Outcomes of early repeat sweat testing in infants with cystic fibrosis transmembrane conductance regulator-related metabolic syndrome (CRMS)/CF screen-positive, inconclusive diagnosis (CFSPID)
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ABSTRACT

Background: Reaching early and definitive diagnosis in infants with cystic fibrosis (CF) transmembrane conductance regulator-related metabolic syndrome (CRMS)/CF screen-positive, inconclusive diagnosis (CFSPID) is a priority of all CF newborn screening programs. Currently, sweat testing is the gold standard for CF diagnosis or exclusion. We assessed outcomes in a cohort of Italian CRMS/CFSPID infants who underwent repeat sweat testing in the first year of life.
Methods: This multicentre, prospective study analysed clinical data and outcomes in CRMS/CFSPID infants born between September 1, 2018 and December 31, 2019, and followed until June 30, 2020. All subjects underwent CF transmembrane conductance regulator (CFTR) gene sequencing and the search for CFTR macrodeletions/macroduplications, and repeat sweat testing in the first year of life. 
Results: Fifty subjects (median age at end of follow-up, 16 months [range, 7–21 months]) were enrolled. Forty-one (82%) had the first sweat chloride in the intermediate range. During follow up, 150 sweat tests were performed (range, 1–7/infant). After a median follow-up of 8.5 months (range 1–16.2 months), 11 (22%) subjects were definitively diagnosed as follows: CF (n=2 [4%]) at 2 and 5 months, respectively; healthy carrier (n=8 [16%]), at a median age of 4 months (range 2–8 months); and healthy (n=1 [2%]) at 2 months of age. Inconclusive diagnosis remained in 39 (78%) infants. 
Conclusions: Early repeat sweat testing in the first year of life can shorten the time to definitive diagnosis in screening positive subjects with initial sweat chloride levels in the intermediate range. 
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1.0 INTRODUCTION
Cystic fibrosis (CF) is a life-limiting autosomal recessive genetic disorder caused by alterations in the cystic fibrosis transmembrane conductance regulator (CFTR) gene, which encodes a protein that regulates anion transport in epithelial cells.1 Due to the severity of the disease, newborn screening (NBS) for CF was implemented in the 1980s in Italy, Europe, Australia and, finally, the United States.2-4 NBS enables early diagnosis and early initiation of treatment(s), thus improving clinical outcomes and survival.5,6 NBS for potential CF patients, may identify healthy carriers and infants who do not fulfil all criteria for a CF diagnosis but exhibit inconclusive diagnostic sweat chloride (SC) and/or DNA results.7 These infants, now classified as having CF transmembrane conductance regulator-related metabolic syndrome (CRMS)/CF screen-positive, inconclusive diagnosis (CFSPID),8 will remain healthy in most cases, but can attain a CF diagnosis over time due to positive sweat test(ing) (ST) or a re-classification of CFTR variants as CF causing or leading to the development of clinical CF features.9-13 

According to a recent update addressing the management of CRMS/CFSPID infants, ST should be repeated at 6 months and 2 years of age in centres with considerable experience. Further, STs may be performed annually if SC values persist in the inconclusive range or the specialist is concerned about the clinical progress of disease.9 This approach is adequate in most cases; however, inconclusive diagnosis may persist in cases of CRMS/CFSPID with none or one CFTR variant after extended genetic analysis (potentially healthy or healthy carrier subjects), leading to persisting uncertainty and distress for parents.14,15 It could also delay a CF diagnosis in cases involving CRMS/CFSPID infants with initial SC concentration(s) in the range of 50–59 mmol/L, with a recent retrospective study reporting that the latter group had a high likelihood of being diagnosed with CF, thus requiring closer monitoring for CF with strong consideration for earlier repeat ST.16 Therefore, the aim of the present study was to assess outcomes in a cohort of Italian CRMS/CFSPID infants who underwent repeat ST in the first year of life.
2.0 METHODS
2.1. Diagnostic test and clinical data

This was a prospective phase of a project funded by Italian Cystic Fibrosis Research Foundation, (FFC#30/2018) exploring diagnostic and clinical data of CRMS/CFSPID subjects born between September 1, 2018 and December 31, 2019, and followed at six CF regional centres until June 30, 2020. All enrolled subjects underwent repeat ST in the first year of life, and CFTR gene sequencing and multiplex ligation-dependent probe amplification (MLPA) to identify large deletions/insertions. 
Infants were classified as CRMS/CFSPID if they exhibited a positive CF NBS test, in addition to the following: an SC level of < 30 mmol/L and two CFTR variants, at least one of which had unclear phenotypic consequences (group A); or an SC level of 30–59 mmol/L and one or no CF-causing variants (group B).8 

Algorithms and the results of the NBS protocols implemented have been described previously.10 ST was performed after pilocarpine iontophoresis in all patients in accordance with national recommendations17,18 and repeated until a definitive diagnosis was confirmed. CFTR gene sequencing was performed as previously described19 and MLPA according to a commercially available assay (Salsa MLPA Probemix P091 CFTR, Mrc Holland, Amsterdam, The Netherlands). Pancreatic sufficiency (PS) was defined based on faecal elastase levels > 200 µg/g.20 Respiratory cultures were performed according to the clinical management practices of each centre.  

The present study was approved by the ethics committee of the CF coordinating centre (Florence, Italy) and subsequently by the ethics committees of all participating CF centres. In each centre, all data were recorded by one expert research assistant (monitor) trained by the principal investigator. 
2.2 Final diagnosis criteria 
At the end of the study (i.e., June 30, 2020), CRMS/CFSPID infants were reclassified by clinicians as one of the following: 

1. CF in the presence of pathological SC level (≥ 60 mmol/L) or two CFTR-causing variants (https://www.cftr2.org/); 

2. Healthy carrier in the presence of normal SC level for age and one CFTR-causing variant; or

3. Healthy in the presence of normal SC level for age and no CF-causing variant. 

A CRMS/CFSPID classification was maintained in asymptomatic infants with SC levels persistently > 30 mmol/L or in the presence of two CFTR variants, at least one of which had unclear phenotypic consequences (https://www.cftr2.org/).10,12

2.3 Statistical analysis 

The chi-squared test was used to determine the independence (i.e., difference) between two categorical variables; differences with p < 0.05 were considered to be statistically significant.

3.0 RESULTS

Prospective data from 50 CRMS/CFSPID infants (29 females; median age at end of follow up, 16 months [range 7–21 months]) were collected. During the study period, 150 STs were performed, with each infant undergoing 1–7 STs, with a median age at first examination of 1 month (range, 17 days to 4 months of age). Thirty-three of 50 (66%) infants underwent > 1 test in the first three months, and all subjects exhibited PS. 

Nine (18%) infants exhibited SC levels in the normal range and two CFTR variants, with at least one with unclear phenotypic consequences (group A). Forty-one (82%) infants exhibited SC levels in the intermediate range, with 29 exhibiting two CFTR variants, at least one of which had unclear phenotypic consequences; 10 had one CFTR variant, while no CFTR variants were found in two (group B).21 F508del was the most frequent CFTR variant, being present in 23 (46%) infants. 

After a median follow up of 8.5 months (range 1–16.2 months), 39 (78%) subjects preserved the CRMS/CFSPID label while 11 (22%) were definitively diagnosed as follows: CF (n = 2 [4%]) at 2 and 5 months of age, respectively; healthy carrier (n = 8 [16%]) at a median age of 4 months (range 2–8 months); and healthy (n = 1 [2%]) at 2 months of age. 

The final outcomes of this series were compared with those of the authors’ previous retrospective study.10 Despite the shorter follow-up period (8.5 months versus [vs] 3.3 years), a very similar percentage of definitive diagnoses were found (11/50 [22%] vs 65/336 [19.3%], respectively; p = 0.19 [chi-squared test]). Moreover, no difference was evident when only subjects of group B were considered (11/41 [26.8%] vs 58/197 [29.4%], respectively; p = 0.11 [chi-squared test]).

Genetic data and SC levels of CRMS/CFSPID infants with a definitive diagnosis at study end are summarized in Table 1. The trend of SC in 39 infants persisted CRMS/CFSPID at study end is reported in Figure 1. Median sweat chloride values and range of enrolled subjects at study end is reported in Figure 2. 

Eight (16%) CRMS/CFSPID infants had initial SC levels in the range 50–59 mmol/l: at study end, only one progressed to CF at five months; another was defined as healthy carrier at six months; and an inconclusive diagnosis remained in six. 

A throat swab was performed in 26 of 50 (52%) cases, with isolation of Pseudomonas aeruginosa and methicillin-resistant Staphylococcus aureus in two different subjects. Pseudomonas isolation was confirmed 3 months later in one case, with a label of CRMS/CFSPID at study end and genetic profile 2183AA>G/D1152H.

DISCUSSION
To our knowledge, this was the first investigation to evaluate outcomes in a cohort of CRMS/CFSPID subjects undergoing repeat ST in the first year of life. We observed that earlier repeat ST yielded a percentage of definitive diagnoses similar to that obtained with a longer follow up.

No diagnostic tool or clinical features are currently available to predict the risk for a CF diagnosis in CRMS/CFSPID infants. Despite advances in understanding of the genetic aspects of disease, SC values and their trend(s) remain the only parameter for assessing the risk for developing CF in asymptomatic CRMS/CFSPID infants. Our data suggest that early repeat ST can shorten the time to definitive diagnosis in CRMS/CFSPID with one CFTR variant after gene sequencing and initial SC levels in the intermediate range. Trends in ST may enable diagnosis of a healthy subject or healthy carrier in case of normal ST results (chloride < 30 mmol/l), thus helping reduce parents’ stress regarding an inconclusive diagnosis, or the conversion to CF diagnosis in case of pathological ST results (chloride ≥ 60 mmol/l). 
We confirm previous data regarding CRMS/CFSPID subjects followed in Florence, Italy. Repeating ST every six months enabled a definitive diagnosis in 74% of cases after a median follow-up of 199 days (range, 21–2190 days). Fifteen (30%) infants from that cohort had one CFTR variant, 12 (80%) received a definitive diagnosis as a healthy carrier within eight months of life, thus reducing the length of the stressful period for the family.12

In our study cohort, two asymptomatic subjects progressed to CF based on pathological SC levels over time. Both carried a CF-causing variant in trans with a variant with varying clinical consequences ([TG12]T5), confirming the need to clarify the role of this variant in clinical features in CF subjects.10,11 

Recently, Bauer at al16 analysed the outcomes of repeat ST in CRMS/CFSPID and the relationship between initial SC level and subsequent CF diagnosis. In that cohort, 61% of infants with positive NBS and SC levels of 50–59 mmol/L later progressed to CF at a mean age of 317 days. On the other hand, no infants with an initial SC of 30–39 mmol/L were subsequently diagnosed with CF. In contrast, in our cohort, only one of eight infants with initial SC 50–59 mmol/l progressed to CF. Nevertheless, our follow up was shorter and we cannot exclude the increase over time of SC in the remaining six subjects who retained an inconclusive diagnosis. 

Recently, we reported the prevalence, management, and outcomes of 336 Italian CRMS/CFSPID infants and, after a mean follow up of 40 months, 80% retained this designation. We demonstrated a wide variability in the evaluation and management of these infants and, for more than one-half, the frequency of ST was < 1 per year. Approximately 5% of the CRMS/CFSPID infants converted to a diagnosis of CF and, in the majority, was related to ST becoming positive. Furthermore, most diagnoses of healthy children or healthy carriers are made in the first year of life.10 In this study, we compared our data to those frequently repeating ST in the first year of life, resulting in a similar percentage of definitive diagnoses despite a significantly shorter median follow-up (8.5 months versus 3.3 years). 
The real challenge is posed by asymptomatic CRMS/CFSPID infants with two CFTR variants, with at least one of unclear phenotypic consequence(s), and SC levels consistently in the normal range. In this case, the final diagnosis is very difficult and time consuming, and only new information regarding specific variants and/or clinical symptom onset can permit a final diagnosis. In our cohort, 18% of CRMS/CFSPID infants exhibited normal SC levels and, at the end of the study period, none received a definitive diagnosis. Functional analyses measuring CFTR activity may help clarify further risk(s) for developing CF symptoms. Nevertheless, neither intestinal current measurements nor organoids have been sufficiently validated for routine evaluation in these infants.9,23 

The negative psychological impact of an infant with an inconclusive CF diagnosis on parents has been established. Parents’ perception of the initial message they receive is that the child may be affected by CF; as such, parental distress may be similar to that of parents of children with definitively diagnosed CF. Furthermore, anxiety triggered by a CRMS/CFSPID label endures in parents.14,15 Shortening the time to definitive diagnosis of a CRMS/CFSPID subject should be a priority of the care centre. For these reasons, differentiating the timing of the ST could be useful. Repeat testing should be more frequent in the first year of life in subjects with one or no CFTR variant, to discharge healthy subjects or healthy carriers, or in subjects with a CF-causing variant in trans with a variant with varying clinical consequences, such as D1152H or (TG)12T5, to identify CF patients earlier.10,11,22 

In conclusion, our data demonstrate that performing early and frequent ST in infants identified in CF NBS programs with an inconclusive diagnosis could reach a more timely exclusion of CF diagnosis, thus reducing the risk for familiar stress due to an inconclusive diagnosis and the risk for delayed CF diagnosis in NBS-positive infants with ST values in the intermediate range. 

Figure 1: Trend of sweat chloride values in infants still CRMS/CFSPID at study end.

Figure 2: Median sweat chloride values and range of the enrolled subjects at study end.  
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