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Models that predict outcomes, aid prognostication and inform the assess-
ment of urgency for lung transplantation (LT) in CF are in demand. A
prognostic score derived from the French adult CF registry to predict
death or LT over 3-year follow-up was described in 2017 and validated
using Canadian CF registry data. We assessed its performance in the UK
CF population. The French prognostic score was applied to untransplanted
adults with CF. The index year (2014) and outcomes (Death or LT) were
evaluated to 2017. Receiver operator characteristics plots and area under
curve (AUC) was computed. 4407 adults with CF met the inclusion crite-
ria. After 3 years, 7.1% (P < 0.001) were dead or had received LT com-
pared to the French (12.8%) and Canadian (9.4%) cohorts. The French
score deemed 592 (26.2%) ‘High-risk’ - death/LT occurred in 189/592
(30.2%), less than previously reported in France and Canada (P < 0.0001).
The discriminatory power of the French score was lower (AUC 0.830) than
reported. Recalibration yielded only marginal improvement in model per-
formance (AUC 0.833). The French prognostic score does not perform as
well in the UK as reported elsewhere. Bespoke UK scores are needed to aid
prognostication and inform LT decision-making.
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Several attempts at developing prognostic scores have
been performed in pwCF but it has proven difficult to

Lung transplantation (LT) can offer improved prognosis
and quality of life in carefully selected individuals with
CF. In the UK, there is a mismatch between transplant
demand and availability which can result in up to 30%
of people with CF (pwCF) dying whilst awaiting trans-
plantation [1]. There has therefore been much interest
globally in developing models which can predict out-
comes and aid prognostication thereby informing the
assessment of urgency of need for transplant.
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develop a metric that better predicts death than a forced
expired volume in one second (FEV1) <30% predicted
[2,3]. Further, prognosis has dramatically improved
over the past decades due to advances in integrated care
provided by multidisciplinary teams in CF centres and
latterly the availability of CFTR modulators; prognostic
factors have thus changed over time and studies
performed using data in previous eras may not be
appropriate for current evaluation of pwCF.
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The validity of the French 3-year prognostic score in the UK CF population

A prognostic score derived from the French CF reg-
istry data to predict death or LT over a 3-year period in
the adult CF population [Supplement E1] was described
in 2017 [4] and subsequently validated in a North
American setting using the Canadian CF registry [5].
This score is simple to calculate in clinic or at the bed-
side and hence there has been much interest in its use
internationally.

Differences in healthcare systems, access to treatments
and population genotype composition could all play a
role in shaping patient prognosis. There was a striking
resemblance in patient characteristics between the
French and Canadian registries and both countries share
comparable healthcare systems with similar access to
transplantation. Before this score can be applied to
wider international CF populations, it is important to
validate it in a different healthcare setting. Our objective
was therefore to comprehensively evaluate the French 3-
year prognostic survival score using the UK CF Registry
(UK CFR).

Data source

The UK CEFR is a Research Ethics Committee approved
(Huntingdon Research Ethics Committee 07/Q0104/2)
database providing a longitudinal dataset of the UK CF
population with excellent coverage and robust data
quality assurance mechanisms [6]. The dataset includes
longitudinal demographics, clinical characteristics, treat-
ment information and outcomes including death and
transplantation. All patients included in the UK CFR
have consented to the collection and use of their medi-
cal information for research purposes. This study and
subsequent data release were approved by the CF Regis-
try Research Committee (CF Trust, UK).

Patient selection

The index year from which baseline data were extracted
to compute the individual risk scores was from January
1, to December 31, 2014. The follow-up period was
from January 1, 2015 through to December 31, 2017
inclusive. Patients were included for analysis when the
following criteria were met: age > 18 years, alive at
December 31st, 2014, an annual review record in 2014
and were not lost to follow-up by the end of 2017.
PwCF who received a LT prior to 2014 were excluded.
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Model variables

For each individual included in the study, the prognos-
tic score put forward by Nkam et al. [4], herein referred
to as the ‘French Score’, see Table S1, was calculated
and a risk category assigned as previously described. All
variables were included from the index year only in
keeping with prior derivation and validation studies.
Annualized variables, representing the CF annual review
year, for example intravenous antibiotic days, therefore
represent the 12 months leading up to December 31,
2014. Death or transplant, the endpoints of interest,
were recorded up until December 31, 2017. Lung func-
tion was calculated as per cent predicted forced expira-
tory volume in 1 second (ppFEV;) using Global Lung
Initiative reference ranges [7]. Body mass index (BMI)
was calculated as kg/m”>.

Model validation and statistical methods

The model was evaluated with measures for discrimina-
tion and calibration. The primary outcome of interest
was the discriminatory ability of the French score for
death or transplant within 3 years, measured as area
under curve (AUC) of the receiver operator characteris-
tic (ROC) plot. To assess for differences in study popu-
lations, a comparison of the
characteristics in each of these 3 populations was under-
taken. An updated multivariable logistic regression
model was constructed re-evaluating associations of the
individual variables of the French score with death / LT
in the UK setting. Model performance was assessed with
the bootstrap method, where the complete datasets were
sampled from repeatedly, and the final multivariate
logistic regression model was refit 100 times. Model
performance summary statistics were calculated for each
iteration with the average across all the bootstrapped
samples then calculated [8]. Calibration was assessed by
plotting predicted risk against observed risk for each of
the models’ risk strata, with intercept and slope calcu-
lated by linear regression. Miscalibration of the original
model was adjusted for with the newly derived regres-
sion coefficients for each variable. Performance of the
original and recalibrated models is described comparing
risk predictions with observed outcomes for each risk
category. All analyses were performed in RStudio
(v1.0.1.136, RStudio Inc). Unadjusted P-values are pre-
sented throughout with statistical significance consid-
ered at < 0.05.

model variable
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Data were available for 9433 patients in the index year
of 2014. Based on the original French study criteria,
5026 patients were excluded leaving 4407 included for
analysis (Fig. 1).

Baseline clinical characteristics of subjects included in
the study are presented in Table 1. Briefly, median [IQR]
age was 28.1 years [22.7, 35.7], 55.5% were male, ppFEV1
was 74.0% [54.0, 91.0] and BMI was 22.2 kg/m* [20.2,
24.7]. After three years, 315/4407 (7.1%) were dead
(n =217) or had received a lung transplant (n = 98),
which is significantly less than reported in the French and
Canadian cohorts (12.8% and 9.4% respectively). As
expected, those who died or received a lung transplant
had lower lung function (39.0% [32.0 to 51.0] vs. 75.0
[58.0 to 92.0]), lower BMI (20.5 [18.5 to 22.8] vs. 22.3
[20.3 to 24.7] kg/mz) and received more intravenous
antibiotics (0 [0 to 12] vs. 17 [0 to 52]); full comparison
of clinical characteristics are presented in Table 1.

The French prognostic score (See online supplement
E1) was calculated for all 4407 individuals. 2656/4407
(60.7%) were deemed ‘Low risk’, 1159/4407 (26.2%)
‘Moderate risk’ and 592/4407 (13.4%) ‘High risk’. Com-
parative proportions in the respective risk categories in
the French and Canadian populations were 51.4% vs.
63.8%, 31.8% vs. 23.5% and 16.8% vs. 7.5%. Death or
lung transplantation occurred in 2.0% of the ‘Low risk’
cohort, 6.9% ‘Moderate risk’, and 36.6% of the ‘High-
risk’ cohort. ‘Low Risk® and ‘Moderate Risk’ outcomes
were similar to those in the French and Canadian stud-
ies, but the UK ‘High-risk’ cohort were less likely to
achieve the primary outcome (54.5% and 55.0% in
Canada and France respectively).

The ROC curve for the French prognostic score is
presented in Fig. 2. The AUC, equivalent to the c-statis-
tic, of 0.830 was less than seen in the French (0.910)
and Canadian (0.904) populations. When death and
transplant were considered separately rather than as a
composite outcome, the AUCs were 0.772 and 0.894

9433 patiants alive with an annual
review record on December 31% 2014

4220 patients < 18 years
353 patients transplanted before 2014

lung transplant before 2014

4860 adult patients without a known

453 patients lost to follow up

analysis

4407 patients with a known vital stalus
on Decamber 31% 2014 considared for

Figure 1 CONSORT flow diagram.
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Table 1. Characteristics of study cohort at index year 2014 with 3-year outcome comparison Data presented as n (%)

or median [IQR]

Missing Alive Death or transplant

n 4092 315
Age 0 (0.0) 28.0 [22.7, 35.6] 28.8 [23.9, 36.1]
Male 0 (0.0) 2281 (55.7) 159 (50.5)
BMI (kg/m?) 83 (1.9) 22.3[20.3, 24.7] 20.5[18.5, 22.8]
Best ppFEV; (%) 75.0 [58.0, 92.0] 39.0 [32.0, 51.0]
PPFEV; (%) 176 (3.4) 66.0 [49.0, 83.0] 32.0 [25.0, 45.0]
FEV4(L) 176 (3.4) 2.6[1.9, 3.4] 1.3[1.0, 1.8]
DF508hom 93 (2.1) 1997 (48.8) 173 (54.9)
DF508het 92 (2.1) 1641 (40.1) 110 (34.9)
No. of exacerbations 0 (0.0) 1[0, 3] 3 [2, 6]
Hospital IV Days 0 (0.0) 0.0 [0.0, 12.0] 17.0 [0.0, 52.5]
Home IV days 0 (0.0) 0.0 [0.0, 14.0] 11.00 [0.0, 45.5]
Sputum Microbiology

P. aeruginosa 0 (0.0) 2499 (61.1) 247 (78.4)

Mucoid 1572 (38.4) 176 (55.9)

MSSA 0 (0.0) 1440 (35.2) 88 (27.9)

MRSA 0 (0.0) 133 (3.3) 19 (6.0)

S. maltophilia 0 (0.0) 271 (6.6) 25 (7.9)

BCC 0 (0.0) 198 (4.8) 30 (9.5)

B. cenocepacia 0 (0.0) 65 (1.6) 10 (3.2)

B. multivorans 0 (0.0) 105 (2.6) 16 (5.1)

BCC other 0 (0.0) 28 (0.7) 4(1.3)

Aspergillus spp. 0 (0.0) 771 (18.9) 70 (22.2)
Complications

Depression 0 (0.0) 286 (7.0) 39 (12.4)

Pneumothorax 0 (0.0) 24 (0.6) 17 (5.4)

CF Related Diabetes 0 (0.0) 1259 (30.8) 183 (58.1)

CF Liver Disease 0 (0.0) 721 (17.6) 67 (21.3)
Oxygen

LTOT 238 (5.4) 111 (2.7) 91 (28.9)

NIV 0 (0.0) 81 (2.0) 56 (17.8)

PPFEV; (per cent predicted forced expiratory volume in 1 second); DF508 hom (Delta F 508 homozygous), DF508 het (Delta F
508 heterozygous), Abx (Antibiotics), MSSA (Methicillin Sensitive Staphylococcus aureus), MRSA (Methicillin Resistant Staphylo-
coccus aureus), BCC (Burkholderia cepacia complex), ABPA (Allergic bronchopulmonary aspergillosis), LTOT (Long-term Oxygen

Therapy), NIV (Noninvasive ventilation).

respectively, see Fig. 2. To assess overall model calibra-
tion, predicted risk was plotted against the observed
risk, see Fig. 3, with estimation of intercepts and slope
by linear regression. Overall, the French score appeared
to overestimate risk of death/transplantation in the UK
cohort, particularly in the ‘high-risk’ strata.

Next, the individual components of the French prog-
nostic score were included in a multivariable logistic
regression model to assess their association with the pri-
mary outcome in our own CF cohort and are presented
in Table 2. In general, variables had similar associations
to those seen in the score’s derivation, with the excep-
tion of hospitalization and number of exacerbations.
The coefficients from this new model were then used to
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revise the scoring structure of the French model, see
Table 2. Despite adjustment, only modest improvement
in calibration slope from 0.65 to 0.69 was observed,
with no improvement in model discrimination (AUC
[95% CI]) from 0.830 [0.828 to 0.833] to 0.834 [0.831
to 0.836] for the recalibrated score.

Finally, to evaluate whether population differences
explained the different results in the UK, model variable
characteristics were compared between the three coun-
tries and are presented in Table 3. The median [IQR]
ppFEV, was higher in the UK population as compared
to France (74% [54.0-91.0] and 58.3% [39.4-79.8]
respectively) but not Canada (70.2% [51.5-88.0]). Simi-
larly, differences were also observed in Burkholderia
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Figure 2 ROC curve for the French prognostic score.
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Figure 3 Observed risk plotted against predicted risk for the French
prognostic score (Reference taken from Nkam et al.) when applied to
the Canadian (intercept 3.1, slope 0.95) and UK data in its unad-
justed form (intercept 0.93, slope 0.65), and when adjusted to the
UK dataset with revised coefficients (intercept 2.31, slope 0.69).

cepacia complex (BCC) prevalence between the UK and
Canada (5.1% and 15.9% respectively) but not the UK
and France (5.1% and 3.4% respectively). Other model
variables were broadly similar across groups.

This study aimed to comprehensively evaluate the
French prognostic score put forward by Nkam et al.
[4], in the UK cystic fibrosis setting. We found the
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French score was able to successfully identify pwCF at
increased risk of death or transplantation. However,
overall, the discriminatory power of the French score
was less than previously reported in other CF popula-
tions.

The French score was recently validated in the Cana-
dian CF population generating interest in its potential
use internationally. However, the reduced AUC seen
here (0.83 compared to ~ 0.91 seen in France and
Canada), and inferior calibration suggest the score pro-
vides less reliable estimates of risk and may not be
appropriate for ubiquitous application in the UK.
Although an AUC of ~ 0.80 may be considered ‘excel-
lent’ in a clinical prediction tool [8], calibration of the
original model was sub-optimal and if applied to the
entire UK population, almost 1000 more people with
CF would be mis-classified as high-risk than if a score
with AUC ~ 0.90 was used. To further understand the
discrepancy in score performance, we conducted a
between-country comparison of the rates of death/trans-
plantation amongst the three prognostic risk categories.
This analysis revealed that the reduced prognostic per-
formance appeared to be driven predominantly by the
reduced proportion of UK ‘High-risk’ individuals who
met the death/transplantation composite
within 3 years.

In their Canadian validation paper, Coriati et al. [5]
pointed out the striking similarities in population char-
acteristics and healthcare settings between their cohort
and the French CF population. To investigate if differ-
ences in population characteristics could explain the dif-
ferences in score performance in the UK we compared
model variable characteristics across the three studies.
All three study cohorts were broadly similar in terms of
age, sex and BMI but interestingly, there were occa-
sional differences between individual countries, for
example lung function and BCC prevalence. The French
cohort did include a higher prevalence of home oxygen
and NIV use, potentially explained by either differing
healthcare practices or a more co-morbid cohort in that
study. Nevertheless, no consistent differences between
the UK and both France and Canada existed, thus dif-
ferences in populations alone cannot explain the differ-
ing model performance.

Whilst there are many similarities in the national
health services of the UK, Canada and France, and all
three countries follow international guidelines for the
selection of lung transplant candidates, a stark differ-
ence exists in terms of access to transplant. For exam-
ple, the UK (2.9 double Lung transplants per million
population) falls well behind France (4.9 per million)

outcome
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Table 3. Demographic comparisons between the French, Canadian and UK population.

Canada [5] France [4] UK

Patient characteristics
n 2043 2096 4407
Gender, male 1113 (54.5) 1101 (52.5) 2440 (55.4)
Age (years) 28.2 [22.8-37.1] 25.5[21-32.3] 28.10 [22.7, 35.7]
BMI (kg/mz) 22.3 [20.3-24.7] 20.2 [18.5-22.1] 22.22 [20.2, 24.7]
Burkholderia cepacia 324 (15.9) 69 (3.4) 228 (5.1)
FEV1, % predicted 70.2 [1.5-88.0] 58.3 [39.4-79.8] 74.00 [54.0, 91.0]
Number IV Ab courses/year 0 [0, 1.0] 1[0, 2] 1.00 [1.0, 3.0]
Number days hospitalization/year 7.0 [0, 20.0] 0 [0, 23] 0.00 [0.0, 14.0]
Non-invasive ventilation 9 (0.4) 127 (6.1) 137 (3.1)
Long-term oxygen therapy 101 (4.9) 230 (11.0) 202 (4.6)
Oral corticosteroids 272 (13.3) 171 (8.2) 450 (10.2)

Data presented as n (%) or median [IQR].
BMI, body mass index; FEV1, Forced expiratory volume in 1 s.

and Canada (8.9 per million) [9]; as a consequence only
3—4% of adults with CF in the UK have received a lung
transplant, compared to 11% in France [10]. These dif-
ferences are reflected in the relative contribution of lung
transplantation to the composite death/transplantation
outcome, which was considerably lower in the UK data
here (31.1%) than in the French data (79.5%). This dis-
parity may contribute to differing score performance in
the UK.

In support of the argument that the disparity of UK
pwCF access to transplant is a factor attenuating score
performance, we found the French score performance
improved when considering transplant as an individual
outcome of interest. Our interpretation of this finding
is that the differences between countries in terms of the
opportunity of a transplant mean that in the UK, only a
super-selected cohort undergo transplantation. Conse-
quently, nearly all of those undergoing transplant in the
UK would score highly on the prognostic risk scale and
would also have been likely to receive a transplant in
the Canadian and French setting. This in turn presents
apparent concordance between the model prediction
and the actual ‘transplant’ outcome. However, a consid-
erable percentage of the high-risk UK CF population do
not undergo lung transplantation where their French
and Canadian counterparts would have done so. This
shifts more onus onto the ‘Death’ component of the
outcome in the UK, but given the score only predicts
survival to 3 years, any high scoring UK subject, who
did not undergo transplant but survived longer than
3 years will reduce the predictive power of the score.
Further work in datasets with longer follow-up is
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needed to determine whether "high-risk’ patients in the
UK who do not undergo transplant within 3-years, go
on to get transplanted in subsequent years.

An alternative explanation could be that variables
derived and validated in the French model are not sig-
nificantly correlated with death and/or transplantation
in the UK CF population. However, including the
French score variables in a multivariable logistic regres-
sion model revealed nearly all variables were relevant to
these outcomes in our CF cohort. Some variables, for
example number of exacerbations and hospitalizations
were not independent risk factors for death/transplanta-
tion in the UK. This may be due to variations in the
definition of an exacerbation and local clinicians’
thresholds for inpatient therapy in different countries.
Interestingly, when the composite death/transplantation
outcome was split in the original French score deriva-
tion, these variables were not relevant to death and were
instead predictors of transplantation, again supporting
the notion that differences in transplant practices may
explain some of the differences in score performance in
the UK. Importantly, recalibration of the French score
based on the UK regression model coefficients improved
the reliability of the predictive score in the low and
medium risk groups, but the model, continued to over-
estimate risk in the higher risk UK CF population and
discrimination did not improve.

Overall, these findings highlight the complexities in
comparing international datasets and suggest a UK
specific score such as those recently put forward by
Keogh et al. [11] and Alaa et al. [3] may be more rele-
vant and further work is needed in this field.

Transplant International 2021; 34: 436-444
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It is important for clinicians and patients to under-
stand prognosis with and without transplant such that
an informed decision regarding the need to proceed
to transplantation can be made. A test that could
provide prognostic information for outcomes with
and without transplant would be attractive. Indeed,
the lung allocation score developed in the USA (US-
LAS) in 2005 [12] and subsequently adopted by
EuroTransplant in 2009 incorporates two sets of vari-
ables to produce a numeric score used to rank candi-
dates for urgency of donor organ allocation: one set
to predict waiting list mortality and another predict-
ing 1 year postoperative survival. The UK lung trans-
plant community has not adopted the US-LAS
because this is weighted twice as heavily towards
reducing waiting list mortality as it is for ensuring
acceptable 1-year post-transplant survival. NHS Blood
and Transplant (NHSBT) Cardiothoracic Advisory
Group Lung Allocation Working Party concluded that
1 year outcomes are too conservative and were eager
to avoid the situation where diverting organs to the
sickest may be at the expense of jeopardizing good 3—
5 year post-transplant survival [Urgent Lung Alloca-
tion Scheme, in Cardiothoracic Advisory Group Meet-
ing Minutes https://www.odt.nhs.uk/transplantation/ca
rdiothoracic/cardiothoracic-advisory-group/ 2014, NHS
Blood and Transplant: London].

Given the current median post-transplant survival for
CF recipients is over 10 years [13], there is clearly a
need to develop disease specific metrics balancing the
need to reduce waiting list mortality (by timely listing
and transplantation of the sickest) versus sustaining the
good post-transplant outcomes observed to date [14].
To comprehensively assess pretransplant and post-trans-
plant outcomes it is likely UK CF Registry alone is
insufficient and more specific post-transplant variables
would be needed. Data linkage of CF and transplant
registries would better facilitate this and may lead on to
the development of a bespoke prognostic model that
achieves the desired balanced outcomes mentioned
above.

There are several limitations to consider for this
study. We were unable to match some variables iden-
tically to the French score, for example, the UK CF
Registry presents lung function using GLI reference
equations [7] rather than Knudson equation [15] as
reported by French and Canadian studies, however
the Canadian study found no difference in score
performance between Knudson and GLI derived pre-
dicted lung function so our results are unlikely to be

Transplant International 2021; 34: 436-444
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confounded in that regard. Similarly Nkam et al. [4],
defined oral corticosteroid use as > 3 months, how-
ever the UK CF Registry only captures the use of any
corticosteroids in the previous 12 months. Reassur-
ingly the Canadian registry captures data in a similar
way to the UK and given the similarity in outcomes
between French and Canadian groups, this limitation
is unlikely to explain the differences seen here. Those
with incomplete follow-up data were excluded from
our analysis, in keeping with the methods used in the
derivation of the French score. This represents a
potential source of bias: it is possible that these pwCF
are sicker or nonadherent and therefore less likely to
be considered viable transplant candidates, hence for
those pwCF only the second outcome of death is rel-
evant. In other words, that group may be at different
risk compared to those with complete follow-up data.
Reassuringly the proportion excluded here (8.5%) is
similar to that in the original derivation cohort mak-
ing gross systematic differences unlikely.

The strengths of this study lie in the replication of
methods used for cohort derivation in both prior
studies and a high level of data fidelity - regular qual-
ity audits via a data validation programme, have con-
firmed a high level of data accuracy and completeness
of UKCFR data (98.8%) [16]. Moreover, this is the
largest study to date of the French prognostic score.

To conclude, the French CF prognostic score put
forward by Nkam er al. [4] does not perform as well
in the UK setting as previously reported in France
and Canada. This finding is most likely as a result of
poorer access to lung transplantation in the UK.
Bespoke prognostic scores incorporating pretransplant
and post-transplant survival are needed to help guide
clinicians, patients and transplant governing bodies in
the UK.
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