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OCCASIONAL REVIEW
Cystic fibrosis: terminology and diagnostic algorithms
K De Boeck, M Wilschanski, C Castellani, C Taylor, H Cuppens, J Dodge, _51!%_:

M Sinaasappel, on behalf of the Diagnostic Working Group
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treatment  aned  ucurrect  assumptions  ahouar
progansis for the individual patlent, and for
insurance purposes, [t is alse important for an
understanding of the disease aureome in epide-
minlogical and clinical stuclies." * Physicians newd
1o be aware of the many and vared facets of CF
and should also consider the diagnosts of CF
when these rarer presentatinns eoour, A alyu-
ritlun to arrive ar the correct dingoosis b the
st efficlent way will aveld winecessary lests
and save healtheare resourees, L the diagnosis 1s
made in good thme, appropriate teatment can he
instivted therehy lavourlig o better outcome,

There is great heterogeneity in the clinical manifestations of
cystic fibrosis (CF). Some patients may have all the classical
manifestations of CF from infancy and have a relatively
poor prognosis, while others have much milder or even
atypical disease manifestations and still carry mutations on
each of the CFTR genes. It is important to distinguish
between these categories of potients. The Eurepean
Diagnostic Working Group proposes the Tollowing
Terminology. Patients are diagnosed with classic or typicgl
_CF if they have one or more piene’rypic characteristics and

a sweat chloride concenfration of =60 mmol/l. The vast
majorily of CF patients fall into this category. Usually ane
established mutation causing CF can be identilied on each
CFTR gene. Patients with classic CF can have exocrine
pancreatic insufficiency or pancreatic sufficiency. The

disease can have a severe course with rapid progression of

symptoms or a milder course with very litfle deterioration

over time. Patients with nop-classic or GMJHQJ‘LG_VE a

CF phenotype in at least one organ system and a normal

(<230 mmol/l) or borderline (30-60 mmol/l) sweat
chloride level, In these patients confirmotion of the
diagnosis of CF requires defection of one disease causing
mutation on each CFTR gene or direct quantification of
CFTR dysfunction by nasal potential difference
measurement. Non-classic CF includes patients with
multiorgan or single organ involvement. Most of these
,:mtienis have exocrine pancreatic sufficiency and milder
ung disease. Algerithms for o structured diagnestic
pracess are proposed.
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transipembrane: conductance  reguiator

{CFIR) gene, it has become ohvious that
there is great heterogeneity In the dinical
manifestations of cvstic fibrosis (CF)." © Paticnts
may have all the classical manifeszadons of CF
from infancy and have a reladvely poor prog-
nosis, On the other hand, somc paticnts have
much milder or even anypical discase rmanifesta-
tions and =il carry mutations on each of the
CFTR genes. Tn many of these patients the
dlagnosis is only made duing adult life and
the prognosis for survival may be excellent.” It is
very important o distinguish these categories
of paticnts and o have a consensus about
terminology of these different disease patterns
fur avoidance of unnecessary and burdensome

Sincr: the discovery of the coystic fibrosis

The structured diagnostic process presented In
the algorithms o fgs 1 and 2 @5 the product ol
dlscussions between experts n the Aeled of €0
dlagnnsiy,

TERMINOLOGY AND DIAGNOSTIC
ALGORITHMS

Classic ar typical CF

Fatients are diagnoscd wilh classic or typical OF
if they have ane or mure phenotyple character-
lstics CAnda sweal ohlonide concentration af
“=60 mmall. The phenotypic CF characteristics
arEChronie sinupulmonary disease, specilic o
characteristlc  gastrointestinal Cor nutritional
abnormalities, salt loss syndromes, amd ke
genital abnormalites resolting in obalructive
aguspermia, The majority of CF patients suffer
from classic ©F. Usually one established CF
causing muatlon dan B identified on each
CFTR gene. Taticnts willi classic CF can have”
exocrine pancreatic insufficiency 6r) panerearic
sitfficiency. The disease can have a s&vere couTsc
with tapid progression of sympromsona milder
course with very livtle deterioration ovir thne.

Mon-classic or atypical CF

Mon-classic or arypical CF describes individuals
with a CF phenanpe in at leasi une vigan system
and a normal (<30 mmoll) @berderline (30—
&0 'mmald) sweat chloride level in whom con-
frmation of the diagnosis of CF requires detec-
fion of one disease causing mutation on ecach
CFTR ponc  or diect quantification, of CITR
dysfimction by nasal potendal difference mea-
surcment,* * This indudes parlents with multi-
argan involvernent as well a5 patents with singl
organ  systemn ivolvement. Most ol Uiese
paticnts have @xdcrine pancreatc sufficiency
arid-mittder lung disease. When two mufalions
are detected, at least one is by provious experience

Abbreviations: CBAYD, congenital bilaterl ohsence af
the vas deferens; CF, cystic ibrosis; ICM, intastinal current
measurament; (81, Immunoroochive eypsinagan,; PO,

patantial differenca

wwrw tharaulcom



G248

Downloadad from thorax bmjjournals.com on 11 July 2006

Clinicol suspicion

De Boack, Wilschanski, Costellani, ef ol

Mutatation scanning
of CFTR gana

L 1 t
FI:I mutation 1 mudation 2 mutaficns —

Inconclusive
Consider FU (ot CF cantra)

T
Sweot test [
|
T 1
=30 mmald 30.40 mmal = &0 mmal/|
CF centra
| Rapeat sweat test |
T T
—— <30 mmali 30-40 mmol/ =&l mmalf]
CFTR DA test
L ] T
0 muletion 1 mulation 2 mulohons
Clinkeal roview
other diognosis
|
1 '
Yer Mo
T "
Marmal Inconclusive  Abnormal

Consider allernotive diognoss
Approprioie investigotions

ond follow-up

Figura 1 {Jﬂp_n'_lhm for the diagnasis of_(_,‘F starfing with

symploms ina pnh-nn‘r pem:t
aevugingsa |ung isease, Whersver

=

fest: screening fost o

test is cm|y necessary in sexmes poliesls in w wheom the di

umors |mmgn% g@r
non-classic CF or on iem

swent fest [30-50 mmal/1), J:mh'cm: {FTR musofion whenfifed, and
I, W are ofleos :
aki it me pakien |5:11u:ry£|3 the CF ceriire] ond sythpstomalic iremtment, Genefic counselling

mmth{wrhelmuﬁeqwﬂmmnmumﬁmpqlhﬁmﬁunnﬂhﬂu

as well o3 when

the :ﬂgunrhm ends with *

1

Follow-up at CF centre

%wmg

:r |51:|d'w

1 CF St 1h¢|‘:ﬂe¢d?ﬁiﬂars}m

comnnot be

claarly positive swial fists e sofficent to support the

wiill b performed 1o confinm the d:

in im'lnarﬂs with an elevated sweat ¢k

d'ni-:n

the algorithm it is advised fo continue the dingnostic work up if
su'spmm

mostigete for alterna roeas such as cilia
3 gc.&mnm tl-.es,:nl:rxmuun ruaetiam mf:v decide the m:%?mm“% apprapria
noshe fist 'ﬁ'nwn m 1in

far CF such as pancredfifis or Preudomeonas

with very [imited symptoms). Patients with o

......

nam] ntial difference (PO}
P red Flow v

up of an oppropnoke ool

it important in these patients and their families. CFTR DRA

Iung|m Mutotion scanning uf CFTR ez 1his
I'humi: in fhe L
o CETR DA, fast

cof CFina.
asis, ta allow ke rﬁﬁ:mm sammgifnmmm urvduihmes inrmeurd-n ]F:urpmm Cmmrlrr?enahchh
Mﬂmﬂdbﬁumnn’hﬂnﬂ1msﬂimfhﬁrﬁnnymﬂnhun In cose of d

aubt ahaul the

i nosis, a

mutalion scosning of the complate gene con ba done. A lokely positive rweat tes? and the possibiliy of CF haforageneity olsa aed o be consiclared,

lassified as “mild”. Some paricnis with single organ | nn'ul'rr:v
ment reslting from CFTR dysfuncrion. may be_ more appm-

p_rmLeT_g;ven an alternative

Jn these cases 1

wwwr thosoxjnl.com

e “diagnnstic lahel" ﬁrﬂ'ﬂmmfmiﬁ'i_
Tl %ﬁ Wmld H:alth Crpanization [WHO) diagnostc Hst

he imponance of Idm_ﬁ-ing aCFTR

Lame app!t{: 1w
current document the terms “classic™ and

mu!ahun_u:a,} be greater for thr far_n[_lj.r {for genetic counselling
reasons) than Iur the LIIEIEI pam:n:

aunl "aiyplu_ul” L O Tn Thr
“non-classic” will

“non-classic



Cownloaded from thorax.bmjjoumals.com on 11 July 2008
Terminelogy and diagnostic algarithms in CF 429

Cliicol sispicon |
i
i CFIRDNARst |

T

0-1 radoticen 2 mutalions
| Sweot tost

]
— 30 mmel/l  30.40 mmeld > 60 mmol/
|

P

| CF contro I
t

Kepeol swoal hist I
' 1

|-—- <30 minnlfl 3060 mmold &0 mumolfl —— —_—
l . it O mutabon
Nusnlf‘f_lj e
L o Coittul
genatic lob
—— Moiminal Incenclusive  Abnormal y
|
I L, I——-
Mutotaticn scanning
of CFTR gana
I
i ; )
O rouwiotion 1 mutotion 2 muighons
| ;
Consider
1 CF heteroganaity !
Inconclusive False + sweat feut? ‘
Censider FU (ol CF centra)

Crnsider olternotive diegnosis
Appropriote investigotions [_ Follow-up ot CF cantra
and follow-up
Figura2 Algorithm for the dingnosis of CF storfing with the test. When entering tha algacithm it is odvised bo continus the disgneatic work

up if symptoms in o patient persist s well as whan gmpt : but v highly suspizisus fer CF such as pancrsatifis ar Paeudomonas
ceruginass lung dissase, Wherpver the clgaritm with “CF unfikely” it is oovisad to investigate for allemative diognoses such as primary ciliory
dyskinesio, humornl immunadeficiency, Shwochman syndrome. For potients with CFTR netian, fhe physicion nesds fo decide the mest approprinte:
iasnasiic lobel [non-clossic CF or an iem rem the WHO dingnessic list thown in 1 in patients with very limitsd sympbama], Patients with «
rderline sweat tust, only epe CFTR mutktien identifisd, end on incanchuive rasel patential difference (FD] con nat ot present be classified ¥
I:J;H-F'EFE at |Cﬂ!t CF mﬁ‘iEl"E ' T TR TS f . : 1
E

fhe presence of persisient symloms fhey need skuchured follow Up of an apprapriate facilfy [for some o el ._r:nw:,.-r
CF conir] ond symplomatic treatment, Genefic counsedling & imparant in these patiznts and their fomiliss. CFTR DA fest: screening lest fa
search for the most frequent mutations in the pepuiction from Jﬁ the patient eriginates. Mulofion sconning o gena: this test is only necassary in

some paticats in whom the diagnatit cannot be supporiod by ather means. The tesis in the groy ofel gfe. ool zause detection of lwo disease
TEfihg. H CF cenires o sweat tost will alsa ke

cousing rulaions is sufficient to suppert the disgnosis of CF ina patisle clinieal SEg. However, In ma

peformed to Further confirm this |m diognass. Cansult genetic fab: in patisr wﬂhlwumlﬂﬂhﬂﬂidﬂfﬂﬁzﬂ weuld be unusual to have o sweat
chloride valus below 60 mmel/| unless one or both mutotions are dasstie a3 mild_Cne should nat, however, farget the passibilily of mislabelling o
Sample or errors in sweat test or DNA fest; in pofieifs with 67 algveled sweat chioride kel it wold be unusual but not impossible: not 1o find any
mintalion, In cose of deubt shout the diognosis, 6 mulafion sconning of the compleR gene tan be dona. A Rlsely posifive swent hest and tha possibility
GF-\'CF £ Emi'*r"alum nwd ?E_Tn‘ii-“!u_-ﬁ e e e, . e s s . e 80

['be used. These definitivns are helpful but one should not be  categories. Apart from the CFIK mutations, modifier genes,
/ tipid because the CF pheaetype is a contimumim of symploms fifestvle, rearment, eovirumnent and age all play a rele
and cannot he hermetically defined in distinet discase determining the phenotype. Our knosyledge aboul the

worve therasinl.com



Downloeded from thorax bmjjournals.com on 11 July 2008

&30

interplay of these factors iy ai present very incomplete,””
Yesearchers and specialists in the field are aware of iliese
Facts, but these factors are not quantifiable in daily practice
1 45 clintcally usefnl o distinguish between classie {typical)
e and non-classic (arypleal) CF. e best erfterion o make
this crude distinetion 15 the M;ﬁﬂ,whirh has heen used
for decades and remains the gold standard Tor clinical
dlagnosts,' " No clindcia will doubt the diagnosis I CFina
patlent willi compatible symptoms i a con ectly perlormed
swear test reveals a chloride value above 60 mmold."® The
same pragoatic distncrion hetween clossic and non-classic
CT hased on sweat test resilts has been made before by
Foyle! and, until other data hecome available, the sweat 1est
result provides e most practical and most reliable distine-
tion. Since the discovery of the CFTR gene, CFTR muratlon
analysis and diagnostic tesis thar measure chloride channel
activity have brosme gvpilable.® Subjects with some CF
disease choracleristics and sweat chlerde values below the
w0 mmol/] our off but carrying rwo OFTR mutatiens have been
identified." * Tor several rare mutatons it is uodear if they
yeally are mutations of what impact they bave on the
phenorype* To daie, no test has proved w be as practical or
veliable as the sweat test for clinical diagnostic purposes.””
“As is clear from the definilions of classic and nop-classic
CF, e terms “mild versus severe” and “single organ disease
versus mult organ discast” are Tather subjective and should
anly be used as descriptive lepns; they are not intrinsically
linked 1o classic and_non-classic CF. Since meatment lias
ifnproved over time, an 18 year old homozygous F308del
paticnl with a swear chloride Jevel of 105 mmalil may have
only very mild diseasc—thal is, normal height and weight,
normul fung funcrion, and minimal changes on the chest CF
sean, Conversely, a padent witli D1152H plus F508del with 2
sweal chlordde level of 45 mmwld may have escaped cary
diagnosis and may have had several episodes of lower
respiratory traci disease leading (o widespread hranchicciasis
by the age of 18 years. Usually, however, patients with non-
classiv disease are more likely (o have muotations regarded a5
less severs!? Single organ disvase means that discasc or
dysfunclion is detecied in only vne organ, but this may
change with age and, with the use of more sensitive twsts,
disease manifestations may be detected in several organs.
Clinically, single organ diseasc is more common in patienis
with non-classic CF but can occur in patients with whar is
otherwise classic disease—inr example, a 10 vear old parient
with pancreatic sufficency who has recurrent respiratory
tract infections,

The diagnnstic confirmation of CF can be made by DNA
analysis of £FTR mutativns or by a sweal wsl. A “first line"
CFIE DNA test should sereen for the CF causing CFTR
wtations that arc mest prevalent in the populaton from
which the parlent originates— that is, CFTE mutations with a
frequency higher than (5%, In most populations & iutation
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detection rate of 80-95% is thus obiained.” Using the swual
test an cven higher detectian rate is ebtained—tor cxample,
98% of American CF patients have an elevated sweat chloride
Joval! Therefore, in serrings where the reliable Gibsen and
Cooke sweat test is available, the approach starting with the
swoal lest (fig 1) is the preferred route. In palienls with
atypical disease manifestations the reliability ol e sweeat
test is much lewer and additional dlagnostic lests will be
nocessary  to substantiate the  diagnosis; the  algorithm
starting with NNA analysis (fip 2) could then be more

appropriate,

INDICATIONS TO ENTER THE CF DIAGNOSTIC
ALGORITHM

Three main siluations set off the CF diagnostic cascade: (1)
clinfeal munbfestations: () neonatal screening: amd (3}
family history.

Clinical manifestations

Many clinical problems are compatible with o diagnosts ot CTF
because this multiongan disease is very heterogeneous and
has, At times, an atypical clinical presentation.' * In pardents
with the elassical clinical pleture the diagnostic teses are
mainly needed W confirm the diagnosis. In patents with
mild or apypical symproms or in patients with single orgon
disease, the diagnostic rests are necessary 10 SUpport ol
exclude the diagnosis of CF or Lo point tooan allcrialive
dinpnosis.

Some phenotypic teatures are ndeed highly sugdrslve for
CF (table 2, lefr column) and should alwayy lead Lo further
investigation. 1 Inftial investigations such as a sweal 1est anil
a standard CFTR mutation screening do ool support the
diagnosis of CTF, and & definite alternative diagnosis is no
found, progression of the work up i justified. Whenever
symptoms may be vaused by OF, it is very important thar a
timely diagnosis is made,

Other features may be less specific w CF since they are alsu
commanly associated with ather medical conditions such as
humoral iwmunodeficlency or primary cllary dyskinesia
{rable 2. right column). Other specific tests sheuld be used o
better define the clinleal picture cluding chest radiograply,
pulmonary function tosting, sputam culmre, detennination
of fecal chymotrypsin or elastase, and a spermograin i adult
men.

Only rarely do paticnts have CF phenotypic features in the
face of 2 cwear chloride below 30 mmold; one such example
is the mutation 3849+10kbC=T. The complex lssue ol CF
heteragencity—that is, CF-like disease not caused b CFIR
mutasions—still needs 1o be reselved. In the cohort reported
1 daie, the majority of these patients had a sweat chluride
valuc above 40 mmol1.Y

CF is nearly ahways a climical diagnosis. However, in a
neonatal screening programusne or in & sibling of 2 known
patient, the diagnesis of CF may come before the child has
shown any symptoms. 1t is unlikely that a similar siruarion
would arise in rcenagers ot aduls, excepl i cases derected
through cascade screening.

Meonatal screening

CF meunatal seresming is bused on the immunoreactive
trypsinogen (IRT) assay. which is relarively incxpensive and
adaptable to large numbers."” locreased TRT concentiations ar
birth are characteristic of newhorns affected by CE, bur ¢an
also be found in healthy infants. TRT valugs lend to remain
raised for several months in newboms with CF, whereas in
false positives they usually return to normal within the firsl
weeks of life. To improve the specificity of neonatal screen-
ing a sccond bluod sample 15 obtained in neanates with
raised lovels of LRT at birth, and only infants with persistently
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ralsedl LK values propress oo swear test Nowadays, i most
neenilal sreening protocols, IRT reresting in infants with an
initially raised value has been replaced by analysis of a panel
of CF causing mutations in the neonaial blood sample.™
HMomozygotes and compound heteroryvgntes arc considersd
affected (2 confimatory swear test is anyway desiable),
while babies carrying one mutation progress 10 3 sweal st in
prder 1o distinguish affected individuals from  carmess,
Sereened babivs may lave some early manifesiations of the
disease or be complelely asymptornatic,

Family history

1t is swonply advised that siblings of affecied children are
invesripared by @ sweat test. Because of the remarkable
clinical heterogeneity, even within families, lack of sympioms
is insufficient wo cxclude the diagnosis of CF. 1f the affecied
sibling has a clearly positive sweat test. the algorithm in figl
presents The optimal diggnestic approach. Beginning the
diagnostic procedure with DNA tesling s less desirable
because detection of the carrer stalus in miners confers no
benefit for the individual and possibly leads o stigmatisa-
i Enowledge ol carrier statos is indeed omly of
significance for reproductive questions in the future. 1F the
allecler sibling has a sweat chloride thal is boerderline of
nogative, the algorithm in fig 2 should be used. When the full
CFTR genotype of the affected child Is unavailable, segrega-
tion andlysis of markers within or linked to the CFIR gene
may be an oplion in that family,

&31

Other relatives of CF patients should be offered appropriate
genetic counselling. Likewise, when borh parmers carry o
CFTR mumation, they should be referred for prenatal
counselling.

SWEAT TEST

The development of the quantitative pilocarpine fontophaor-
esis by Gibson and Cooke dites from 1959 and 15 seill the tesl
of cholce” Normal sweal contaings less than 60 mmol]
chionide and sodium. A sweat chloride level ahove 60 mimnl
in the ahsence of OF is rare, although it has been reported ina
number of unusual elinical conditions that can usually be
readily distinguished from CF.* In infants the upper Himil wl
normal may he lower (40 mmold which corresponds 1 Lh
mean =351 of the heleroeygote carrder group). ™ Testing can
be carried out after the fust 2 weeks of e In infants
weighing more than 3 ky who are normally hydrated and
without signiticant illuess, Testing should be delayed n
infants who are acutely 11 or dehydrared, who have cezema
or pedema, ar who are receiving supplemental axygen, Roised
sweat electrolyte concentrutions can be found in infants whe
are underweight or debiydrated. Syseemie steroids  wd
oedema can lower sweal electolyte concentratlons, Sweul
electrolvies are nol alfected by imtake of fucloxacillin,
diuretics or administration of intravenous Hukls, Por all
these and other details about the sweat test we reler to reeenl
overviews,"”

Chloride concenmation measurement is the analysis. of
choice because the chlonde ion concentration shows e
greatest discrimination between CF and normal sulyjeces,
Moreover, It has beoome clear that chloride §s the fon most
directly related to CFIR dysfunction. Concurrent measure-
ment of sodivm acts as o quality control. Tn CF Individuals
the sweat chloride is usually higher than rhe sweat sodiwn,
but the converse is true in uormal persons,’

pilocarpine lnntophoresis is the preferred method of sweat
stimulation.™ “* # Sweat shoull be collected for 30 minutes
unto preweighed gauze ar filter paper low in sodinm chloride.
A minimum sweat rawe of 1 gin® body surface area/min is
required; thus a sweat volume of 30100 ml is adequatc.

singe the discovery of the CFTH gene, it has become clear
tiat a proportinn of subjecls camying two CFTR pene
mulations have a sweat chloride level below 60 mmal1.'" *
sost of the studies cxploring (hese patients with equivocal
sweat tests have focused oo the chloride range A0—60 mmaly
L In the UK guidelines on swear testing,” 40 mmold is
comsidered as the lower limit for equivocal sweal Lesls
because this value represents the mean +250 in carriers,
The level of evidence [or the data supporting this statement
was not araded as high (only evidence B level 2b and 3).
Indesd, the majority of studies referred m in the UK
doctiment date from the time befare genotype analysis and.
35 sarad in the document: “the normals could include sumne
persons with CF or CF related disorders™.

The #vidence that a proportion of CF patents with chioride
concentrations of 30-60 mmell will be found to have lwo
CFTR mutations is recent and has evalved following CFUR
mutation testing Sweat chlodde concenrragions of 30-
&0 mmol] are seen in aboul 4% of swear rests; 23% of thesc
patients will subsequently be found 10 have two CFTH
mutations. CF attected patients occur with similar frequency
in the 30-40 mmaol/l range ay in the 40-60 mmold range™ s,
in the algnrithms presented in figs 1 and 2, a chloride cut off
level of 30 mmold is chosen.

CFTR GENE MUTATIONS
The CFTR gene, located on the long arm of chromosome 7,
encodes Tor the CFTH protein that functons as a caMl
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mediated chloride channel and regulaics jon and water
balance across epithelia

Over 1400 CFTR mutations have been identified,* of which
more than 1000 are known to cause CF while the remainder
are involved in the milder CFTR related disezses or do not
cause disease at all. In the Rngenstein conscnsus,’ a CF
causing mutatioms is defined as an alieration in the CFTR
gene that fulfils one of the following criteria: (1) causes a
change in the amino acid sequence that severcly affocts CFTR
syntlesis or function; (2) imrodnces a premature (croming-
tion signal; {3} alters the “invariant” nucleotides of miron
splice sites; {d) causes a novel aming acid sequence that s
nof occur in the normal CFTR penes from at Jeast T carrienrs
of CF nutations from the patient’s ethnic group. For several
mutatiens-—har 15, most class 1 mutstiony {nonsense
mitations, splice slte monarions, out frame  deletionss
insertions)—the CF causing nature b5 obvious, For the
remaining mutarons, only functional stedics uneguivocally
determine i they are CF causing mutations. Su far Uus has
enly Teen done lor the most common CFTR niutalivis. A rare
missense mutation found alier complete saeening of the
CFTR gene can be elther a polymorphism or a CF cousing
mination,

Most mutations are polnt muatiens—ithat s, voly one
pucleotide is mutated, A CF patent can cither be homo-
aygons {carrying an identical CFTR mutation on both CHIR
alleles) or compound heternzygous (have two different CHTR
mutations), The distribotdon of CFTR mutations  dilflers
berween different ethnle populations.” The most conunon
matation, FiAdel, reaches frequencies of 70% or more
northern Turnpean popualations, with lower [regquencies in
griithern Toropean populatons, Other conunwi mutations
exlst In most populations, each reaching pepulation frequen-
ries of abont 1=2%. Examples indude the G542X, G310,
553X, WI12A2X and N1303K mutations. Finally, for a given
population, ethnic specific mutations tat reach fiequencies
of about 1% up 1o 7% might exist. For most populations, all
these common mutations cover obowt 80-95% of all mutant
(FTR penes.

Several commercial assays arc available for CFVE mutation
sereening, such as the OLA Cystic Fiboosis Assay (Abbott
Laborarorics), the INNO-LiPA CFIR Assay {Innogenetics),
and the Blucdpene CF Assay (Tepnel Dingnostics), Most tests
only screen for about 30 mulations, e majority of which are
assevialed with dassic CEF

A mutation detection rate of 0% noa specific population
gignifies that a mutation will e identified on both CFTR
genes in 81% of the wypical CF patients; a mutation will be
found on only one CFYR gene in 18%; and no mutation will
be found oo cither CFTR gene i 1% In the case of a
berderline sweal lest, extensive mutation screening of hoth
CFUR genes may be required with assays such as DGGE
(denaturing gradient gel electrophoresis), dHPLC (denatur-
ing high pressure liguid chromatography), 55CF (single
srand  confomation polymorphism #ssay), and  sequen-
cing.™ ™ Only sequencing will approsch 100% sensidvity.
‘The other techniques are indirect mination scanning assays
willy sensitivities varying from close ro 100% tn as low as
90%. Even if a mutation is found, its involvement in discasc
may not be clear. For many CFTR minadons the functional
consequences are unkmown; they may even be polymorpl-
isms,™ These assays only screen for mutations in the coding
region and exonfintron junctions of the CFTR  gene.
Mutations located deep in the promoter or intromns, as well
as deletions and insertions of one or MOTe CXons, may rermain
undetected. In northern Burape, large deletions in the CFIE
gene are found in 15% of CF patlents in whom no mutativos
were found after exiensive scanning of the complete CFIE
coding reglon—thar Is, in abour 0.3% of all CF patients.™

woww therax|nl.com
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such large CFTR deletions can be detecred by means of @
MLEA (Multiplex Ligation-dependent Prohe Amplification)
assay (MHRC, Holland) and are more likely m be found in
paticnits with classic CF. Missed deep inrronic mutations and
promoler mulations are more likely ro be mild mutations and
of relovance b patients with non-classic CF,

A the end of intron 8 of the CFTHE gene, a stretch of 5, 7, or
9 thymidine residues is found al the T locus, designared T5,
T7 and T allele. A lower number of Uivinidines results in less
efficient splicing of CPTR transcripts, and terefore a lower
amount of functional CFTR protein, The 15 allele has been
classified as a mild disease mutation with partial penetrance.
In the general whire ethnic population the 'T5 polymorphism
15 found on about 5% of the CFTR gencs, but on abool 21% of
the CFTR genes derived from padents wilth coogenilal
bilateral absence of the vas deferens {CHAYD)™ aul il miay
evenn confer non-classic CEM " In most cases e parilal
penetrance is explained by the polymorphic TG locws (11,
12 oF 13 TG repeats) in front of the TS5 allele; a higher nuwnber
of 16 repeats also results in less efficient splicing of CFTR-
transcripls. Lo the general white ethnle popilation, of oll T3
CFTR genes, Uie less harmful TG1LTS CFTR gene bs found al
@ freguency of about 80%, In healthy Individuals, who are
compound heterozygous for a severe mutation and the T5
allele (for example, fatwery of CF patients), T5 is associated
with the milder TG allele,” In patients with CBAYT) and
non-classic CF, the milder TG11-T5 allele is infrequent while
the TG12-T5 allele is most frequently Tound,™ ™ The TG13-T5
i rarer but also more frequently found in padents with
CRAVD and non-classic P % Most comumercial tests screen
for the TS allele. Since most T3 alleles carry a non-harmful
To1 allele, conclusions of a possible involvement of T5 in
disease can anly be obtained after analysis of the TGm locus
which can currently only be accurately determined by
sequencing

In patients with classic CF and only one CF causing CFI'R
mutation, further DNA testing 15 not mandalory, Preaidul
diagnosis and carrier screening of relatlves can be perfurmied
by segregation analysis of polymaorphisms within or linked 1o
e CFTR gene,

In patients with typical CF symptoms bt ne disease
causing mulations detecied, genetic heterogenelty has tw be
considered. Indeed. although rare, the CF phenonpe may be
caused by a genetic factor other than CFTRM ™ Tf another
gene is involved in the disease, prenatal diagnosis and carricr
screening by segregation analysis of polymarphisms within or
linked 1o the CFTH gene will result in false conclusions. To
prevent this type of error, extensive mutation scanning of the
complete CFTR genes is recommended in some families to
prove of disprove the invelvement of CFTR in the particular
subject

CFTR BIOASSAYS

The “discase” of CF results [rom defective cAMP induced
chloride secretion through mutated CFTR profein, combined
with compensatory excessive sodium influx inte epithelial
cells** " CFTR bioassays measure (he epithelial ion fluxes or
their resulting voliage potential at the mucosal surface.
These assays thus provide a dircct view of the physiology at
the cellular and the ion channel level They help to resolve
diagnnostic dilemmas in atypical patents by ruling in or out a
CFTR refated dysfunction. The tosts can be done on
respiratory or intestinal epithelium. They can be performed
in viva (nasal or hronchial potential measurenent) or ex vivo
on intestinal mucnsal samples or airway cell cultures, In
many centres nasal porential difference (PD) measuremenls
anddor intestinal current measurements arc ool available, In
these settings the diagnastic algorithm can skip this slep.
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Figura 3 Pasal potontiol diffsrence measurement in (A} liealsbey
rson and [B] o porson with classic CF, In @ heelthy person the bosel PD
s negative |—20 1o =30 mV], risas moderafely [towords senal afier
upplimliun of omiloride, and Jm:rﬁuwl ahier opplication of chlarida frea
solufion and isoperotarencl, In o patient with typical CF the baselins PD i

mom negalive and the rise after application ol amiloride ix greater,
There is na change in PD ofter apphestion of chlorids free solufion and

imprmurulml.

Transepithelial nasal potentiol difference (nasal PD)
The use of nasal PP as a diaguostic test for CF is already
accepted in the diapnostic cunsensus of Rosensteln o al* The
Lest las been Inroduced in clinical practice in many large CF
centres thar have compiled their own reference values.
Several papers reporl on the usefulness of nasal PD
measurements [or dingnosing COF.*

Nasal PTyis determined by standard criteria as described by
Knowles e .t The PL is measured berween a fluid Glled
exploring bridge oo the nasal mucosa and a reference bridge
an the skin of the forearm. The reference bridge may be

633

applied to the skin by a thin needlc inserted subcutaneonsly
or placcd dirsctly on the skin after performing a small
abrasion. Practival details of this tost have been published
aleewhere ™ * with skilled operators amd careful attentinn o
technical details, the nasal PD measurement can be used as
an vulcoie measure in therapeutic tials™

The basal PD gives an indicalion of sedium mansport via
the amiloride sensitive cpithelial sodium channel. Afle
conslstent baseline PO measurements have been obtaind,
e effect of amiloride superfusion thraugh a second (ube
uverriding the exploring catheter is evaluared. To study nasal
chloride permeability and cAMP activation of chloride
permeability, a large chloride chemical gradient is penerated
across the apical membrane by superfusion ol the nasal
mucnsa for 3 minutes with 4 chlorde [ree solution contaln-
ing 10 * M amiloride in Ringer's solution with gluconate
subetituted for chlorde at a rate of % mlinin, The same
eolution to which soprarerenaol 10 " 8 has been added s
perfused for a further 3 minutes. The change in voliape
response uver the final 6 minuees serves as an index of cAMY
activation of epithellal chlorde perneability,

thie pasal PD of a patient with classic CF Is remarkabily
different from controls {Ag 3, The basal PO s much higher
(e negative), the amiloride response 18 exaggerated, and
there |5 very litdle or no response 1o chlorde free and
isoproterenol solutions, Lo non elassic 00 the nasal 1113 may
be barderiine and there is not yeta tomal consensuy oy o what
exactly constitutes an abnormal resule, but a furmula w ek
takes into account butl sodivm and chlorde transport has
been proposed.”

Intestinal current measuramant [ICM]

The abnormalities in epithelial ion transport chacacteristic of
CF are also expressed throughout the nwestinal tracr, The
inwesting epitheliom does not undevgo Infection Induced
degenerative changes and is therefore suitable for use as a
functional test for the discase™ As many Inresinal ion
transport processes are electrogenic, measuring the electrical
current that they generate |intestinal current measurcment,
108 can be used o monitor their activity, In CT, inestinal
chloride secredion is impaired while absorptive processes
remain  unchanged and may  even  be o enhanced,
Measurements can be performed an receal™" or jejunal®
muensa. There is a clear difference betwean LGN measure-
ment in classic CF and in normal individuals (fig 4), Trara are
nnly now emerging about the use of ICM as a clinical
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diagnostic el 7 At present the technique has romained
mainly in the research sening, so it is not yet induded in the
diagnnstic algnrithms.

HOW TO USE THE ALGORITHMS

The WHO Working Group nf 20014 stressed that the diagnosis
ul CF i5 ultimately clinical, but laboratory investigations are
inporlant wols which sapport the clinical assessment or help
fn difficull cases. The algorithms presenied here are nffered
i that same spinl, They are & pathway 1o diagnosis, withnur
claiming that they provide absolutcly foolproof wals: the
clinicion may stll have o make a final decision based on
experience and the weight of evidence.

The phenotypic expression of CF is variable. Many
symproms can be the fust sign of Uy muliisyswem discase,
The symproms compatible witli a cinical phenotype of CF are
listed in table 3 and can each be the reason for starting tie
diagnnstic algorithm, A positive neonatal screening test and a
family history of CF are altermative starting points. The
diagnostic algnrithms lead 10 three possible outcomes: (1) CF
unlikely; {21 CFTR dystunetlon; and (3) classic CF. Within
CITR dysfunction the physician needs o decide whether the
paticnt is best deseribed as non-classic CF or with an item
lroan the WHU disgnostic st for patdents with very limited
syiplums, The moere one moves w the rdght side of the
alporithay, e wore dassic CF becomes Hkely: the more ane
moves 1o the lell side of the algorithm, the less likely €7
becomes

Algorithm starting with the sweat test {fig 1)

As srated above, when the reliable sweal lest according o
Gibison and Cooke is availalde, the algonitun presented in
fig 1 is preferred. The swear test is cheap and, in nearly all
papulacions, will resolr in a greater diagnostic vield than a
standand CFTR DNA screening test )

All patents with a swear chloride level above 60 mmaold
il a clinical phenotype comparible with CF have a diagnosis
of classic CF, The grey area in the algorithm indicares 1ests
that are sugpgesied but not obligatory. As an exira precaution,
because CF is a lifelony diagnosis and becanse errors may
occur, it is suggested Wial. in addition e sweat testdng,
mtation analysis is done wo further confirm the diagnosis of
CF, Omly if no murations are found should the possibility of
€T hereropenelty be considered.™ A sweat chiloride level
above 60 mmoldl has also heen reported in a few very rare
conditions that are usually easily differentiated from CF.*

In paticnts with a sweat chloride level below 30 mmolid,
the diagnosis of CF beoomes very unlikely.

Patients wilhh an indercrminate sweat chinride level (30—
60 nunold) require further investipation. When no muzations
are found in this group, it is wiser to lonk for aliernative
diagnoses and 1o treat e paticnl appropriately. In case of
respiratory symptoms, the search for an altvrmative diagnosis
will inelude, among others allergy tests, evaluation of
hurmoral immunodeficiency, gastro-vesophageal reflux. and
ciliary funcron, In parients in whom only one CFIE mutation
can be derected, in patients with ongoing symptoms, or those
in whom no alernative diagnosis is retained, one may
procecd with CFTR sequencing. The cost of gene sequencing is
lugh s centres with access 1 nasal PD measurements can
[urther parrow down the group in whom genomic sequen-
ving is necessary by limiting sequencing 1o patients with an
inconclusive nasal PLY wracing.

Piatients will an indelerminaie sweat chloride, only one
mtation: identified, and an incondusive nasal PD measure-
menl pose the real diggnostic challenge: at present they
cannet be classified because CFTR dyslunction has not been
clearly demonstrated. They are al least CF carrers. In the
presence of persistent symptoms ey veed structured [ullew
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up at an approprate fadlity (for snme patients this mav he
the CF centre) and symptomatic treatment. Genede counscl-
ling ix imporiant in these paticnts and their families. Long
term information about this type of patient needs to be
collected and moproved understanding is likely o Tollow: the
combination of one mutation plus several uofavourable
muodifier genes is one possibility.

Algorithm starting with the CFTR DNA test (fig 2]

The diagnostic algorithm in fig 2 Is used mainly in necnatal
sereening programmes and in cascade screening, Identifying
a disease cansing murarian in hoth CFTR genes is necessary ta
conchide the diagnosis of CF. The need 1o conflrm a dlagnosis
hased on identification af two OFTE murations by a sweat test
can be debated (optional “grey” area in the algorithm). Since
CF i a diagnosts for a lfetime, extreme care should he caken
that & diagonoesis based on only one diagnostie weso (s tonally
reliable, Mistakes with DNA mutation analysty may vecur.”
When none or ong mulation is detected, the sweae st 1s
inndbcated. Stinilar b e algoritbun i Og 1, 4 s again i e
group with o sweat chlorde level of 30-60 mmold thot
further tests are appropnute (nasal PO 0 available woed
mutation scanning i nasal PD 5 not available or locon-
clusive) :

Evidence of a CFTR dysfunction by nasal PD measurenent
or even by a swear rest does not of hisell mean that the
appropriate diagnosis I CF, The diagnosis 15 made on the
clinfcal pleture first, The tests only support the clinical
diagnasis, 1f OFTR dysfunction has been documented but the
clinical picture is limbted—Ifor example, male inlertilicy as in
some coses of COAVD—Iit is hetter o use an aliernatlve
diagnosts a5 sugpested in the WO recommendations
{able 1).* The best diagnosis in this example will he
CHAVD provided there s no cinical evidence of discase in
another organ syitenn AN that the genetic and physiclogical
tests have added &5 1o provide an agtiological cauwse Tor the
CRAVD  that is, CFTR dysfunction in that organ; they have
not changed the clinical diagnosis o CF, Follow up of these
patients is necessary for two reasons: (1) the clinical features
in the individual patient may change over time for example,
somenng with isalared CHAVD may develop pulmonary
infecrions and the appropriace diagnasis. may chanpe
non-classic CF; and {2) clinicians need o expand angd share
their understanding about what CFTR dystunction means tor
the lifetime of a patient,

CONCLUSIONS

In the majority of cases the diagnosis of CF is clearcut; the
clinical picture is obvious and the clinical diagnosis is
supported by the swear test tesult as well as by mutation
analysis. Mon-classic ©F In children and young adults
provides a greater challenge. Forrunarely, in many cases,
further CFTR mutation analysis and hinassavs of chloride
searetion will support or exclude the diagnosis. The need tor a
structured diagnostic process is obvious in such a complex
disease. The definitivns and algorithms presented in this
paper are the product of lengly discussiony between experls
in the field of CF diagnosis.

More data are needed about CF heterogeneily, The creation
of a diagnostic network with international collaboration will
help to collect reliable dlinical and laboratory data in paticuls
with CF-like symptoms without a clearcutl diagnosis of CF
and will hopefully idenrify new clinical disease patterms and
aetinlogies.

Even when a definitive diagnosis cannor be made in some
parients, inrensive supportive treatment and follow up must
bBe started when symproms persist. The situation is more
difficult in nconates who do not yot have symproms andd in
whom nasal 'D may be difficult to measure, An increasced
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IRT, one CFTR mutation, and a horderline sweat test resull i
a newborn may well be suggesrive of non-classic CF. Such a
child should be followed up cnsely and possibly put on
preventive treafment. These subjects probably have a much
better prognosis. Tong term follow up of such a cohort is
necessary 1o sapport an evidence based conrect diagnosis and
tndividualised mreatment for similar patients in the future.
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