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ABSTRACT  Pulmonary alveolar microlithiasis (PAM) is a fascinating rare lung disease that is associated
with the accumulation of hydroxyapatite microliths within the lumen of the alveolar spaces. In most
patients, PAM is discovered incidentally on radiographs performed for other purposes, and the typical
disease course is characterised by slowly progressive respiratory insufficiency over decades. Recent genetic
analyses that have revealed that the deficiency of the sodium-phosphate cotransporter NPT2B is the cause
of PAM have enabled the development of powerful animal models that inform our approach to disease
management and treatment. Here we review the epidemiology and molecular pathophysiology of PAM, as
well as the diagnostic approach, clinical manifestations, radiographic and pathologic features, and clinical
management of the disease. Although there are no proven treatments for PAM, progress in our
understanding of disease pathogenesis is providing insights that suggest strategies for trials.

Introduction

Pulmonary alveolar microlithiasis (PAM) is a rare hereditary disease of abnormal phosphate transport
associated with accumulation of calcium phosphate crystals within the alveolar airspaces of the lung. PAM
was first described by Marrir [1] in 1686 and was named by Punr [2] in 1933. More than 1000 cases
have been reported worldwide [3]. The disease is often discovered incidentally in asymptomatic subjects
and tends to progress slowly, often resulting in respiratory insufficiency in middle age. Attempts to treat
PAM empirically have been uniformly disappointing, and lung transplantation remains the only remedy
for end-stage disease. The discovery that mutations in the sodium phosphate co-transporter gene SLC34A2
cause PAM has shed new light on disease pathogenesis and suggested new approaches to trials.

Epidemiology
PAM has been reported on almost every continent. The majority of cases in the literature have been from
Asia (56.3%) and Europe (27.8%) [3]. The incidence per million persons is roughly 1.85 for Turkey, 1.08
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for Italy, 0.92 for Japan, 0.15 for USA, 0.10 for China and 0.06 for India. In the literature, approximately
50% of patients are male and 41% are female, with sex being unspecified in 9% of cases. The diagnosis is
most commonly made in the second through fourth decades and has been reported in persons of all ages
from infants to octogenarians [4-7].

Sporadic mutations are found in about two-thirds of cases. In the report by Casterrana [3], 163 families
were identified with PAM accounting for 381 (37%) out of 1022 patients. In almost all familial
cases, transmission was horizontal, which supports an autosomal recessive pattern of inheritance.
Interestingly when three or more siblings were affected, they were usually females. In the few cases in
which vertical transmission occurred, consanguinity was present. The parents were third cousins in 36
(22% of the total familial inheritance) out of 163 families and six (17%) of these 36 families exhibited
vertical transmission.

Pathogenesis

The SLC34A2 gene was identified in a DNA segment on chromosome 4pl5 containing the sodium
phosphate co-transporter by a Japanese group performing genome-wide high-density single-nucleotide
polymorphism-based homozygosity mapping in six patients from five families [8]. Five nonrelated
individuals with PAM were found to have loss of function homozygous mutations within this gene.
Another independent group also implicated chromosome 4pl5 through linkage analysis of a large
consanguineous family with three affected members [9]. The SLC34A2 gene comprises 13 exons of which
12 encode the type II sodium-dependent co-transporter called NPT2b (also known as NPTIIb or
NaPi-IIb).

NPT2b is most abundantly expressed in the lung and small intestine, with the highest levels of expression
in the alveolar epithelium and ileal epithelium, respectively, but the gene is also expressed in thyroid,
salivary gland, mammary gland, uterus and testes. It is important to note that NPT2b expression in the
kidney is low. In the lung, expression appears to be most abundant in alveolar type II cells, where it is
thought to be required for export of phosphate generated by alveolar macrophage-mediated catabolism of
surfactant phospholipids. In the gut, NPT2b functions to absorb nutritional phosphate [10]. The absence
of NPT2b intestinal expression does not result in hypophosphataemia as compensatory renal mechanisms
are able to maintain phosphate homeostasis in the setting of typical dietary intake of phosphate. However,
mouse models suggest that when dietary phosphate is limited, NPT2b protects the host from
hypophosphataemia [11]. Other genes that encode sodium phosphate cotransporters include SLC34A1,
SLC34A3, SLC20A1 and SLC20A2, which are also known as NPT2a, NPT2c, PIT1 and PIT2, respectively
[12-14].

To date, 27 mutations have been identified that have been linked with the phenotypic development of
PAM as listed in table 1 [8, 9, 15-26]. In the majority of patients with PAM who have undergone
genotyping, homozygous mutations in SLC34A2 have been identified. Compound heterozygous mutations
have been described in a few patients who do not have related parents [19, 23]. Family pedigrees have
demonstrated that subjects with both SLC34A2 genes affected will almost always manifest the disease,
consistent with complete penetrance [17, 18, 21].

Sarro et al. [11] developed a murine model for PAM by deleting NPT2b in the epithelium of the lung and
gut. These mice develop age-dependent radiographic manifestations of diffuse, hyperdense opacification
with ground-glass infiltrates, reticular and micronodular calcific opacities and high-density consolidation
with air bronchograms. Surfactant protein (SP)-D and monocyte chemoattractant protein (MCP)-1 levels
are elevated in the serum of the Npt2b™'~ animals compared to the Npt2b*"* mice and increase as the
microlith burden progresses. When microliths from Npt2b™~ mice were instilled into the lungs of Npt2b*'*
mice, histological analyses demonstrated that they were distributed throughout the lung on day 1, gathered
into macrophage-rich aggregates by day 7 and completely cleared without residual inflammation or
fibrosis at 1 month. The serum level of MCP-1 after microlith challenge in Npt2b™* mice followed the
same time course, peaking on day 7 and returning to baseline by day 28, suggesting potential utility as a
biomarker of stone burden and clearance. Collectively, these data suggest that genetic correction of airway
epithelial cell expression of NPT2b may be a promising future approach for reducing microlith burden in
PAM. Other treatment strategies that were explored on this pre-clinical platform included low-phosphate
diet treatment for 8 weeks, which effectively prevented and reversed microlith accumulation, and
therapeutic alveolar lavage with calcium chelators ethylenediaminetetraacetic acid or egtazic acid, which
reduced stone burden in a human PAM lung explant and NPT2b™'~ mice.

Signs and symptoms

There is significant heterogeneity in disease onset, symptoms and natural course of disease in patients with
PAM. This disease affects people of all ages and most individuals are asymptomatic in the early stages.
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TABLE 1 Pathogenetic mutations

Exon Sequence involved Defect First author [ref.]
1-13 195 kb deletion Truncation without synthesis (deletion) StokMaN [15]
1 c.-6773_-6588del Truncation without synthesis (deletion) Corut [9]
2-6 5.5 kb deletion Truncation (deletion) IsHIHARA [16]
2 insT (not specified area) Truncation (frameshift) Docan [17]
3 c.114delA Truncation (deletion) Corut [9]

3 c.212_224del Truncation (deletion) VismarA [18]
3 €.226 C>T Substitution Corur [9]

4 c.316 G>A Substitution (missense) Jonsson [19]
5 c.IVS4+1452_1VS5+660del Truncation (deletion) of entire exon 5 Danpan [20]
6 c.560 G>A Substitution (missense) Jonsson [19]
6 c.575 C>A Substitution Ma [21]

7 c.560 G>A Substitution (nonsense) Jonsson [19]
7 insdel857-871 Insertion/deletion with truncation Huaun [8]

8 IVS8+1 G>A Truncation by splicing failure Huaun [8]

8 c.906 G>A Substitution (nonsense) Jonsson [19]
8 c.910 A>T Truncation ZHone [22]
10 c.1136 G>A Substitution (missense) Jonsson [19]
11 c.1238 G>A Substitution (nonsense) Jonsson [19]
11 c.1327delC Truncation (deletion) Jonsson [19]
1 c.1328delT Truncation (deletion) Corut [9]

12 c.1333+1 G>A Substitution (nonsense, frameshift splicing) Jonsson [19]
12 c.1342delG Truncation (deletion) Corut [9]

12 c.1363 T>C Substitution Wane [23]
12 c.1390 G>C Unclear result Izumi [24]

12 ¢.1393-1404delACC Truncation, threonine deletion Jonsson [25]
12 c.1402-1404delACC Truncation, threonine deletion Jonsson [25]
12 c.1456 C>T Truncation Proesmans [26]

The incidental discovery of hyperdense infiltrates on chest radiographs obtained for unrelated complaints
is the primary mode of presentation for PAM. It is often difficult to determine the timing of disease onset
with accuracy as most patients do not have a prior chest radiograph for comparison and the natural
history of the disease is unclear because of the paucity of available longitudinal studies. In the worldwide
literature review of 1022 patients, a prior normal chest radiograph was available in only six (0.5%) cases
and only 52 (5%) patients were followed-up for 10 years or more [3]. Even within families of affected
individuals, disease course varies widely. As an example, in a family of two affected children, the younger
sibling required lung transplantation, while his sister manifested only mild disease [27].

Rarely, PAM has been reported in newborns and infants, but is more typically discovered in young
adulthood. Patients develop dyspnoea on exertion and dry cough as the disease progresses, but these
symptoms are often less pronounced than chest radiographs would suggest, a phenomenon that has been
called clinical-radiological dissociation. Additional less-common symptoms may include chest pain,
cyanosis and haemoptysis. Children <5 years old have more frequent manifestations of dry cough and
acute respiratory failure, with radiographic findings that differ from adult disease in that ground-glass
opacities are more prominent and calcifications are often milder [28]. There are no clinical features that
are known to be associated with future disease progression or useful predictive biomarkers. Although PAM
is typically progressive, there are many exceptions, including reported cases in which a patient diagnosed
prior to the age of 10 years lived for >45 years [29] and a man who survived for 58 years without evidence
of clinical, functional or radiographic progression [30].

Pneumothorax is rare in PAM; one large review reported occurrence in 1.6% of patients [3]. There is some
evidence that patients with PAM who develop pneumothorax may not respond to routine chest tube
management and may require more aggressive pleural interventions such as talc pleurodesis or
pleurectomy for resolution [31, 32]. One patient with a 17 pack-year smoking history had three
recurrences requiring pleurectomy and stapling of apical blebs [33]. Another PAM patient underwent
single lung transplantation of the hemithorax affected by recurrent pneumothorax and had residual
pneumothorax at the time of transplantation [34].

Pulmonary hypertension and pulmonary fibrosis may develop over time [32]. Many patients who undergo
evaluation for lung transplantation have clinical and echocardiographic evidence of pulmonary
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hypertension, probably secondary to advanced pulmonary parenchymal disease with hypoxia and
destruction of the pulmonary capillary bed [33, 35, 36].

Pulmonary function tests

Although pulmonary function tests (PFTs) are often normal in early disease, a restrictive defect with a
reduction in diffusion capacity for carbon monoxide is most typical [37]. There are reports of
asymptomatic children with radiographic findings suggestive of PAM and normal initial PFTs who
develop a restrictive defect on spirometry as they enter their teenage years and further progress as they age
[32]. 6-minute walk testing may demonstrate reduced exercise capacity and exercise-induced desaturation
before resting hypoxia becomes evident.

Diagnostics

Serological testing

Routine blood tests are typically normal in patients with PAM. These include serum calcium and
phosphorus concentrations, renal and hepatic panels, and parathyroid hormone levels [7]. Cholecalciferol
(vitamin D3) levels also appear to be normal. Surfactant protein (SP)-D, produced exclusively in the lungs
by club cells and alveolar type II cells [38], is elevated in the serum of patients with PAM compared to
healthy volunteers and further increases with progression of illness [7, 11]. SP-D can be elevated in the
serum of patients with idiopathic pulmonary fibrosis (IPF) and pulmonary alveolar proteinosis (PAP),
with increased values suggestive of progressive disease [39]. The mechanisms for increased surfactant
protein levels in the serum of patients afflicted by these two diseases are thought to be different; loss of
integrity of the air-liquid barrier resulting in protein “leak” into the bloodstream in IPF versus
overproduction of surfactant proteins in PAP. SP-A and SP-D levels were decreased in bronchoalveolar
lavage (BAL) samples from a single case of PAM when compared to healthy volunteers [7]. Sarro et al
[11] recently reported that MCP-1 is another potential biomarker based on mouse models. Although
MCP-1 and SP-D may ultimately prove to be helpful for assessing disease severity in patients with PAM,
they will not likely have diagnostic utility as they can be elevated in other pulmonary diseases.

Genetic testing

Genetic testing on DNA from peripheral blood myeloid cells that demonstrates damaging mutations in
SLC34A2 is highly specific for PAM, with at least 27 known mutations reported to date. It can accurately
rule in the diagnosis for patients without the need for more invasive studies such as lung biopsy. A limited
number of commercial entities offer whole-exome sequencing for the diagnosis of PAM.

Radiology

Chest radiography

Abnormal chest radiographs are often the first study suggesting PAM. Cases have been described in which
an initial chest radiograph was normal and the patient went on to develop abnormal imaging [40]. The
degree of microlith deposition may eventually become dense enough to produce a fine, sand-like
micronodular pattern on the chest radiograph, which is often more prominent in the bases than in the
apices as displayed in figure la. As the disease progresses, the density of the lung parenchyma may
obscure the cardiac borders, diaphragms, costophrenic sinuses and cardiophrenic sulci resulting in the
radiographic manifestation described as the “vanishing heart phenomenon.”

High-resolution computed tomography of the chest

Computed tomography of the chest is the most useful radiologic modality for the diagnosis of PAM.
Images typically reveal diffuse hyperdense micronodular airspace opaities that are most extensive in
posterior segments of the lower lobes and anterior segments of the upper lobes [41]. Aggregates of
microliths may manifest as calcific deposits >3mm in diameter. Ground-glass opacities may also be
present, probably due to an active inflammatory reaction to intra-alveolar microliths. Parenchymal
involvement may include features associated with interstitial lung disease such as subpleural interstitial
thickening, interlobular septal thickening and other manifestations of pulmonary fibrosis, including
subpleural reticular change and traction bronchiectasis of the peripheral airways [7, 41, 42]. Many of these
features are demonstrated in figure 1b and c. The radiographic pattern of interlobular septal thickening
known as “crazy-paving” may be seen in PAM, although on mediastinal windows the calcifications are
seen tracing septal lines, which can help distinguish this process from PAP [43]. This can be seen in figure
1d. Progressive subpleural interstitial thickening may lead to pleural calcification, although it is rarely seen
on initial diagnostic imaging [41]. Paraseptal and subpleural emphysema may manifest as regions of low
attenuation adjacent to the pleural surface manifesting as small cysts.
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FIGURE 1 Radiographic findings in pulmonary alveolar microlithiasis. a) Chest radiograph depicting a fine,
sand-like micronodular pattern with basilar predominance. b, c] High-resolution computed tomography with
posterior lower lobe and anterior upper lobe micronodules, interlobular septal thickening, subpleural
emphysema with predominance of small cysts. d] Mediastinal windows reveal calcific burden in the
parenchyma and most concentrated in a peripheral septopleural location.

A radiographical evolution through four phases has been proposed [44]. The first (pre-calcific) phase
involves a small number of poorly calcified microliths and diffuse ground-glass opacity. This presentation
has been described in asymptomatic children and it is unclear whether it occurs in adults. In the second
phase, the radiograph has a “sandy” appearance with scattered calcified micronodules of diameters varying
between 2 and 4 mm and preserved cardiac and diaphragmatic borders. In the third phase, progressive
opacification with thickening of the interstitium and obscuration of the heart and diaphragm occur. The
fourth and final phase is characterised by intense calcification of the interstices with variable involvement
of pleural serosa producing a “white out” appearance of the lung, sometimes with apical sparing. This may
progress to areas of dense calcifiation/opacification [45]. Progression of these findings on high-resolution
computed tomography (HRCT) correlates well with reductions in pulmonary function, including
spirometric indices (forced expiratory volume in 1 s/forced vital capacity ratio) and diffusing capacity [41].

A black pleural line between the rib cage and calcified pulmonary infiltrate on chest radiography was first
described by Ferson [46]. On HRCT, it can be seen as a layer of subtle cystic changes in the subpleural
ventral region or as a fat-density layer ~1-2 mm in width between the ribs and calcified parenchyma in
the lower and middle lung fields [47, 48]. Use of quantitative computed tomography to assess change in
mean lung density based on Hounsfield units may be useful for determining progression of disease [49].

Positron emission tomography scan

Fluorodeoxyglucose positron emission tomography was performed on an adult case revealing a maximum
standardised uptake value of 7.3 in areas without calcification and lower standardised uptake value of 2.6
in areas with dense calcification [50]. This pattern suggests the presence of inflammation, especially in
areas of the lung that are not yet fully calcified.
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ULTRA-RARE LUNG DISEASE | P. KOSCIUK ET AL.

Bone scan

Early studies often utilised bone scintigraphy (technetium 99m-methylene diphosphonate bone scan) as a
diagnostic test to demonstrate that opacities in the lung on chest radiography were avid for the tracer and
consistent with bone [51-54]. HRCT has obviated the need for bone scintigraphy as a diagnostic modality
in PAM in most cases.

Ultrasonography

Chest ultrasonography may reveal pleural thickening and irregularities as well as echogenic foci on the
order of millimeters without acoustic shadowing in the subpleural area [47, 55]. The absence of expected
acoustic shadow artefact (also described as the “comet tail” phenomenon) is attributed to the complex
pleural interface with thickened pleura, subpleural microcysts and thickened interstitium that may reduce
deep penetration of ultrasound waves.

Pathology

Lung tissues may be obtained by transbronchial forceps biopsy, transbronchial cryobiopsy, surgical lung
biopsy, as lung explants from transplanted patients or at autopsy. Gross anatomical analysis of explanted
lung tissue reveals a granular and nodular pleural surface with fibrous and calcified areas [56]. Cut
sections of the lung have a granular consistency due to extensive round or ovoid microcalcifications that
may be accentuated along interlobular septa (figure 2a-c) [37]. Variably sized concentrically laminated
concretions are present both in alveolar spaces and in the interstitium with diameters ranging from 0.01 to
2.8 mm (figure 2d and e) [37]. The microliths contain calcium which can be highlighted on histologic

FIGURE 2 Pathologic findings in pulmonary alveolar microlithiasis (PAM). a) Lung explant from a 2-year-old boy transplanted for PAM showing
lung regions with accentuation of the interlobular septa by microlith accumulations (arrow) and other regions with more diffuse accumulations of
granular, gritty microliths (*). b, c) Histological sections showing microliths along interlobular septa (b, arrow) and areas with more diffuse
microlith accumulations (c]. d] Varying sized microliths are present both in the alveolar spaces and interstitium. e] The microliths are
characteristically concentrically laminated calcified spherules. f] Calcium can be demonstrated in the microliths by Von Kossa stain.
b-e] Haematoxylin and eosin stain; original magnifications x20 (b, c], x200 (d], x1000 (e, f).
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sections with a Von Kossa stain (figure 2f). Progression of parenchymal disease can result in cicatricial
fibrosis with foci of metastatic ossification [57].

Cytologic and sputum studies

Microliths may be seen in expectorated sputum or BAL samples, and can be used to establish a definitive
diagnosis in the setting of a typical history and HRCT. Microliths in expectorated sputum are not entirely
specific for PAM and may occasionally be seen in patients with COPD and lung cancer [58, 59]. Histology
demonstrating the typical lamellar structure of microliths can help to distinguish them from other airway
calculi in the differential. Although Curschmann’s spirals, associated with asthma and chronic bronchitis,
are composed of glycoproteins and are not typically calcified, patients with PAM may develop a bronchial
mold with calcifications that have a similar appearance that is distinct from the classic lamellar calcified
bodies that are typical of microliths [58, 60-62]. Psammoma bodies are concentric calcified laminated
structures that form within epithelial cell aggregates or small tissue fragments and are often associated
with adenocarcinoma [45, 59, 63-65].

Scanning electron microscopy

Scanning electron microscopy (SEM) can demonstrate the spherical structure of microliths with a typical
porous surface reminiscent of cortical bone. The elemental structure has been determined using
energy-dispersive X-ray diffraction analyses, which typically reveal calcium and phosphorus salts with
traces of metals such as iron, copper and magnesium [66]. The ratio of calcium to phosphate is
approximately 2:1 to 3:1, consistent with the composition of hydroxyapatite [67]. SEM has been used to
characterise particulate matter in BAL samples from pneumoconiosis populations, including silicosis and
asbestosis [68-70]. SEM images and energy-dispersive spectroscopy (EDAX) obtained in PAM patients are
displayed in figure 3. Demonstrating the characteristic structure and elemental composition of BAL
microliths by SEM and EDAX has potential as a noninvasive diagnostic approach for PAM.

Extrapulmonary manifestations

Multiple case reports have described the potential association of calcifications in the genitalia of male
patients with PAM, including microliths within the testes, seminal vesicles, epididymis and sympathetic
ganglia, a condition called testicular microlithiasis. Testicular microlithiasis has a prevalence of 0.6-0.9% in
the general male population, can be associated with up to 1% of all idiopathic infertility cases and has
been linked to testicular malignancies [9]. Testicular microlithiasis can lead to bilateral testicular atrophy
and obstructive azoospermia [71-76]. Presenting symptoms include recurrent abdominal pain, recurrent
haematuria and infertility. Affected patients typically present in the third and fourth decades. Corurt et al.
[9] evaluated 15 subjects with diffuse bilateral testicular microlithiasis and identified two patients with
heterozygous mutations in SLC34A2, although it was unclear whether these rare mutations were damaging.
They also found no evidence of testicular microlithiasis in seven male subjects with known PAM from this
group. It remains unclear whether these were chance associations or whether testicular microlithiasis is a
manifestation of PAM.

Finger clubbing (also known as secondary hypertrophic pulmonary osteoarthropathy) is typically present
in advanced stages of PAM, seen in 7% of the worldwide 1022 cases reviewed [3]. It can also be seen in
mild presentations of symptomatic disease [77]. Increased radioisotope bone scan uptake has been
reported at the diaphysis and metaphysis of metacarpal bones and wrists [42].

Comorbidities

In a large review, diseases reported to be associated with PAM included rheumatoid arthritis, Sjogren
syndrome, lymphocytic interstitial pneumonitis, psoriasis, antiphospholipid syndrome and discoid lupus
after varicella zoster infection, diaphyseal aclasia, autosomal recessive Waardenburg-anophthalmia, milk
alkali syndrome, pericardial cyst, osteopetrosis, pectus excavatum and non-Hodgkin lymphoma [3]. The
prevalence of each of these comorbid diseases in PAM is very low and a direct association with the disease
is conjecture at best.

Diagnosis

Although a clinically confident diagnosis of PAM can often be made based on radiographic studies, a
definitive diagnosis requires at least one additional clinical feature including microlith analysis (recovered
in sputum or BAL), histopathology, a positive family history or genetic testing demonstrating a mutation
in SLC34A2. An algorithm for the diagnosis has been proposed that employs a progression from the least
invasive to most invasive analyses in step-wise fashion (figure 4). PAM is often initially suspected when a
compatible radiograph is obtained in a patient who presents for employment screening, unrelated
complaints or respiratory symptoms of dyspnoea or cough [44]. If there is a family history of an affected
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FIGURE 3 Scanning electron microscopy (SEM) and energy-dispersive spectroscopy (EDAX) of pulmonary
alveolar microlithiasis (PAM). a, b} Microliths isolated from explanted lungs demonstrating a) the
characteristic spherical structure and b) inorganic elemental signature. Microlith (white arrow) in
bronchoalveolar lavage (BAL) fluid with SEM (c] and EDAX characteristics that are similar to explant controls,
demonstrating feasibility of using SEM and EDAX as a diagnostic BAL test for PAM. Note carbon spike
associated with debris from lavage. Ko, KB and Lo represent X-rays emitted as electrons return to K and/or L
electron shell. d) Inorganic elemental analysis of BAL microliths.
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FIGURE 4 Diagnostic algorithm for patients with suspected pulmonary alveolar microlithiasis (PAM]. Obtaining
a family and genetic testing history is key. Thereafter, diagnostic modalities progress from least invasive to
most invasive. HRCT: high-resolution computed tomography; BAL: bronchoalveolar lavage; VAT:
video-assisted thoracoscopic biopsy.
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sibling or parent with positive genetic testing and chest radiograph or HRCT shows typical hyperdense
mironodular air sapce opacities, the diagnosis is certain. In the absence of genetic confirmation in family
members, genotyping of the index patient is the most appropriate next step if available. Sporadic
mutations that occur in the absence of a known family history comprise the majority of new cases [3].

If genetic testing is unavailable, unaffordable or impractical and it is determined that diagnostic certainty
is required based on patient preference, need to exclude treatable diseases in the differential diagnosis or
the emergence of a therapy for PAM, examination of sputum for microliths followed by BAL with or
without transbronchial biopsy are reasonable next steps. Identification of lamellar microliths in sputum or
in the cell block consisting of BAL cells in the setting of a characteristic HRCT is considered to be
diagnostic, although the sensitivity and specificity of these approaches is unknown. A transbronchial
biopsy showing microliths within the alveolar lumen is more convincing, but yield is subject to sampling
error and dependent on the extent of microlith deposition and is assoiated with risks of bleeding and
pneumothorax. Transbronchial cryobiopsy is an emerging diagnostic technique that provides up to three
to four times more tissue than transbronchial forceps biopsy, but is also associated with an increased risk
of bleeding and pneumothorax [78, 79]. To our knowledge, cryobiopsy has not yet been attempted for the
diagnosis of PAM. Video-assisted thoracoscopic biopsy is the gold standard for diagnosis but because of
the risks associated with general anaesthesia and chronic pain that can follow thoracostomy, it should be
reserved for cases in which less-invasive approaches have been unavailable or unsuccessful.

Differential diagnosis

Diffuse pulmonary calcifications may also be seen in miliary tuberculosis, silicosis, amyloidosis, berylliosis,
sarcoidosis, lipoidal emboli, hemosiderosis, healed varicella or variola pneumonia, fungal infections
including histoplasmosis and coccidioidomycosis, dendriform pulmonary ossification and metastatic
calcification from hyperparathyroidism, end-stage renal disease or malignancy [80-83]. The patterns of
calcifications differ in these diseases and rarely progress to obscure the heart border as can occur in PAM.
The metastatic and dystrophic calcifications that occur in other PAM mimics are located in the interstitial
or vascular compartments as opposed to the almost exclusive intra-alveolar calcification in PAM [84]. A
few radiographic examples of these processes that can be mistaken for PAM are included in figure 5.

Tuberculosis has been mentioned in multiple case reports as having been previously treated in individuals
with PAM [7, 57, 85]. The means by which diagnosis had been made at time of treatment is unclear, but
it is likely that the early radiographic appearance of PAM may have prompted the diagnosis of
tuberculosis without microbiological confirmation in prevalent populations where the two diseases overlap.
Out of 13 patients initially diagnosed with miliary tuberculosis in a Turkish case series, two (15%) patients
were found to have positive Acid fast bacilli smears [86], but it is unclear how many in that cohort were
empirically treated for tuberculosis. An additional patient who underwent lung transplantation had been

‘

FIGURE 5 Other examples of diffuse lung calcification. Computed tomography depicting examples of a, d]
amyloidosis with calcified masses, lymphadenopathy and rare cysts, b, e] silicosis with peri-lymphatic
calcified nodules, eggshell lymph node calcifications and conglomerate fibrosis, c] metastatic pulmonary
calcification in chronic renal failure characterised by lobular ground-glass opacity with interlobular septal
sparing and f] healed granulomas due to histoplasmosis with maximum intensity projection reformats.
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previously treated with anti-tuberculosis therapy for 18 months despite negative smears, cultures and a
nonreactive purified protein derivative [87].

Pharmacological treatment options
Given the absence of any organised trials to assess the safety and efficacy of pharmacological therapies in
PAM, all available data are derived from case reports of empiric therapies in small numbers of patients.

Bisphosphonates

Bisphosphonates adsorb onto bones rendering them resistant to osteoclast-mediated resorption by
inhibiting the development, function and viability of osteoclasts. Compared to more frequently used
bisphosphonates such as alendronate and risedronate, disodium etidronate is less potent as an
anti-osteoclast agent but has the unique theoretical benefit in PAM that it inhibits hydroxyapatite crystal
formation [88].

Etidronate treatment has been reported to benefit children with PAM. In one case, a 3.5-year-old girl with
PAM, failure to thrive and nonproductive cough had radiographic and symptomatic improvement after
36 months of daily oral disodium etidronate [89]. She continued disodium etidronate for a total of 9 years,
and then was conservatively managed without intervention for 11 years [90]. At the end of the observation
period, PFTs revealed a nonsignificant decrease in spirometric indices and minimal progression of septal
thickening and calcifications on HRCT compared to her baseline. Similarly, a 9-year-old girl with failure
to thrive, who was found to have radiographs compatible with PAM, exhibited radiographic improvement
on HRCT after 12 months of treatment with oral disodium etidronate [91]. Her schedule of disodium
etidronate administration was modified after she developed rickets as a complication of therapy. She
continued on a 15-day cycle of disodium etidronate treatment every 4 months for 11 years of total therapy
with documented improvement in spirometry [90]. Finally, an 11-year-old boy and his twin 4-year-old
sisters with the same homozygous SLC34A2 gene mutation were treated with disodium etidronate. The
boy and one of his female siblings had improvement in radiographic chest radiography and HRCT
findings after 12 months of treatment with disodium etidronate [92], but the other twin did not show any
improvement. These data indicate that even in patients with the same genetic defect, there can be
considerable variability in treatment response.

Adverse effects of bisphosphonate therapy include transient hypocalcaemia, osteomalacia, transient fevers,
ocular complications, transient myalgia, leukopenia, lymphopenia and widening of the growth plate in
children, resulting in rickets [93].

There have also been cases in the literature in which treatment with bisphosphonates was unsuccessful. An
8.5-year-old girl with lung biopsy-proven PAM and normal PFTs underwent 18 months of treatment with
daily disodium etidronate without radiographic improvement in chest radiography although no repeat
PFTs or HRCT were performed [94]. There have not been any published examples of benefit of
bisphosphonate therapy in adults, although it is unclear whether the duration of therapy was adequate in
those cases. A 46-year-old man with biopsy-proven PAM and fibrotic damage underwent sodium
etidronate oral therapy for 6 months without improvement on chest radiography, although symptoms
remained stable [95]. In a small case series, two patients were treated for a duration of 6 months and
1.5 years respectively with continued progression of their lung disease [19]. Disodium etidronate treatment
was attempted in an 18-year-old and 51-year-old man who did not symptomatically benefit after 2 years
and 6 months of therapy, respectively and who self-discontinued therapy [25]. Weekly alendronate was
administered over 6 and 12 months to two adult men in their fifth decade with symptomatic
improvement, although radiographs were unchanged [96].

Inhaled corticosteroids

Inhaled corticosteroid therapy does not appear to improve radiographical manifestations of PAM. It has
been used effectively to treat symptoms and abnormal lung function in PAM patients who present with
accompanying conditions such as spirometrically proven obstructive lung disease suggestive of asthma,
lymphocytic interstitial pneumonitis and discoid lupus erythematosus among others [97-99], but there is
little evidence to support routine inhaled corticosteroid use in patients with PAM.

Systemic corticosteroids

A few clinicians have trialed systemic corticosteroids as a treatment option for PAM. BaDGEr et al. [100]
provided steroid treatment for 48 days in a PAM patient without improvement. In one review, two patients
were treated with prednisone; the first was a 66-year-old and was lost to follow-up, and the second was an
adult who was treated for 2 months without effect [19]. Prior to transplantation, a 47-year-old man who
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underwent treatment with prednisone was said to have experienced partial improvement, although it is
unclear how this was measured [57].

Sodium thiosulfate

Sodium thiosulfate (STS) is a calcium-chelating and solubilising agent that has been employed to treat
diseases associated with heterotopic ossification such as calciphylaxis in end-stage renal disease [101]. Both
systemic therapy and direct intra-lesional injection have been reported to be effective and since trials are
lacking, treatment remains empiric at this time [102]. TAILLE et al. [49] attempted a less intensive monthly
intravenous infusion over 9 months without improvement in symptoms, PFTs or microlith burden per
HRCT evaluation. Instead, they observed a marked increase in lung density as well as decreased diffusion
and postulated that the STS dose or interval used may have been inadequate to inhibit disease progression.
It is also possible that the STS treatment accelerated disease progression.

Low-phosphate diet

Treatment of Npt2b™'~ mice with marked dietary phosphate restriction results in prevention of microlith
accumulation and reduction in microlith burden, perhaps through upregulation of alternative alveolar
phosphate transporters and/or pulmonary osteoclast activity [11]. An adult patient who was treated with a
low-phosphate diet for 2 years with reduction in serum phosphate experienced continued progression of
lung disease [19]. One possible explanation for the failure of diet to affect microlith burden in affected
individuals is that the level of dietary phosphate restriction that is practical in humans (from an average
daily intake of approximately 1.8 g-day~" to about 1 g-day™') is less than a two-fold reduction, compared
to the 5-7-fold reduction that was shown to produce a beneficial effect on microlith burden in mice. Trials
are needed before recommendations are made to restrict dietary phosphate intake, but until they are
performed it may be prudent for PAM patients to avoid foods with very high phosphate content such as
fizzy drinks and processed cheeses and meats.

Supportive management

Although there are no PAM studies suggesting an improvement in mortality, exercise tolerance or quality
of life with oxygen therapy, reccommendations have been made to ensure a resting and exertional oxygen
goal of >88% in patients without cor pulmonale and >90% in those with cor pulmonale [103]. In one
case, a nonobese patient with cor pulmonale had reduced shunt fraction and improved daytime
oxygenation after use of nocturnal continuous positive airway pressure with sustained improvement in
exercise tolerance 3 months after initiation [104]. Similarly, patients with PAM should obtain routine
vaccinations for influenza and Pneumococcus and be encouraged to stop smoking cigarettes, as is
appropriate for all individuals with chronic lung disease.

Procedural/surgical treatment options

Whole lung lavage

Whole lung lavage has been attempted by a few investigators to determine whether microliths could be
removed manually. Although abundant spherules of <1 mm were recovered in the serial lavages in a single
patient, there was no significant change in radiographical abnormalities [105]. In another case, lavage with
22 L of buffered saline was successful in removing 14.5 g of solid material, but without improvement in
radiographic findings or clinical symptoms [32]. The investigators postulated that microliths exceeding the
diameter of the alveolar orifice or respiratory bronchioles could not be easily removed by whole lung lavage.

Lung transplantation

The only proven treatment for advanced PAM is lung transplantation. Despite multiple procedural
challenges, including calcified lung parenchyma limiting intra-operative deflation and access to the hilum,
more dense pleural adhesions and a higher risk of intra-operative and post-operative bleeding, both single
lung and double lung transplantation have been successful in PAM (table 2) [27, 33-36, 57, 87, 106-113].
There were some initial concerns that pulmonary shunting might compromise outcomes in single lung
transplantation, but this has proven to be unfounded. To date there have not been any documented
recurrences of intra-alveolar microliths in lung transplant patients.

In a small case series of PAM patients from the Medical University of Vienna (Vienna, Austria), all five
patients underwent bilateral lung transplantation with a mean age of 46.3 years [35]. The mean interval
from the onset of symptoms to transplantation was 8.6 years, and the majority of patients were found to
have secondary pulmonary hypertension at presentation. In the post-operative period, one patient had
primary graft dysfunction with re-transplantation on post-operative day two and then subsequently died
from sepsis on post-operative day 11. The remaining four patients did well without recurrence of
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TABLE 2 Lung transplantation in cases of pulmonary alveolar microlithiasis

Single versus Age at transplant Sex Outcome Complication(s) First author
double years [ref.]

Single 32 Male Death, NR PGD, haemodynamic instability SHADMEHR [106]

Single 47 Female Alive, Possible acute rejection, bronchial stricture RaFra [87]
12 months

Single 53 Male Alive, Bronchial anastomosis granulation with stenosis, Ren [34]
12 months bacterial infection

Single 53 Female Alive, None Jackson [107]
90 months

Single b4 Female Alive, None BorreLL [108]
60 months

Double 32 Female Death, 11 days PGD, sepsis Kuikovits [35]

Double 32 Male Alive, Bronchial artery bleed, post-operative tracheostomy, StamaTis [27]
18 months CMV/fungal infections

Double 34 Male Alive, None KLikoviTs [35]
67 months

Double 36 Female Alive, None EpeLman [33]
32 months

Double 45 Male Alive, Mild PGD ALRrossAIs [36]
12 months

Double 4Lé Female Death, Bronchiolitis obliterans BonneTTE [109]
20 months

Double 48 Male Alive, PGD, haemodynamic instability, ARF Samano [57]
12 months

Double 49 Female Death, Infection CouLisaLy [110]
3 months

Double 52 Female Alive, None KLikovits [35]
35 months

Double 52 Female Alive, PGD, atrial fibrillation KLikoviTs [35]
74 months

Double 53 Female Alive, None Gucyetmez [111]
12 months

Double 54 Female Alive, None Jinoac [112]
12 months

Double 56 Male Death, 5 days Post-operative bleeding EpeLman [33]

Double 62 Female Alive, Atrial fibrillation KLikoviTs [35]
29 months

Double 63 Female Alive, None SHIGEMURA [113]
24 months

NR: not reported; PGD: primary graft dysfunction; CMV: cytomegalovirus; ARF: acute renal failure.

intra-alveolar microliths up to 74 months from transplantation. The survival of patients in this PAM
cohort was comparable to those undergoing lung transplantation for other indications.

Prognosis

There are few longitudinal studies that can be used to inform prognosis in patients with PAM. In a
long-term follow-up study of 53 Japanese patients, respiratory insufficiency was the cause of death in
34.1% of patients within 10-20 years of diagnosis, and of those surviving, an additional 42.9% within 20-
49 years of diagnosis [114]. Mean survival overall was to an age of 46.2 years.

Future directions

PAM is a fascinating disease in which the lung fills with bone-like alveolar calculi and results in slowly
progressive respiratory failure. There are no effective treatments and management is largely supportive
with lung transplantation reserved for those with progressive disease. The discovery of the genetic basis of
PAM is a major advance that sheds light on disease pathogenesis and suggests strategies for development
of future biomarkers and therapies. Because of the rarity of the disease, for trials to be successful, patients
with PAM must organise in a manner that facilitates research.
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