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Abstract

Objectives: Alpha1-antitrypsin deficiency (AATD) is an
inherited condition that predisposes individuals to an
increased risk of developing lung and liver disease. Even
though AATD is one of the most widespread inherited
diseases in Caucasian populations, only a minority of
affected individuals has been detected. Whereas methods
have been validated for AATD testing, there is no
universally-established algorithm for the detection and
diagnosis of the disorder. In order to compare different
methods for diagnosing AATD, we carried out a systematic
review of the literature on AATD diagnostic algorithms.
Methods: Complete biochemical and molecular analyses
of 5,352 samples processed in our laboratory were retro-
spectively studied using each of the selected algorithms.
Results: When applying the diagnostic algorithms to the
same samples, the frequency of False Negatives varied from
1.94 to 12.9%, the frequency of TrueNegativeswas 62.91% for
each algorithm and the frequency of True Positives ranged
from 24.19 to 35.15%. We, therefore, highlighted some dif-
ferences among Negative Predictive Values, ranging from
0.83 to 0.97. Accordingly, the sensitivity of each algorithm

ranged between 0.61 and 0.95. We also postulated 1.108 g/L
as optimal AAT cut-off value, in absence of inflammatory
status, which points to the possible presence of genetic
AATD.
Conclusions: The choice of the diagnostic algorithm has a
significant impact on the correct diagnosis of AATD, which
is essential for appropriate treatment andmedical care. The
fairly large number of possible false negative diagnoses
revealed by the present paper should also warn clinicians
of negative results in patients with clinically-suspected
AATD.

Keywords: algorithm; alpha1-antitrypin; cut-off; diag-
nosis; genetic test; laboratory analysis; rare diseases.

Introduction

Alpha1-antitrypsin deficiency (AATD) is an inherited con-
dition that predisposes individuals to an increased risk of
developing lung and liver disease even at an early age.

Alpha1-antitrypsin (AAT) protein is encoded by the
protease inhibitor (PI) locus, located on the long arm of
chromosome 14 (14q31–32.3). The PI gene (also known as
SERPINA1) spans 12.2 kb and is organized into four coding
(II, III, IV andV) and three non-coding (Ia, Ib and Ic) exons.
The encoded protein includes 394 aminoacids with the
active site of the enzyme inhibitor located at methionine
358 [1].

The SERPINA1 gene is highly polymorphic with more
than 120 known variants [2].

For clinical purposes, allelic variants of AAT have been
classified into threemain categories [3]: normal, referred to as
M (M1, M2, M3, M4) and characterized by AAT plasma levels
within reference ranges in the general population; deficient,
mostly characterized by missense mutations, including the
commonPI*Z (Glu342Lys) and PI*S (Glu264Val)mutations or
small deletions, such as the Mmalton variant (p.Phe52del)
associated with decreased, but still detectable AAT plasma
levels; null, currently designatedQ0, resulting fromnonsense
or frameshift mutations leading to premature stop codons,
with no detectable AAT plasma levels and associatedwith an
increased risk of developing emphysema [4]. To date, more
than 130 alleles have been described in the literature, most of
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whichareassociatedwitha significantdecrease in the level of
circulatingAAT (deficiencyvariants) or lead toa total absence
of the protein (null alleles).

Even if AATD is one of the most widespread inherited
diseases in Caucasian populations, identifying and diag-
nosing affected patients is still unsatisfactory, with only a
minority of affected individuals being detected, long de-
lays between initial symptoms and diagnosis and evidence
suggesting that AATD subjects with indicative symptoms
are likely to seemany physicians before an initial diagnosis
is made [5].

Laboratory diagnosis of AATD has evolved over the
last 55 years, since the first cases of the disorder were re-
ported, based on paper electrophoresis, which recognized
different protein variants of AAT according to the position
and appearance of the precipitation pattern (normal or
slow) [6]. These methodological advances have facilitated
the more widespread application of rapid, convenient and
cost-effective AATD tests, leading to an increase in the
number of individuals diagnosed with the disorder.

Laboratory diagnosis of AATD currently consists of serum
biochemical analyses to evaluate protein deficiency and
electrophoretic abnormalities, as well as genetic analysis to
identifygenevariants responsible for theproteindeficiency [7].

A large number ofmutations have been identified in the
coding regions of the SERPINA1 gene. However, extending
sequence analysis to some intronic portions has allowed the
detection of very raremutations such as Q0porto [8], Q0madrid

[9] and Mwhitstable [10], which lead to an increased risk of
developing lung disease.

In order to further increase the efficiency of AATD
testing, each specialized laboratory has developed and
evaluated its own diagnostic algorithm using different
biological materials, i.e. blood, plasma, dried blood spots
(DBS), buccal swabs, relating to the epidemiology of AATD
and the occurrence of mutations in their countries. While
methods have been validated for AATD testing, there is no
universally-established algorithm for the detection and
diagnosis of the disorder [11].

Thus, we decided to compare different existing prac-
tices and evaluate how the diagnostic algorithm might
affect AATD diagnosis. We also postulate optimal AAT cut-
off values, according to inflammatory status, which point
to the possible presence of genetic AATD.

Materials and methods

Literature search

In order to compare different methods for diagnosing AATD, we car-
ried out a systematic review of the literature on AATD diagnostic al-
gorithms using the following electronic databases: PUBMED,
MEDLINE (Ovid) and MEDLINE In-Process (Ovid).

Publications were extracted from these databases using key
search terms and anypossible combinations using the logical operator
AND. Key search terms included “AATD” AND “Diagnosis” AND “Al-
gorithm”, and “AATD” AND “Laboratory”. We also studied non-
automatic reference lists in related publications to discover additional
studies. Any article deemed to be eligible was thoroughly evaluated
before being included in the study. Only papers published in English
were taken into consideration.

Establishing a reference algorithm

We developed a diagnostic algorithm using a combined approach con-
sisting of quantitative tests to evaluate AAT blood concentration and
qualitative tests to identify all mutated alleles causing AATD (Figure 1).
The diagnostic process was performed entirely on blood and/or DBSs.

AAT and C-reactive protein (CRP) concentrations in blood and
DBSs were measured using nephelometry to measure the intensity of
scattered light which is directly related to the concentration of the
dispersedphase [12, 13].WedeterminedbothAATandCRPusingArray
360 System (Beckmann Coulter S.P.A., Milan, Italy).

To identify the mutated allele(s) producing a major structural
change in the protein and deficiency in the AAT level, we performed
different qualitative tests. We performed Isoelectric focusing (IEF) on
ready-to-use agarose gels, using the semi-automatic Sebia Hydrasys®

System (Sebia, Evry, France) and the Hydragel 18 A1AT Isofocusing®

kit to detect AAT bands corresponding to the different variants [14, 15].
All samples were also genotyped to evaluate the presence of the two
most common deficiency variants, Z (p.E366K c.1096G>A rs17580) and
S (p.E288V c.863A>T rs28929474). Our method for S/Z genotyping was

Report

Blood and/or DBS Sample

AAT and CRP level determinaƟon

Phenotyping by IEF

Standard DNA extracƟon and genotyping (S and Z alleles)

Consistent result Inconsistent result

Report

Sequencing (exons II, III, IV, V)

Consistent result

Intronic sequencing

Inconsistent result

Report

Figure 1: General decision tree related to the algorithm #7 used in
the current cohort.
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based on DNA extracted from blood or DBSs and typed by PCR with
fluorescently-labelled Taq-Man probes (Vic or Fam labels) on a
LigthCycler 480 (Roche Diagnostics) [16].

We estimated the value of 1.2 g/L of AAT serum concentration
(with normal CRP values) as the decisional value to improve qualita-
tive analysis by sequencing, in case of negative genotyping (not S –
not Z). Therefore, in the event of serum level below decisional value
and/or discrepancies between genotype or phenotype, we used the
Sanger method to sequence the SERPINA1 gene, allowing us to pre-
cisely identify AAT alleles [11].

In addition, intronic sequencing proved to be effective in
improving molecular diagnosis and correctly identifying hereditary
AATD by detecting extremely rare mutations which may cause
reduced AAT protein production [7].

The algorithmwas applied to a cohort of 5.352 samples sent to the
Centre for the Diagnosis of InheritedAlpha-1 Antitrypsin Deficiency by
Italian clinicians in the period spanning January 2013–February 2018.
Samples which could not be processed due to poor sampling or stor-
age before diagnosis were not included in the cohort. Based on the
location of the working hospitals or outpatient clinics of the physi-
cians who sent the samples, regional samples were as follows: 51.7,
22.0 and 26.3% from Northern, Central and Southern Italy, respec-
tively. Most samples were from subjects born in Italy; 171 out of 5.352
subjects (3.2%) were born outside Italy. Among them, we had a
prevalence of male (59%). Mean age of the whole cohort was
53.21 years.

All biochemical and genetic analyses performed on our cohort of
subjectswith suspectedAATDenabledus toobtaina robust final diagnosis

Retrospective testing and receiver operating
characteristic (ROC) curve

Complete biochemical and molecular analyses of 5.352 samples pro-
cessed in our laboratory were retrospectively studied for the selected
algorithms.

Considering the partial results of our algorithm, such as AAT
concentration, phenotyping, genotyping, and sequencing, we applied
the selected algorithms in Table 1 to each sample to obtain the final
diagnoses. By comparing these results with the final genotype ob-
tained at our centre, we were able to calculate the percentage of False
Negatives (FN), True Negatives (TN) and True Positives (TP) in each
algorithm and consequently determine the sensitivities of each algo-
rithm. We determined the Negative Predictive Value (NPV) of all the
algorithms to establish whether they were capable of providing an
accurate diagnosis.

The optimal threshold for AAT serum levels was determined by
plotting a receiver operating curve (ROC), a graphical technique for
assessing the test’s capacity to discriminate between those with and
without disease [23]. To this end, all samples with at least one path-
ological SERPINA1 allele were taken to be positive. The accuracy of
diagnostic tests was confirmed by their sensitivity according to the
choice of cut-off value.

Results

The different algorithms selected for AATD diagnosis
published in international journals are shown in Table 1.

This table also compares biochemical and genetic analyses
of selected algorithms, as well as the diagnostic approach
in the cohort of samples we used as a reference. Since
algorithm #7 was the most complete in comparison to
others, we applied it to our cohort of 5.352 samples and
took the derived diagnosis as a reference value to evaluate
the sensitivity of previously published algorithms. 2.047
samples (38.2%) in our cohort were positive, i.e. with at
least one pathological SERPINA1 allele.

The comparison of each algorithmapplied to our cohort
of 5.352 samples allowed us to calculate the rate of FN, TN,
TP, highlighting considerable variations and emphasising
different rates of False Negatives (Figure 2).

The present comparison thus enables us to assess false
positive samples, since we assumed that positive di-
agnoses were correct.

When applying the diagnostic algorithms to the same
samples, the frequency of False Negatives varied from 1.94
to 12.9%, the frequency of TN was 62.91% for each algo-
rithm and the frequency of TP ranged from 24.19 to 35.15%.
We, therefore, highlighted some differences among NPV,
as shown in Table 2, ranging from 0.83 to 0.97. Accord-
ingly, the sensitivity of each algorithm ranged between
0.61 and 0.95.

Overall, 71 samples out of 5.323 (1.3%) were FN in all
selected algorithms. Of these, 12 samples had normal AAT
and above normal CRP values and reported pathological
(PI*MMwurzburg, p.P393S rs28931570, five samples), likely-
pathological (PI*M/Smunich, p.S354F–rs201788603, one
sample) genotypes and new pathological variants (6 sam-
ples), whose molecular mechanisms are still being investi-
gated. Moreover, 56 samples had normal CRP values and
AAT was slightly above the cut-off value. These included 15
PI*M/Mwurzburg, 8 PI*M/Smunich, 1PI*M/Mvarallo [24], 2 PI*M/
Q0pordenone (c.1052delT rs7255374), 1 PI*M/Q0porto [9], 1
PI*M/Q0amersfoort (p.Y184Ter rs199422210), 2 PI*M/Yorzinuovi
(p.P415H [25]), 2 PI*M/Xchistchurch (p.E387K rs121912712) and
24 samples bearing one novel allele (23 in combination with
Malleles, one in combinationwith the Z allele) which can be
considered pathological after applying the pathogenicity
prediction [2].

Finally, four samples had normal CRP values, and
AAT≤1.2 g/L (namely 2 PI*M/Mwurzburg and 2 PI*M/Mwhitstable

[10]).
Some algorithms were less sensitive than others. In

particular, algorithm #4, with a sensitivity of 0.65 failed to
detect positivity in 210 samples (namely 105 PI*MZ, 101
PI*MS, 2 PI*SS, 2 PI*SZ) that were correctly detected by
other algorithms. Algorithms #1 and #5, with a sensitivity
of 0.76, provided 155 False Negative samples that were
accurately detected by the other algorithms.
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We used the ROC curve to test all samples; namely
4.550with normal CRP values and 802with CRP≥0.008 g/L,
using a cut-off value of 0.008 g/L.

The ROC curve shown in Figure 3A identified 1.108 g/L as
the optimal cut-off value for suspected genetic AAT defi-
ciency (78.3% sensitivity and 86.4% specificity) in patients in
the non-acute phase, as indicated by CRP<0.008 g/L.

The second ROC curve (Figure 3B) highlights 1.56 g/L
as the optimal cut-off value (82.9% sensitivity and 76.5%
specificity) in patients with CRP>0.008 g/L and likely in-
flammatory status.

Discussion

AATD is a genetic disorder frequently under- or mis-
diagnosed. Its diagnosis consists of biochemical serum
analyses to evaluate protein deficiency and electrophoretic
abnormalities as well as genetic analysis to identify SER-
PINA1 gene variants, responsible for the protein deficiency
[7]. An accurate and complete identification of the AATD

geno/phenotype is clinically fundamental when deciding
on potential treatment options for individual patients,
including augmentation therapy [26]. Further to this, the
precise and early diagnosis of severe and intermediate
AATD allows preventive measures to be taken, the most

#1 #2 #3 #4 #5 #6
FN 8.84 6.83 1.94 12.9 9.02 4.11
TN 62.91 62.91 62.91 62.91 62.91 62.91
TP 28.25 30.26 35.15 24.19 28.07 32.97

0

10

20

30

40

50

60

70

#1 #2 #3 #4 #5 #6

%

Algorithms

FN

TN

TP

Figure 2: Percentage of False Negatives, True Negatives and True
Positives of each algorithm.

Table : Percentage of False Negative and Negative Predictive
Values of each algorithm.

Algorithm NPV Sensitivity

# . .
# . .
# . .
# . .
# . .
# . .

0 20 40 60 80 100

100

80

60

40

20

0

100-Specificity

 Sensitivity: 78,3 
 Specificity: 86,4 
 Criterion : <=110,8 

0 20 40 60 80 100

100

80

60

40

20

0

100-Specificity

 Sensitivity: 82,9 
 Specificity: 76,5 
 Criterion : <=156 
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SensiƟvity:82.9 
Specificity: 76.5 
Criterion: ≤1,560 

Figure 3: ROC curve in patients with normal CRP (A) and with
CRP>0.008 g/L (B).
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important of which is the avoidance of exposure to envi-
ronmental pollutants and smoke (including the inhalation
of second-hand smoke). Therefore, the role of laboratory
tests in the diagnosis of AAT is crucial. Notwithstanding
this, there is no universally-established algorithm for the
detection and diagnosis of the disorder used by labora-
tories and countries. Currently, these algorithms depend
on different criteria such as efficient diagnostic facilities
and expertise, occurrence of mutations, country-based
indications and availability of augmentation therapy. In
the present paper, a retrospective application of different
algorithms to the same cohort of samples aimed to evaluate
the impact of the choice of diagnostic approach on the final
AATD diagnosis. Importantly, we wish to emphasise that
our use of the term ‘diagnostic algorithm’ refers to a
structured diagnostic approach and not to a single diag-
nostic test, given the recent European Respiratory Society
(ERS) statement that clearly supports the roles of Reference
Centres in the diagnosis and management of rare diseases
such as AATD [26].

The comparison of selected algorithms by our sys-
tematic review [17–22] highlights glaring differences be-
tween diagnostic approaches. First and foremost, most
algorithms did not use a clinical indicator of inflammation
such as C-reactive protein. The concentration of AAT is
genetically determined. However, several studies have
noted that inflammation, as indicated by CRP, can signif-
icantly affect observed AAT levels in genotypes associated
with intermediate deficiency [13, 16, 27–29]. Therefore, lack
of evidence concerning the acute phase stage in diagnostic
processes could be a source of false negative results,
especially in those algorithms where detected AAT con-
centrations below established cut-off values are manda-
tory for further tests [18, 20]. Another important difference
regards whether or not SERPINA1 sequencing should be
performed to detect rare variants. Following the publica-
tion of a pioneering Italian study, the presence of rare
pathological variants has proven that they are not confined
to single countries, as previously thought [30]. To date,
manymissense [2] and Null [31] mutations of the SERPINA1
gene are known. The identification of the exact molecular
mechanisms underlying AATD undoubtedly helps in
defining different diagnostic risk levels for lung and liver
disease displayed by varying AATD genotypes. The accu-
racy of results varies according to the detection sensitivity
of rare variants in the algorithms. This is the main cause of
a reduced sensitivity to 0.76 for algorithms that are unable
to detect rare pathological variants [17, 21].

In Table 2, only two out of six algorithms displayed a
NPV>0.90, which is relatively acceptable for the diagnosis
of a rare disease. Interestingly, the higher sensitivity was

reached by diagnostic algorithm #3 [19] including
CRP testing and using a higher decisional value of AAT
concentration to move to molecular tests. This diagnostic
algorithm was used by our group until seven years
ago, when it was updated with a higher cut-off value (1.2
instead of 1.13 g/L) and the inclusion of intronic
sequencing. These improvements led to an increased
diagnostic accuracy.

Finally, the ROC curve highlights twomain points. The
former is the salient role of CRP evaluation as a marker of
inflammation in the quantitative evaluation of AAT. The
latter is the correct application of cut-off values in diag-
nosing AATD in Reference Centres. If we limited qualitative
diagnosis to sampleswith anAAT concentration below cut-
off values (1.108 g/L), wewould not reach a high sensitivity
rate (0.78). On the contrary, if the cut-off value is used in
screening steps before referring samples to Diagnostic
Reference Centres, it could be a useful instrument to target
diagnosis.

Conclusions

The present paper is unable to estimate the cost-effective
relationship of each algorithm. Clearly, further tests are
needed to establish the high accuracy of the results. Cur-
rent “precision medicine” is providing additional, inno-
vative dimensions to the concept of diagnosis [32], since a
timely and accurate diagnosis is one of the main goals of
patients with AATD [33] and rare diseases [34].

We conclude that the choice of the diagnostic algo-
rithm has a significant impact on the correct diagnosis of
AATD, which is essential for appropriate treatment and
medical care. We also underline the importance of CRP
evaluation, as acute phase protein marker, to reduce the
false negative results. The fairly large number of possible
false negative diagnoses revealed by the present paper
should also warn clinicians of negative results in patients
with clinically-suspected AATD. In these cases, re-testing
with more sensitive algorithms could help to achieve an
accurate diagnosis of AATD.
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