher borderline range and increasing trend of
chloride value (>2.45 mmol/l/year) as per Salinas’s study [38].

Nevertheless, a recent retrospective study, conducted on the series of



V. Terlizzi et al.

Paediatric Respiratory Reviews xxx (xxxx) xxx

Table 4
List of the papers focusing on CFSPIDs and CFTR gene analysis.
Authors Year  Type of study CFSPID Aims CFTR genetic profile of Length of Ref.
> CF CFSPID > CF follow up
(months)
Groves et al. 2015  Retrospective case 14 To describe the clinical course of CFSPIDs with 7/14: F508del/unknown 14 [54]
control intermediate sweat chloride values variant;
4/14: F508del/R117H
OoiCYetal. 2015  Multicenter 9 To identify and evaluate infants with CFSPID most frequent genotypes were 36 [25]
prospective case CF causing/R117C or L206W
control
Munck A 2019  Prospective study 63 To characterize the genotypic expression of 5/28 had at least one R117H;7T 90 [30]
et al. children with CFSPID CFTR complex allele
OoiCY 2019  Prospective study 98 To define a correlation between CF level and the ~ 9/14 reassigned according to 120 [26]
et al. degree of CFTR dysfunction to identify CFSPID at ~ genotype;
risk of developing CF 2/14 had R117H/7T
Terlizzi V 2019 Monocenter 50 To evaluate prevalence and clinical outcome of all with CF causing variant/ 6.6 [42]
et al. retrospective study CFSPID infants VVCC or S737F, variant typical
in Tuscany region
Terlizzi V 2020  Retrospective analysis 19 To illustrate prevalence, SC trend and outcome of  all with CF causing variant/ 3.1 [44]
et al. patient with VVCC R117H/7T; D1152H or 5 T;
TG12
Ginsburg D 2021  Case series 10 To illustrate evolution from CFSPID to CF 7/10 had CF causing variant/ 5 NS [41]
et al. T;TG12, 5 T;TG13 or D1152H
Terlizzi V 2020 Multicenter 43 To define the role of the second CFTR variant as a all with D1152H/CF causing 40.6 [32]
et al. retrospective study predictive factor of disease evolution in CFSPID variant
carrying the D1152H variant
Terlizzi V 2021  Multicenter 336 To evaluate the prevalence, management and 16/18 had CF causing/VVCC, 40 [16]
et al. retrospective study outcome of Italian CFSPID subjects such as 5 T;TG12 or D1152H
Hatton A 2021 Case series 23 To describe a CFSPID population performing in 4/23 (17.4 %) CFSPID > CF; 84.7 [45]
et al. vivo and in vitro functional studies three with CF causing variant/
D1152H;
one 5 T;TG12/5T;TG13
Gonska T 2021  Multicenter 115 To describe the clinical course of CFSPID 12/24 reassigned according to 84.7 [28]
et al. prospective, genotype;
longitudinal study most frequent genotypes were
F508del/VVCC, such as
R117H;7T or poly T tract
Tosco A 2022  Multicenter 58 To describe the progression to a CF diagnosis for ~ 6/58 (10.3 %) CFSPID > CF 72.7 [35]
etal. retrospective study subjects with F508del/5T;TG12
Salinas DB 2022 Multicenter 59 To describe the progression to a CF diagnosis 8/12 with one causing variant/ NS [37]
et al. retrospective study 5T;TG12, 5 T;TG13 or D1152H
Gunnett MA 2023  Multicenter 63 To identify features of progression from CFSPID 2/11 reassigned according to NS [34]
et al. retrospective study to CF genotype;

2/11 with CF causing/R117H/
7T

Abbreviations: CF = Cystic Fibrosis; CFSPID = Cystic Fibrosis Screen Positive Inconclusive Diagnosis; CFTR = Cystic Fibrosis Transmembrane Conductance Regulator;
CFTR-RD = CFTR related disorders; VVCC = Variants of varying clinical consequence; SC = Sweat Chloride; NS = Not Stated.

Table 5

List of the papers focusing on CFSPID and sweat chloride test.
Authors Year Nr CFSPID Length of follow up (months) 60 mmol/L at end of follow up Percentage (%) Nation Ref.
Ooi CY et al. 2015 82 36 11 11.0 Canada, Italy [25]
Munck A et al. 2019 63 90 28 17.64 France [30]
Ooi CY et al. 2019 98 120 10 10.2 Canada, Italy [26]
Munk A et al. 2019 63 90 28 44.0 France [30]
Terlizzi V et al. 2020 19 3.1 8 42.1 Italy [44]
Gonska T et al. 2021 115 84.7 12 10.43 Canada [28]
Hatton A et al. 2021 23 84.7 2 8.69 Poland [45]
Terlizzi V et al. 2021 336 40 18 5.3 Italy [16]
Gonska T et al. 2021 115 84.7 24 21 Canada [28]
Tosco A et al. 2022 58 72.7 6 10.3 Italy [35]
Salinas DB et al. 2022 12 NS 59 20.3 USA [37]

CF = Cystic Fibrosis; CFSPID = Cystic Fibrosis Screen Positive Inconclusive Diagnosis; CFTR = Cystic Fibrosis Transmembrane Conductance Regulator; CFTR-RD =
CFTR related disorders; FEV1: Forced Expiratory Volume in 1 s; IRT = Immunoreactive Trypsinogen; LCI = Lung Clereance Index; MVCC = Mutations of varying
clinical consequence; NBS = Newborn screening; PA = Pseudomonas Aeruginosa; SC = Sweat Chloride; SCT = Sweat Chloride Test: NS = Not Stated.

a single center [47] draws attention to the great intra-individual vari-
ability of the SC values recorded in CFSPIDs, calling for caution in
diagnosing CF in asymptomatic children with pathological ST.
Furthermore, the sweat collection method affected chloride values in
CFSPIDs and, therefore, the definitive diagnostic category. As recently
reported, the mean values of SC measured by the Gibson-Cooke method

are significantly higher than those using the Macroduct system-based
method, and this makes the different cohorts described harder to
compare [48].

The complete list of papers focusing SC in CFSPIDs is reported in
Table 5.
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Table 6
List of the papers focusing on CFSPID and Pseudomonas aeruginosa (Pa) isolation.

Authors/year Year  Type of the study Nr CFSPID  Ref.
Groves T et al. 2015  Retrospective 14 [54]
Ooi CY et al. 2015 Prospective 82 [25]
Ren CL et al. 2015  Retrospective 309 [52]
Levy et al. 2016  Prospective 57 [31]
Munck A et al. 2019 Prospective 63 [30]
Terlizzi V et al. 2021  Multicenter retrospective study 336 [16]
Ginsburg Detal. 2021  Case series 10 [41]
Dolce D et al. 2022 Multicenter retrospective study 217 [53]
Salinas DB et al. 2022 Multicenter retrospective study 59 [371

CF = Cystic Fibrosis; CFSPID = Cystic Fibrosis Screen Positive Inconclusive
Diagnosis; CFSPID > CF = CFSPID who converted to CF; CFSPID > P = CFSPID
persistent; PA = Pseudomonas Aeruginosa.

CFSPID and Pseudomonas aeruginosa isolation

It is well known that the isolation of Pa from airways of CF subjects is
a typical feature of CF pulmonary disease, and chronic endobronchial Pa
infection is correlated to decline in lung function [49]. Then, it is
reasonable to hypothesize that acquiring Pa could be a risk factor for
CFSPID > CF.

The percentage of Pa isolation in CFSPIDs varies from 11 % [50] to
39 % [31] in different series (Table 6).

In an American retrospective study of 309 CFSPIDs cohort, 11 % of
infants had a positive Pa respiratory tract culture in their first year of life
[50]. A similar percentage (12 %) was reported in a prospective multi-
centre (Canada, Italy) study enrolling eighty-two CFSPIDs [25]. Higher
percentages in Pa isolation were found in a Californian case series (20.5
%) [38], and in a French one (24 %) [30]. The highest percentage was
reported in a cross-sectional study in CFSPIDs from Wisconsin where 22/
57 (39 %) had a positive bacterial culture for Pa [31].

The two studies [30,38] evaluated if Pa chronic isolation was found
in CFSPIDs during follow up, assess that none of the enrolled subjects
developed it. CFSPID > CF may present Pa isolation as CFSPID-P in the
Ooi et al.’s study on 82 subjects [25], while significantly higher rates of
respiratory cultures positive for Pa in CFSPID > CF was reported in the
Salinas’ study on 59 subjects [38].

Due to the correlation between Pa isolation and lung function dete-
rioration in CF subjects, a risk of overtreatment in CFSPIDs may be
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present. To date, the clinical consequences of early isolation of Pa and its
outcome (both in the presence and absence of therapy) in CFSPIDs have
not been described in large case series, therefore no univocal therapeutic
approach is advised.

However, although several authors investigated the incidence of Pa
isolation in CFSPIDs, and some evaluated the possibility of spontaneous
clearance, there is a need for further studies that evaluate any differ-
ences in Pa isolation between CFSPID > CF and CFSPID-P.

As no evidence supports scheduled routine microbiological studies in
CFSPIDs, ECFS recommendations stated that respiratory cultures should
be performed when clinically indicated [17].

Neither chronic colonization, nor lung function deterioration were
reported in CFSPIDs with isolated Pa [51,52], while a spontaneous
clearance of Pa was observed. Specifically, of 217 CFSPIDs 44 (20.3 %)
had a respiratory culture positive for nonmucoid Pa, sensitive to anti-
biotics, and probably not acquired in the hospital setting. After a median
follow-up of 6.2 years, Pa clearance occurred in 22/24 (91.6 %) in-
dividuals treated vs spontaneous clearance in 16/19 (84.2 %) untreated
patients (chi-square, 0.5737; p = 0.44878) [51].

Although Pa isolation alone does not seem to represent a signal alarm
for a following CF diagnosis, the question arises whether high values of
b-IRT and SC, a genotype as CF-causing variant/ VVCC, and recurrent Pa
isolation, could be all together considered a clinical risk factor of evo-
lution into CF disease.

The complete list of papers focusing on Pa isolation in CFSPIDs is
reported in Table 6.

CFSPID and LCI

The LCI is a quantitative measure of ventilation inhomogeneity
within the lungs, assessed using the multiple breath washout (MBW)
technique. In CF, mucus accumulation and inflammation in the airways
cause uneven distribution of ventilation. Regions of the lung with
blocked airways are poorly ventilated and contribute to increased LCI
values. The LCI provides a sensitive marker for early lung abnormalities,
even before traditional spirometry measures like percent predicted
forced expiratory volume in one second (ppFEV1) [53-55].

The applicability of LCI in detecting early lung disease and predicting
the progression of disease in CFSPIDs has been recently investigated.

In an observational study [56] enrolling pre-school children (19 CF,

Table 7
List of the papers focusing on CFSPID and LCIL.
Authors Year  Type of Study CFSPID Aim Results Conclusions Ref.
> CF
Kasi AS 2020  Observational 17 To evaluate the LCI in LCI in CFSPIDs was not statistically LCI can potentially detect early lung [58]
et al. detecting early lung different from healthy control but disease in CFSPIDs as part of assessing
disease in CFSPIDs. significantly different when compared to their risk for reclassification to CF
To compare LCI to CF patients. diagnosis in addition to spirometry
spirometry in Mean ppFEV;was not statistically different
detecting early lung between CFSPID and CF
disease in CFSPIDs
Gonska T 2021 Multicenter 115 To describe the clinical LCI was evaluated in 17 CFSPIDs; average LCI did not differ between CFSPIDs [28]
et al. prospective, course of CFSPIDs LCI was 6.92 and healthy controls.
longitudinal (95 % CI 6.62 to 7.22), at a mean age No evaluation of LCI in CFSPID > CF
of 7.99 (95 % CI 6.88 to 9.1)
Salinas D 2022 Multicenter 112 To describe the No statistical difference in distribution LCI did not differ between CFSPID > [37]
Betal retrospective progression to a CF between the above and below LCI cut-off CF and CFSPIDs
diagnosis among CF, CFSPIDs, and CF patients (p =
0.20 and p = 0.55, p = 48, respectively)
Terlizzi V 2022  Prospective 42 To assess the value of the ~ The mean LCI value for patients with CF Most of asymptomatic CFSPIDs or [56]
et al. LCI in correctly (7.39; 5.98-10.24) was statistically higher =~ progressed to CF had normal LCI

predicting the
progression of CFSPID >
CF

compared to both the mean LCI in the
CFSPID > CF (6.62; 5.69-7.58) and in
CFSPID-P (6.56; 5.64-7.21).

CF = Cystic Fibrosis; CFSPID = Cystic Fibrosis Screen Positive Inconclusive Diagnosis; FEV; = Forced Expiratory Volume in 1 s; LCI = Lung Clearance Index;

CFSPID > CF: CFSPID who progressed to CF; CFSPID-P: CFSPID persistent.
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17 CFSPID and 18 healthy controls), Kasi et al. reported that mean LCI
from the CFSPID group was not statistically different from healthy
controls (p = 0.49), but significantly different when compared to CF (p
= 0.04). LCI values appeared abnormal in two CFSPID children carrying
potentially deleterious CFTR variants. On the contrary, ppFEV; detected
no difference between CF and CFSPID.

In a prospective, multicenter, Canadian cohort study on CFSPIDs
monitored for seven years, LCI values in a subgroup of children were like
those of healthy controls [28].

The most interesting studies are those that evaluated LCI in CFSPID
> CF. In this context we find two very recent studies. Salinas et al.
evaluated a population of 112 children, 59 CFSPID and 53 CF. Among
the latter, 12 were children CFSPID > CF: authors found no statistically
different values between them and CFSPID-P [38].

Similarly, Terlizzi et al. evaluated LCI in 42 children. Of these, 26
were CFs, eight were CFSPID > CF, and eight were CFSPID-P. They
pointed out that LCI could be normal in many asymptomatic CFSPID or
CFSPID > CF with a significant difference with the CF’s LCI values [54].

From these studies we can draw the conclusions that CFSPID > CF
subjects likely maintain normal LCI values, probably because lung
damage might develop later with age. Certainly, further prospective
studies are needed to clarify this finding. Since LCI is a non-invasive test,
it seems advisable to perform this test over time in CFSPIDs. Further data
and for a longer follow up will help to understand if CFSPIDs with
abnormal LCI may be at greater risk of evolution into CF disease.

The complete list of papers focusing on LCI in CFSPIDs is reported in
Table 7.

CFSPID follow-up

One of the crucial points in the follow-up of CFSPIDs is to define how
long it is indicated to continue follow-up in CF centres. However,
because CFSPID label only began in 2015, studies report outcomes in the
pre- or school age [16,28,57], whereas the long-term outcomes of
CFSPIDs, both CFSPID > CF and CFSPID-P, remain unknown.

Current evidence suggests CFSPIDs should pursue a specialized
follow-up for the first six years of life [30] and children who remain
healthy with normal SC, growth, and lung function/ imaging at 6 years
of age are considered unlikely to progress to CF.

A multicentre prospective study by Gonska et al. [28] followed 115
CFSPID for a mean period of 7.7 years (7.1-8.4). In the 91 remaining
CFSPID-P normal growth and lung function were maintained until
school age, as Munck et al. [30] and Salinas et al. [57] had shown as well
in previous studies.

Hatton et al. [46] described 23 CFSPIDs with a seven-year follow-up
(range 4-13 years): all remained pancreatic sufficient, even though five
out of 23 converted to CF.

Therefore, the first six years of CFSPID life seem be crucial for a re-
diagnosis of CF, whereas there is no information on any conversion to
CF or CFTR-RD at older ages.

Future perspectives

While the ST remains the gold standard for the diagnosis of CF,
recently new tools have been proposed that are more sensitive in dis-
tinguishing CF, CFTR-RD or CFSPID subjects.

Image-Sensor measurements of beta-Adrenergic Sweat Secretion
Test (BAST) determines in vivo CFTR function as reflected by f-adren-
ergically stimulated eccrine sweat secretion, it is comparable to evap-
orimetry, which evaluates sweat secretion stimulated trough beta-
adrenergic pathways [58]. It is reliable, safe, rapid and easy to be per-
formed, since it avoids the analysis of SC. Preliminary studies describe
its higher diagnostic sensitivity in discriminating between CF, CFTR-RD,
CFSPID and healthy subjects as compared to classic ST [59,60]. There-
fore, BAST seems to be more accurate than ST for excluding CF in
CFSPIDs.
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However, despite such encouraging results, BAST lacks standardi-
zation either in the procedures and in the collection of reference values
on a large population. Thus, further studies are needed to establish
reference ranges for BAST at different ages, also considering the lower
B-adrenergic sweat secretion in children compared to adults [61].

The combination of clinical follow up, CFTR gene analysis, and
biomarkers allowing the evaluation in vivo and in vitro of the CFTR
protein function in each individual (i.e., BAST, epithelial samples from
nasal brushing and/or in vivo intestinal current measurement), could
open up a promising perspective in the predictive evaluation of subjects
with inconclusive diagnosis [38,47].

Thus, a diagnostic use of organoids [62], now tested to predict
possible clinical response to CFTR modulators in individuals bearing
CFTR variants of unknown clinical significance might help in elucidating
the risk of progression to CF disease in CFSPID infants.

Conclusion

Individuals with an inconclusive CF diagnosis after a positive NBS
pose several challenges to clinicians in terms of correct communication
to parents about prognosis, management of diagnostic and therapeutic
tools, and duration of follow up in a specialized CF Centre. Conversely,
there is a risk of overmedicalization in children who may remain with an
inconclusive diagnosis for years.

The knowledge about the clinical features and outcomes of CFSPIDs
has been increasing since 2015 and we have so far learned that a number
will change their classification to CF in the pre-school years.

Our review attempted to highlight the risk factors for CFSPID > CF
evolution: however, to date, none of the biomarkers or clinical features
studied (i.e., IRT level at birth, CFTR genotype, initial SC value or its
increasing trend, occurrence of Pa, functional respiratory indices) seems
effective alone in predicting the risk of a future CF diagnosis, despite the
expanding reports. This also depends on the wide differences in the
experimental design of the studies that have addressed this issue
(number of cases, genetic background, duration and frequency of follow-
up, biomarkers considered, etc.).

Really, the simultaneous presence of some events could be consid-
ered as a risk factor for a CF reclassification: a) the presence of one CF-
causing CFTR variant in trans with a VVCC, as D1152H, 5 T;TG12,
R117H-7 T [30,32,37,46]; b) an initial SC > 40 mmol/L [28]; ¢) an
increase of SC > 2.5 mmol/L/years [38]; and d) recurrent isolation of Pa
from airways could allow identification of subjects who may require
more frequent and prolonged clinical follow up.

As regards genotypes, few data are available on the long-term evo-
lution of lung disease in subjects with VVCC or VUS and cohorts
described so far are too young to provide adequate long-term informa-
tion. Adults with CFTR-RD show a high frequency of CFTR variants that
occur commonly in infants with CFSPID [9]. Furthermore, retrospective
data from CF patients enrolled in the U.S. CF Foundation patient registry
and with at least one variant typically found in CFSPIDs have a milder
phenotype, with lower prevalence of pancreatic insufficiency and higher
median ppFEV; [63]. While these retrospective data may be useful in
genetic counseling, further studies are needed to properly inform fam-
ilies and guide the management of these children.

Nevertheless, results from registry data must be taken with caution,
since CFSPIDs entered in the registry with a clinical diagnosis of CF may
be represent possible misclassifications [51,64].

Since unequivocal conclusions cannot be achieved, it is reasonable
that CFSPID infants carrying VVCC CFTR variant in trans with a CF-
causing variant should be tested with SC test frequently, at least with
the aim to identify and discharge healthy infants as soon as possible
[65,66] or follow children at greater risk of evolution in CF even after six
years of age.

As regards follow up duration at CF specialized clinics [67], although
a longer follow-up will provide more information on CFSPID > CF rate of
conversion over time, on clinical features of both CFSPID > CF and
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CFSPID-P, it should also be taken into consideration that CFSPIDs’
families could be challenged by years of diagnostic uncertainty, with
unpredictable psychological consequence, risk of overmedication.

The establishment of an international registry collecting data of
subjects labeled CFSPID, would be able to answer in the future the
several questions remaining open on prognosis of these children.

Future research directions

e The combination of clinical follow up, CFTR gene analysis, and
biomarkers allowing the evaluation in vivo and in vitro of the CFTR
protein function in each individual could open up a promising
perspective in the predictive evaluation of subjects with inconclusive
diagnosis.

e Studies on adolescents or adults previously CFSPID are needed to
better identify early factors of evolution in disease.

e A dedicated registry collecting longitudinal data on CFSPIDs would
be able to clarify long-term prognosis of these children.
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