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Measuring distal airspace 
dimensions with nanoparticles

H Laura Aaltonen is a radiologist, working at Skåne 
University Hospital, Lund, Sweden. This thesis 
investigates a new nanoparticle inhalation –based 
method termed Airspace Dimension Assessment 
(AiDA) to evaluate distal airspace morphology. 
Chronic obstructive pulmonary disease originates 
in the distal airspaces, which are hard to evaluate 
non-invasively. Inhaled nanoparticles are able to 
reach this region and deposit almost exclusively by 
diffusion. We expect the deposition behavior to tell 
emphysema patients, with enlarged airspaces, apart 
from healthy persons.

The first two papers provide a proof-of-concept for the method, and the last 
two include investigation and validation in a larger cohort. Throughout the 
papers, a comparison to anthropometric, lung function and medical imaging-
derived variables is conducted. The findings indicate that AiDA is a promising 
diagnostic biomarker candidate for emphysema.
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Nanoparticles are so small they behave like gases. According to the kinetic theory 
of gases, airborne nanoparticles are in a constant motion, colliding with each other 
and their surrounding structures. This movement is termed Brownian motion, and it 
involves particles dispersing in space in a haphazard, stochastic manner.  

The cover image, and the image on this page, are reprinted with kind permission 
from the Instituto Stocos group, whose goal is to connect art and science. Stocos is 
a trans-disciplinary project, combining stochastic processes and artificial 
intelligence-based simulations in order to create behavioural dependencies and 
aesthetic relationships between dancers, simulated entities, music, visuals and light. 
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Abstract 
Chronic obstructive pulmonary disease (COPD) consists of emphysema and 
bronchial disease. The pulmonary function tests currently used to diagnose COPD 
have poor sensitivity for early disease. This may delay diagnosis and lead to a poorer 
prognosis compared to establishing the diagnosis at an earlier stage.  

The aim of this thesis was to investigate a new nanoparticle-based method, termed 
Airspace Dimension Assessment (AiDA), to chart distal airspace morphology, and 
to examine the technique as a possible diagnostic biomarker for emphysema. In 
AiDA, inhaled nanoparticles’ deposition behavior is utilized to characterize distal 
airspace properties. Nanoparticles, as opposed to larger particles, are able to 
penetrate into the distal lung, where they deposit almost exclusively by diffusion. 
The particles’ likelihood to deposit is dependent on the diffusion distance. The thesis 
is based on the hypothesis that in persons with emphysematous, enlarged airspaces, 
fewer particles will deposit, as opposed to healthy persons with narrower airspaces.  

In Paper I, significant nanoparticle deposition differences between 19 COPD-
patients with mainly moderate-to-advanced emphysema, and 19 healthy controls 
were found. The deposition correlated to disease severity as measured by computed 
tomography (CT) densitometry and diffusion capacity for carbon monoxide (DL,CO).  

In Paper II, nanoparticle deposition was used to calculate distal airspace radius in 
19 healthy volunteers. The radius correlated to lung density as measured by 
magnetic resonance imaging (MRI).  

In Paper III, the average radius in 403 individuals without previous pulmonary 
disease or respiratory symptoms was found to be 293 ± 36 µm. The radius and its 
variation in the population were found to be approximately comparative to other 
methods. It was noted that the radius was on average 13 µm larger in male ever-
smokers compared to never-smokers, which may reflect early smoking-related 
changes.  

In Paper IV, we concluded that in a population sample of 618 individuals, the 
persons with computed tomography evidence of emphysema, (N = 47) had 
significantly larger distal airspace radii compared to persons without emphysema. 
We also showed that comorbidities did not significantly affect the results.  

In conclusion, we suggest the radius is a promising biomarker candidate for 
emphysema. Further validating studies, including a diagnostic study in a population 
seeking health care attention with symptoms and history indicative of COPD, are 
warranted.   
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Populärvetenskaplig sammanfattning (in Swedish) 
Kroniskt obstruktiv lungsjukdom (KOL) är ett samlingsbegrepp för två sjukdomar 
som ofta förekommer tillsammans och ger delvis liknande besvär. KOL består 
delvis av oåterkallelig nedbrytning av lungblåsor, även kallat emfysem, och delvis 
av stadigvarande inflammation och ärrbildning i luftvägar. När man får KOL kan 
lungblåsorna bli större än vanligt, medan luftrören kan bli trängre än vanligt. Båda 
dessa förändringar leder till att man kan ha svårt att få i sig syrgas. I början märker 
patienten oftast inget själv, vilket är olyckligt då det är just då som man har bästa 
möjligheter att påverka förloppet. Senare kan man få långvarig hosta, infektioner 
och andnöd. Sjukdomen går för närvarande inte att bota med mindre än 
lungtransplantation. 

De tidigaste förändringarna utgörs av skada i de allra minsta luftvägarna, som i sin 
tur orsakas av inandade skadliga ämnen, vanligtvis tobaksrök. KOL drabbar 
områden i kroppen som är svårtillgängliga för analys. Det är svårt att ta sig in i 
lungans minsta beståndsdelar och ta vävnadsprov, och diagnostiken måste därför 
ske genom indirekta vägar. Trots att KOL är en vanligt förekommande folksjukdom 
är det förhållandevis svårt att ställa diagnosen i tidigt skede. Vanligt är att man söker 
sjukvård och får gjort ett lungfunktionstest, s.k. spirometri, vilket visar tecken på 
svårigheter att pressa luft ut ur lungorna. Dock har sjukdomen i många fall löpt långt 
innan den gör sig tillkänna genom vanliga lungfunktionstester. 

I denna avhandling undersöks en metod som vi tror kan utvecklas till att påvisa KOL 
baserat på hur väl nanopartiklar fastnar i de minsta luftvägarna. Med nanopartiklar 
avses partiklar som är mindre än 100 miljarddelsmeter stora. Dessa partiklar kan 
transporteras med inandad luft in i lungans minsta beståndsdelar där en del av 
partiklarna träffar en yta, medan en del kommer tillbaka till rumsluft med 
utandningen. Väl framme djupt i lungan är sannolikheten för att en nanopartikel 
fastnar där mindre, desto större lungblåsor man har.  

I denna avhandling undersöks en ny metod som vi tror kan utvecklas till att påvisa 
KOL baserat på hur luftburna nanopartiklar fastnar i de minsta luftvägarna. 
Avhandlingens grundläggande teori är att personer med emfysem, d.v.s. stora 
lungblåsor, kommer att ha större antal nanopartiklar kvar vid utandningen jämfört 
med friska personer. Utifrån detta kan man sedan enligt matematisk modell beräkna 
medelavståndet för de minsta luftrummen i lungan. Detta kan användas som ett mått 
på luftvägarnas radie. Metoden, och tillhörande apparaten som byggts för att testa 
teorin, heter AiDA, (Airspace Dimension Assessment). 

I delarbete I finner vi att personer med KOL har större antal nanopartiklar kvar vid 
utandningsluften jämfört med friska personer, samt att ju mer emfysem man har, 
desto färre partiklar är det som fastnar. 
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I delarbete II mäter vi de minsta luftvägarnas radie, och finner att den är relaterad 
till lungans täthet hos friska.  

I delarbete III mäter vi radien hos en grupp individer från den allmän befolkning 50-
64 år gamla utan lungsjukdomar och symptom, och finner att radien 
överensstämmer med andra liknande sätt som beskrivits i litteraturen. Vi finner 
också att det finns skillnader mellan rökande och icke-rökande män, vilket kan tala 
för att metoden hittar tidiga tecken på skada som rökning medför. 

I delarbete IV finner vi att personer i allmänna befolkningen mellan 50 och 64 år 
med tecken på emfysem i skiktröntgenbilder har större radie än personer utan 
emfysem. Vi finner också att andra sjukdomar som personerna har inte påverkar 
radien. 

Metoden är än så länge i tidigt utvecklingsstadium. Resultaten är lovande, men 
metoden kan i dagsläget inte användas på en läkarmottagning. Man måste göra fler 
validerande studier. För att bevisa att metoden kan användas till diagnostik måste 
man göra en så kallad diagnostisk studie.  
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Kansantajuinen tiivistelmä (in Finnish) 
Keuhkoahtaumatauti on yleiskäsite kahdenlaiselle sairaudelle, joilla on yhteinen 
syntymämekanismi, ja jotka aiheuttavat samanlaisia oireita. Keuhkoahtaumatautiin 
kuuluu sekä keuhkorakkuloiden pysyvä tuhoutuminen ja laajeneminen, jota myös 
emfyseemaksi kutsutaan, että ilmateiden tulehtuminen ja arpeutuminen. 
Keuhkoahtaumataudissa voivat näin ollen keuhkorakkulat tulla tavallista 
suuremmiksi ja ilmatiet tavallista kapemmiksi. Yhdessä ja erikseen, nämä 
muutokset vaikeuttavat hapensaantia. Sairauden alkuvaiheessa potilas voi olla 
hyvinkin oireeton. Tämä on sikäli harmillista, että juuri alkuvaiheessa olisi parhaat 
mahdollisuudet vaikuttaa sairauden kulkuun. Myöhemmin oireina ovat 
pitkäkestoinen yskä, keuhkoputkentulehdukset ja hengenahdistus. Tällä hetkellä 
keuhkoahtaumatautiin ei - keuhkonsiirtoa lukuunottamatta - ole parantavaa hoitoa. 

Sairaus aiheutuu sisään hengitetyistä, myrkyllisistä aineista, useimmiten 
tupakansavusta. Myrkyt kirvoittavat tulehdusvasteen, joka vaurioittaa erityisesti 
pienimpiä (< 2 mm) ilmatiehyeitä. Pienet ilmatiet sijaitsevat syvällä keuhkojen 
pienimmissä haarakkeissa, juuri ennen kuin ne aukeavat keuhkorakkuloihin, ja 
niihin on kokeellisesti vaikea päästä käsiksi. Vaikka keuhkoahtaumatauti on 
merkittävä kuolleisuutta ja sairastavuutta aiheuttava kansantauti, on taudin 
todentaminen varhaisessa vaiheessa juuri muutosten hankalan sijainnin vuoksi 
haastavaa. Tavallisesti tutkittava hakeutuu vastaanotolle hengitysoireiden vuoksi, 
jolloin tehdään keuhkojen toiminnallinen tutkimus, spirometria. Tässä ilmenee 
vaikeus puhaltaa uloshengitysilma pois keuhkoista. Sairaus on kuitenkin usein 
edennyt pitkälle, ennen kuin muutokset ovat spirometrian keinoin havaittavissa.  

Tässä väitöskirjassa esitetään uusi, nanohiukkasiin perustuva menetelmä 
emfyseeman toteamiseksi. Termi nanohiukkanen tarkoittaa alle sadan 
miljardisosametrin kokoista hiukkasta. Pienenpienet nanohiukkaset voivat, toisin 
kuin suuremmat hiukkaset, kulkeutua sisäänhengityksen mukana aivan kaikista 
pienimpiin ilmateihin, joissa ne poukkoilevat sattumanvaraisesti kaasumolekyylien 
tavoin. Osa hiukkasista asettuu kudoksen pinnalle, ja osa kulkeutuu uloshengityksen 
mukana pois. Perillä pienissä ilmateissä ja keuhkorakkuloissa hiukkasen 
todennäköisyys jäädä kudoksen pinnalle on sitä pienempi, mitä väljemmät henkilön 
pienet ilmatiet ja keuhkorakkulat ovat. Väitöskirja perustuu teoriaan siitä, että 
emfyseemapotilaalla, jolla keuhkorakkulat ovat laajentuneet, suurempi osa 
hiukkasista palautuu uloshengityksen mukana terveisiin henkilöihin nähden. 
Mittaamalla hiukkasten määrä sisään- ja uloshengityksessä selviää, kuinka moni 
hiukkanen jäi kudokseen. Näistä tuloksista voidaan matemaattisella mallintamisella 
laskea keskimääräinen etäisyys lähimpään kudoksen pintaan, nk. 
keskidiffuusioetäisyys. Tämä etäisyys kuvaa pienten ilma-alueiden sädettä. 
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Teorian tutkimiseksi on kehitetty laite nimeltä AiDA (Airspace Dimension 
Assessment), jossa tutkittava hengittää sisään hyvin pienen määrän nanohiukkasia. 

Väitöskirjan ensimmäisessä osatyössä havaittiin, että keuhkoahtaumatautipotilailla 
on enemmän nanohiukkasia uloshengityksessä terveisiin verrokkeihin nähden. 
Lisäksi havaittiin, että mitä pidemmälle edennyt emfyseema oli, sitä enemmän 
hiukkasia palautui uloshengityksen mukana. 

Toisessa osatyössä tutkittiin eri ikäisiä, terveitä henkilöitä. Ilmatiehyeiden 
keskidiffuusioetäisyys, siis säde, määriteltiin kokeellisesti. Ilmeni myös, että säde 
on suhteessa keuhkon tiheyteen.  

Kolmannessa osatyössä mitattiin pienten ilmatiehyiden säde terveillä 50-64 –
vuotiailla henkilöillä. Todettiin, että nanohiukkasmenetelmällä mitattu säde on 
muutaman sadan mikrometrin luokkaa. Tämä vastaa kutakuinkin muiden 
kokeellisten menetelmien kautta havaittujen pienten ilma-alueiden sädettä. Samalla 
havaittiin eroja tupakoitsevien ja tupakoimattomien miesten välillä. Esitetään, että 
nanohiukkastesti voisi mahdollisesti havaita varhaisia, tupakoinnin aiheuttamia 
kudosvaurioita. 

Neljäs osatyö oli poikkimittaustutkimus 50-64-vuotiaassa väestössä. Tuloksena oli, 
että henkilöillä joilla on eri menetelmin havaittavissa oleva emfyseema, on 
suurempi pienten ilma-alueiden säde verrattuna niihin joilla ei ole emfyseemaa. 
Tässä työssä esitetään, että nanohiukkasmenetelmää voisi mahdollisesti käyttää 
emfyseemaa kuvaavana biomerkkiaineena. 

Menetelmä on toistaiseksi varhaisessa kehitysvaiheessa. Vaikkakin väitöskirjassa 
esitetyt tulokset ovat lupaavia, ei nanohiukkastestia tässä vaiheessa voi käyttää 
taudin diagnosointiin. Menetelmä on vielä todennettava lisätutkimuksissa, mm. on 
on suoritettava ns. diagnostinen tutkimus, jossa testi tehdään nille henkilöille, joiden 
epäillään sairastavan keuhkoahtaumatautia. 
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Abbreviations and terms 
3He Hyperpolarized helium 
ADAM  Aerosol derived airway morphometry 
ADC  Apparent diffusion coefficient 
AiDA  Airspace dimension assessment with nanoparticles 
AUC  Area under graph 
BMI Body mass index 
COPD  Chronic obstructive pulmonary disease 
CPC  Condensation particle counter 
CT  Computed tomography 
DL,CO  Diffusing capacity for carbon monoxide 
DMA  Differential mobility analyzer 
FEV1  Forced expiratory flow in one second 
FVC Forced vital capacity 
GOLD  Global Initiative on Obstructive Disease 
HRCT  High resolution computed tomography 
HU  Hounsfield unit 
ln  Natural logarithm 
MLD Mean lung density 
MRI  Magnetic resonance imaging 
OR  Odds ratio 
PD  Proton density 
PD(TLC) Proton density normalized to total lung capacity 
PD15 The 15th percentile of CT attenuation histogram, measured in g/L 
PFT  Pulmonary function test 
R(0)  Particle recovery at an imaginary breath-hold time of zero seconds 
RA 7.5 Relative area under 7.5% PD 
rAiDA  Airspace radius estimated by the AiDA-method 
ROC  Receiver operator curve 
ROI Region of interest 
RV  Residual volume 
RV-950  Percentage of voxels with a Hounsfield unit value below -950.  
SD  Standard deviation 
SPECT Single photon emission computed tomography 
STARD Standard for reporting of diagnostic accuracy 
TLC  Total lung capacity 
TLC (CTV) Total lung capacity measured by a volumetric CT scan 
UTE  Ultra short echo-time 
VC  Vital capacity 
VMRI  Lung volume at the MRI acquisition 
WHO  World Health Organization 
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Distal airspaces Airspaces distal to the conducting airways 
Small airways  Airways < 2 mm in diameter 
Volumetric lung depth  A predetermined volume of exhaled air 
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1 Introduction 

In many ways, emphysema is to the pulmonologist of the last half of the twentieth 
century what tuberculosis was to the pulmonologist of the first half of the twentieth 
century.”  

– Gordon I. Snider M.D. 1992, (1) 

The midpoint of the twentieth century can be seen as a turning point in pulmonary 
medicine, where disease caused mainly by anthropogenic pathogens surpassed those 
of natural or microbiological origin. Human efforts had successfully conquered 
Mycobacterium tuberculosis, while other human activities created increasing global 
exposure to noxious inhalants, resulting in increasing incidence of emphysema. 
Chronic obstructive pulmonary disease (COPD), which includes emphysema and 
bronchial disease, is caused by the body’s reaction to noxious inhalants. Cigarette 
smoking, pollution and biomass exhaustion are the main sources of exposure. (2) 

For the pulmonologist of the first half of the twenty-first century, the above quote 
still holds true, as COPD/emphysema incidence and prevalence have further 
increased. According to WHO, COPD is currently the third global leading cause of 
death, with a high disease burden in middle and low income countries. (3, 4)  

Emphysema is defined as a condition of the lung characterized by abnormal, 
permanent enlargement of airspaces distal to the terminal bronchioli, accompanied 
by destruction of their walls without obvious fibrosis. (5, 6) The definition is derived 
from pathological specimens, and establishing the diagnosis this way would require 
invasive biopsy. In current clinical praxis, in vivo diagnosis is established using a 
proxy, most often by quantification of airflow obstruction using pulmonary function 
tests (PFTs). This method, however, does not differentiate between emphysema and 
the bronchial component of COPD. The presence of emphysema can also be 
investigated by measuring the diffusing capacity for carbon monoxide (DL,CO), or 
by obtaining a computed tomography (CT) scan. Numerous publications have, 
however, stated what pulmonologists and primary care practitioners worldwide 
experience in their day-to-day practice – these methods are not sensitive to early 
changes, which may lead to a delay in diagnosis. (7) The diagnosis may also be 
delayed by the gradual onset of the symptoms. The patients may experience 
dyspnoea, wheezing and coughing for years, but fail to recognize the findings as 
signs of disease, interpreting their symptoms as normal smoking, aging or 
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deconditioning-related findings. (8) Later in the course of the disease, the patients 
experience shortness of breath, wheezing, increased phlegm and infections. The 
symptoms may be alleviated by bronchodilators, steroids and physiotherapy. 
Periodic exacerbations are treated with antibiotics and steroids. In advanced disease, 
ambulatory oxygen treatment may become necessary. Currently, besides lung 
transplantation, there is no definitive cure for COPD. Smoking cessation remains 
the single most important therapy to prevent the disease, and to slow down its 
course. (9) 

There is a need for a simple, cost-effective and easily available method to identify 
the disease early, preferably in primary care settings, including countries with 
scarcer healthcare resources. (10) Early diagnosis may help patients understand the 
importance of lifestyle changes. Also, making earlier diagnosis available may 
stimulate research for potential cures. Being able to phenotype a COPD patient into 
predominantly emphysematous or predominantly bronchial group could be 
beneficial in future treatment trials. 
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2 Background 

2.1 The respiratory system 
The respiratory system provides the body with oxygen and removes excess carbon 
dioxide. It also humidifies the inhaled air, clears deposited airborne particulates and 
contributes to the body’s immune response. The respiratory system may be divided 
into extrathoracic airways, intrathoracic airways and the acinar airways. (11) The 
extrathoracic airways refers to the nose, mouth, pharynx and larynx. The 
intrathoracic airways consist of a series of branching tubes leading the inhaled air 
through the trachea to the acinar airways, where the gaseous exchange takes place. 
(Figure 1.)  

 

Figure 1: A – Gross anatomy of the airways. B – The acinar airways consists of terminal bronchioles and alveoli that 
form respiratory units. C – Gaseous exchange involves oxygen diffusing through the alveolar-capillary membrane 
from the respiratory unit in to the bloodstream, as well as carbon dioxide diffusing out of the bloodstream to the 
respiratory units. United States National Institute of Health: National Heart, Lung and Blood Institute. Public domain   
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Each airway branching is termed a generation. Beginning with trachea as generation 
0, the human airways branch over 20 times. (Figure 2) (12) The interface between 
purely conducting and gas-exchanging tissues is formed between the terminal and 
transitional bronchioles, approximately at generation 15, when the first alveoli 
appear. The air present in the airways above this point is called anatomic dead space. 
The airspaces from this point downstream are called distal airspaces; with each 
branching generation, the alveolar openings increase in number, until they reach the 
entire luminal surface of an alveolar duct.  

Small airways < 2 mm in diameter comprise the distal part of the intrathoracic 
(conducting) airways, as well as the acinar airways, and they are generally found 
from the 8th generation onward. (Figure 2) The distance between trachea and alveoli, 
however, is not constant. The variation in the pathway length gives rise to 2 mm 
airways being distributed from the fourth to the fourteenth generation. Similarly, the 
respiratory bronchioles are found between the 8th and 22nd generation. (12-15) Three 
to five terminal bronchioles support a secondary pulmonary lobule. (16, 17) Each 
secondary pulmonary lobule is supported by a central feeding artery, and consists 
of approximately 12-30 acini. (18) The acini, in turn consist of alveolar ducts, sacs 
and alveoli. (19, 20) 

According to a cast model, the inner diameter of human acinar airways was found 
to be approximately 270 µm – 500 µm, depending on which generation the acinus 
originated from. The inner diameter of alveolar sacs, however, was found to be 
approximately 250 µm for all generations. (16, 21) 

Each branching increases the cross-sectional area available for the inhaled gas, and 
consequently, the bulk flow of the inhaled gas is slowed down. Approximately 
around generation 15, the conducting velocity falls to zero and diffusion takes over 
as the main mode of transport. (22) Hence, upon a breath, a large volume of gas at 
a very low flow is accumulated into the distal airspaces, enabling gaseous exchange. 
In healthy lungs, there is low resistance to airflow in small airways.  



23 

    

Figure 2: Airway generations, their number, diameter and length according to Weibel 1963 (12)   

Histologically, the lung parenchyma contains two main components, the bronchial-
bronchiolar epithelium and alveolar cells. The former is lined with ciliated epithelial 
cells, mucus secreting goblet and serous cells, basal as well as neuroendocrine and 
inflammatory cells. The ciliated cells move the mucus in cephalad direction for 
clearance. The proportion of goblet and ciliated cells decreases in the terminal 
bronchioles, while non-ciliated secretory Clara cells increase. Alveoli consist of 
type I and II pneumocytes, of which the latter secrete surfactant to keep the airspace 
surface tension low. In the conducting airways, bronchial wall is lined with smooth 
muscle fibers, which contract to facilitate mucous clearance  

Lymph vessels follow the centrilobular artery and bronchovascular structures, 
draining via peribronchial and hilar nodes to mediastinal nodes. (23) 

2.2 Pathophysiology of COPD 
Toxic inhaled particles coat the airways from the extrathoracic to acinar airways. 
Yet the small, < 2 mm airways are the major site of pathology in COPD. In the small 
airways, the lung is vulnerable to accumulation of toxic particles, partially due to 
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decreased clearance. Less mucus is secreted, the small airways epithelium is thinner 
and the cilia decrease in number with increasing generations.  

Also, in the case of the common ultra-fine particles, such as combustion emissions 
from smoking, traffic or biomass burning, slowing of bulk flow and increasing 
diffusion favors particle deposition in the small airways. The accumulated 
deposition initiates an inflammatory response and remodeling sequence, leading to 
edema, scarring and narrowing of bronchioli and bronchi. Furthermore, in the 
airways, both increased mucus secretion and smooth muscle hypertrophy and 
metaplasia in the airway epithelium ensue, leading to a decrease in cross-sectional 
area available for convective gas transport. (24-26) The resistance to flow is 
inversely proportional to the fourth power of the radius. Hence, even minor decrease 
in radius may lead to considerable increase in resistance.  

In the pathophysiological sequence of COPD, terminal bronchioli shorten and 
decrease in number, and their cross-sectional area decreases before emphysematous 
lesions occur. (27) The combination of narrowing of bronchi and bronchioli as well 
as reduction in their number cause increased resistance in the distal airspaces. (28) 
The increased resistance leads to progressive gas trapping during expiration, 
resulting in hyperinflation. (29) 

Emphysema formation is thought to be caused by inflammatory cells releasing 
proteinases and oxidants, which destroy the extracellular matrix in the walls of the 
acinus. Three subtypes of emphysema are recognized. (30) 

1. Centrilobular, which involves dilatation and destruction of respiratory 
bronchioles, beginning at the center of secondary pulmonary lobule. Most 
often associated with smoking and often present in the apical parts of the 
lungs. (31) 

2. Panlobular, characterized by uniform destruction of all of the acini within 
the secondary lobule. (32) Associated with the genetic deficiency of alpha-
1-antitrypsin plasma protein and frequently involves the basal parts of the 
lungs. 

3. Paraseptal, which involves regions near lung fissures. 

In emphysema, enlarged acini exhibit decreased elastic recoil. (33) Gas enters into 
the distal lung with inhalation, but the lack of elastic force inhibits the air from 
exiting. There is also a loss of radial traction on the airways by supporting alveolar 
walls. This promotes airway collapse during expiration. (34, 35) 

Thus, the distal airspaces contribute to increased airflow obstruction in two ways, 
both by reduced airway lumen, as well as by reduced elastic recoil. 
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2.3 Lung function tests 

2.3.1 Spirometry 
Airflow obstruction is the hallmark of chronic obstructive pulmonary disease. The 
obstruction can be measured by using pulmonary function tests (PFTs), mainly 
spirometry. A modern version of this device, originally described by Hutchinson in 
1846, can be placed in clinical outpatient settings, and the results of the 
measurements are relatively straightforward to interpret. (36) In spirometry, lung 
volumes, capacities and flow measurements are made. (Figure 3)  

The lung volumes and capacities can be described as either static or dynamic. The 
static volumes, e.g. vital capacity (VC), total lung capacity (TLC) and residual 
volume (RV) stay the same irrespective of the rate of air flow in and out of the lungs. 
The dynamic volumes, such as forced expiratory flow in one second ( FEV1,), and 
forced vital capacity (FVC), are dependent on air flow. 

 

Figure 3: A spirometry output graphic illustrating the lung volumes and capacities. Image: Vihsadas, creative 
commons attribution license http./commons.  
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When the ratio of the volume of air that can be forcibly expired from fully inflated 
lungs in one second (FEV1), divided by the volume that can forcibly be expired 
(FVC), reaches below 0.70, obstruction is considered to be present. If obstruction 
is present, it is further quantified by comparing the FEV1 to values predicted 
taking the patient’s age, sex and height into consideration. (37) The lung 
flow/volume loop shape may also assume a concave form, which has been 
suggested as an early indication of small airways obstruction. (38) (Figure 4) In 
airway obstruction, peak expiratory flow is also reduced. Considering healthy 
individuals, the main site of resistance is in the 4th to 8th generations; FEV1, can be 
seen mainly as an index of large airways. Hence, the resistance of the small 
airways must be considerably increased for the disease to give rise to measurable 
changes in spirometry. (39) To diagnose COPD, spirometry is conducted after 
inhalation of bronchodilators. In the clinical context, the patients’ symptoms are 
also weighed in when diagnosing and staging COPD. (2)  

        

Figure 4: On the left, normal spirometry. On the right, findings indicating obstruction. The smaller ring denotes normal 
breathing. The larger loop refers to maximal inspiration and expiration. Note the concave flow/volume curve indicating  
In the case of COPD Http:// commons.wikimedia.org/wiki File:Normal_spirometry.png, File:COPD.png. Public domain 

RV, which is a component of TLC, cannot be measured by simple spirometry alone, 
and to determine TLC, additional instruments are required, usually body 
pletysmography. Decreased elastic recoil in emphysema, in combination with 
narrowing of airway lumen, causes an increase in RV, and therefore also TLC. 

In advanced centers, additional measurements suggesting small airway disease may 
be included, e.g. diffusing capacity of carbon monoxide, forced oscillometry, (40) 
or nitrogen washout. (41)  
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2.3.2 DL,CO 
Diffusing capacity for carbon monoxide (DL,CO) uses a technique originally 
described in 1909. The method measures of the diffusion property of the lung, and 
the test indirectly quantifies the lung’s capacity to oxygenate the blood. (42, 43) 
The test is performed using a mixture of carbon monoxide and a tracer gas, often 
helium. The blood haemoglobin has high affinity to carbon monoxide, which readily 
enters the bloodstream from the gas-exchanging tissue. The patient inhales the test 
gas maximally through a mouthpiece from RV to TLC, holds her/his breath for 10 
seconds, exhales, after which a distal airspace sample is used to analyse the gas 
mixture. The partial pressure of carbon monoxide in inhaled and exhaled gas 
mixture are compared. The measured unit is given as mmol min-1 kPa-1, but the result 
is often given as a percentage of predicted value taking anthropometric variables 
and preferably blood haemoglobin concentration into consideration. In emphysema, 
the alveolar walls are destroyed, and the active surface area of the alveolar-capillary 
membrane available for gaseous exchange is reduced. Similarly, the DL,CO is also 
reduced compared to normal. The test has been found to indicate emphysema in 
smokers before obstruction is present. An important limitation is that reduced DL,CO 

is not specific for emphysema. (44) 

2.4 Lung imaging methods 

2.4.1 Conventional x-ray imaging and computed tomography 
In both conventional x-ray and computed tomography, the part of the body being 
imaged is placed between an X-ray source and a detector or film to record the rays. 
The x-ray source sends electromagnetic waves, i.e. radiation, through the tissue. As 
the photons pass through the body, dense objects, such as bone or metal, will readily 
attenuate photons, leaving the corresponding areas on the detector or film white. 
Consequently, the probability of a ray attenuating in a less dense structure is lower, 
and a larger proportion of the photons reach the detector, appearing black in the 
image. In conventional x-ray, the organs are superimposed on a 2D-image, while in 
computed tomography, the x-ray source rotates around the patient, scanning the 
body slice-by-slice, resulting in cross-sectional images. In CT, the images may be 
reconstructed and viewed in different planes. The conventional x-ray is easily 
available and less costly than CT, and it generally generates a lower radiation dose 
of than CT. In CT, the attenuation of X-rays can be quantified by Hounsfield Units 
(HU), where 0 HU refers to water, -1000 to air and 3000 to bone. 

The tissue destruction in emphysema increases the air content within the pulmonary 
parenchyma, which then becomes more permissible to x-rays than healthy lung 
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tissue. In plain x-ray, the presence of emphysema is suggested when the classic 
findings of hyperinflation, flattened diaphragmatic cupola and increased 
anteroposterior distance are present. (Figure 5) Inhomogeneously distributed 
emphysema gives rise to local disruptions in parenchymal architecture, which may 
be detected in chest x-ray. In CT, the lower attenuation and architectural disruption 
can be better evaluated compared to x-ray, and a clearer regional information can 
be attained. The three different types of emphysema; centrilobular, panlobular and 
paraseptal, can be assessed. (45) (Figure 6)  

Emphysema is often assessed with high resolution CT (HRCT) (46) In HRCT, thin 
section slices should be used with appropriate windowing to enable visualization of 
the pathological findings in the secondary pulmonary lobules. (47) Paired 
inspiratory and expiratory scans can be used to identify air trapping. 

CT is currently the most specific, clinically used method to diagnose emphysema, 
with superior concordance to pathological specimens over lung function tests 
including DL,CO. (48-50) CT is, however, rarely used for this indication, mainly due 
to cost, lack of availability and to radiation dose. Also, the interpretation requires 
radiologist skills. Modern methods can decrease the radiation dose lower, and the 
clinical praxis may shift to favor CT over PFTs, especially as screening programs 
for lung cancer are being established and semi-automated image interpretation may 
become available.  
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Figure 5: A chest x-ray image of emphysema, s) anteroposterior view. b) lateral view (see text)                                              
Image http://www.radiopaedia.org, dr Andrew Dixon, Creative commons attribution license 

a) 

b) 
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Figure 6: CT appearance of a) centrilobular, b) panlobular and d) paraseptal emphysema. Note the central vascular 
structure in the secondary pulmonary lobule in the centrilobular (a) emphysema. In panlobular emphysema, (b), larger 
areas of destruction are seen Images: http//:www.radiopaedia.org. Dr. Dains Cuete, Dr. Abdallah Alqudah, Dr Natalie 
Jung, Creative commons attribution license 

a) 

b)  

c) 
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2.4.2 CT densitometry 
In CT, each slice has a pre-determined thickness, and hence, each image pixel 
represents a tiny volume. Such “3D-pixels”, called voxels, can be seen to represent 
a volume sub-unit of the tissue being examined. The x-ray attenuation is indicative 
of tissue density. Densitometry refers to quantitative, voxel-by-voxel assessment of 
the tissue’s attenuation values (HU). In the case of the lung, determining the 
attenuation value of each voxel in the lung parenchyma gives indication regarding 
the lung density, which is decreased in the destroyed, emphysematous tissue. 
Hayhurst first described 1984 that centrilobular emphysematous subjects had 
significantly more voxels in the attenuation range between -900 and -1000 HU 
compared to normal subjects. (51) Direct one-to-one pathologic radiologic 
correlations to HRCT have since confirmed the findings. (52). 

  

Figure 7: CT-densitometric axial cross-sectional image of the chest. The software delineates right and left lung, and 
separates them from the thoracic wall and mediastinum. The areas in blue represent voxels with attenuation value 
below -950 HU. The areas in red correspond to blood vessels, also excluded from analysis. 
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Muller developed a technique called “density mask”, where voxels below a certain 
attenuation value are considered emphysematous. (53) This method has also been 
validated against microscopic and macroscopic pathologic specimens. (54, 55) 
Currently, the most common mask used is to consider attenuation values below -
950 HU as emphysematous. (54) Additionally, the fifteenth percentile of attenuation 
distribution histogram, termed PD15, has been used as a measure of density by 
adding 1000 to the HU-value to yield a value in g/L. (56) PD15 has been found as 
the most robust measure of emphysema progression. (57, 58) 
Visually assessed CT has been found to consistently underestimate mild and 
moderate emphysema. (59) It has been stated that CT densitometry correlates better 
to pathological specimens than visual assessment. (60) Despite its apparent 
superiority over the human eye, densitometry has not made it to clinical praxis yet, 
as there is no consensus what can generally be accepted as cut-off value for 
emphysema. The results depend highly on radiation dose, scanner, algorithm, post-
processing and detector configurations. The lung density values also depend on age, 
TLC and sex. (61-65)  

2.4.3 Magnetic resonance imaging 
In magnetic resonance imaging (MRI), the body’s protons are placed under a 
powerful magnetic field. Many of the protons, with their positive charge, will first 
align with this magnetic field. The protons are then excited by radio waves to obtain 
a signal. The signal is then collected and converted to an image  

MRI in the lung, however, is complicated by low signal as normal lung tissue has a 
low proton content. In emphysema, the lungs are hyperinflated and poorly perfused, 
which further reduces the proton content. To image emphysematous lungs, proton-
density weighted, ultra-short echo time technique has been developed, and 
densitometric analyses similar to CT have been suggested. (66-68) (Figure 8) 
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Figure 8: Magnitude images from the short echo-time sequence used for MR densitometry measurements in Paper II. 

Visualization of ventilated tissue is made possible by using either oxygen-
enhancement or inhalation of hyperpolarized gases, often 3He. Determining the 
apparent diffusion coefficient (ADC) gives a quantitative measure of free diffusion 
of gas during a breath-hold. The term unrestricted is used if the molecules can 
diffuse freely, and conversely, restricted if diffusion availability is low. (69) In the 
lungs, diffusion becomes effectively restricted by the boundaries of the airspaces. 
In MRI with hyperpolarized gases, diffusion is highly restricted in the normal lung 
parenchyma, and almost unrestricted in severe emphysema. Using this method, it is 
possible to obtain an estimate of the size of alveoli. (70) This method has also been 
validated against histology. (71) (Figure 9) 

 

Figure 9: Magnetic resonance imaging of the lungs with hyperpolarized helium showing an ADC-measurement 
(Image: Sandra Diaz, Hyperpolarized He-diffusion MRI in evaluation of lung structure in emphysema 2008. Validation 
and development of the method), reprinted with permission 
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2.4.4 Other methods 
Numerous methods to image emphysema and COPD have been developed, 
describing them comprehensively is beyond the scope of this introduction. (72, 73) 
To name a few examples, using paired inspiratory and expiratory CTs can air 
trapping can be identified by using a density mask. (74) CT has also been used to 
quantify bronchial properties, for example wall thickness or luminal area. (75, 76)  

Clinical HRCT can characterize anatomic details as small as approximately seventh 
to ninth bronchial generation. (77) With micro-CT resolution as low as 3-4 µm can 
be achieved, and smaller structures, such as terminal bronchioli and alveoli, can be 
assessed. Micro-CT is not available for in-vivo use, though, due to limited field of 
view, artefacts from respiration and heart motion, as well as radiation dose. (78-80) 

Molecular imaging is a term that refers to techniques, which monitor and record the 
spatiotemporal distribution of molecular or cellular processes for biochemical, 
biologic, diagnostic or therapeutic applications. (81) In COPD, quantitative 
histology and gene expression profiling can be imaged using micro-CT, giving 
further insight in the pathophysiological process. (82, 83)  

In gamma scintigraphy, radioactivity-emitting radionucleids can be imaged as they 
decay. In single photon emission tomography (SPECT), multiple gamma detectors 
rotate around a patient. The images can be reconstructed to illustrate radionucleid 
distribution in three dimensions. This method can be combined with CT to relate 
the distribution to corresponding anatomical locations using inhaled radiolabelled 
gases or radiolabelled < 100 nm particles (Technegas). Studies with Technegas 
indicate that even in the presence of several airflow limitation, the radiolabelled 
tracer regional distribution pattern mimics that of real gas. (84) Technegas SPECT 
has been shown to identify regional differences in emphysema. (85) Also, finding 
early emphysema by detecting perfusion heterogeneity in ventilation/perfusion 
methods has been suggested. (86, 87)  

Synchrotron real time x-ray imaging has enabled in vivo alveolar dimension 
measurements in mice, including measuring the contraction and expansion of 
alveoli during respiration. (88) 
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2.5 Inhaled particles  

2.5.1 Particle size 
A nanometer refers to a size unit of one billionth of a meter, or 10 -9 m. The term 
nanoparticle generally refers to engineered particles under 100 nm in size. In air 
pollution context, particles under 100 nm are termed ultra-fine particles. For 
comparison, the term fine particle is used for particles between 0.1-2.5 µm (100 and 
2,500 nm); and coarse particle refers to a particle between 2.5-10 µm (2500 - 10000 
nm) in diameter. (89)  

2.5.2 Particle deposition in the lungs 
The respiratory system is adapted to successfully clearing inhaled particles away 
from the gaseous exchanging regions. Simplifying, particles of different sizes are 
removed at various depths of the respiratory system. Generally, the largest particles 
(>10 µm) are removed already at the nose and larynx levels, whereas smaller 
particles may deposit further distally. Particles roughly below 500 nm reach the 
alveoli in significant amounts. Very small particles, below 5-10 nm, however, also 
have a high deposition in extrathoracic airways due to their rapid movement by 
diffusion. 

Upon contact with the airway wall, particles generally do not bounce, but deposit 
instead. In this context, deposition refers to a particle adhering to a surface. The 
most important methods of deposition of airborne particles in the lungs are 
impaction, interception, sedimentation and diffusion (Figure 10). (90) 
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Figure 10: Particle deposition modes. 1 inertial impaction, 2 gravitational settling, 3 interception, 4 diffusion (see text). 

The largest particles deposit by impaction, which means they cannot, due to their 
mass, follow changes of the direction of flow, and at each change of flow direction 
they continue with their inertia, eventually impacting on the airway surface. This 
often leads to greater deposition at hot spots near bifurcations. Deposition by 
interception refers to a particle, which is able to follow the air flow, coming in 
contact with the airway surface due to its size. Further down the bronchial tree, as 
the bulk flow grows closer to zero, gravitational settling and diffusion take over as 
the main mechanisms of transportation. In gravitational settling, particles are pulled 
under gravity toward dependent sites. The smallest particles undergo Brownian 
motion, which refers to a random motion of small particles in still air, which is 
caused by the particles being hit by the surrounding, much smaller gas molecules. 
(91) Brownian diffusion refers to particles or gas undergoing Brownian motion, 
while moving from a region of high concentration to a region of low concentration. 
(The Latin origin of the word diffusion means “to spread out”.) (69) Nanoparticles 
deposit almost exclusively by Brownian diffusion. The diffusion rate is proportional 
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to the size of the particles; the smaller the particle/molecule, the higher the diffusion 
rate. (69, 90) 

The likelihood of nanoparticles’ deposition in the airways depends on the diffusion 
distances as well as the time the aerosol resides in the distal airspaces. Keeping the 
residence time constant, the deposition will be reflective of diffusion distance. (92) 

2.5.3 Hypothesis 
The main hypothesis of this thesis is that the nanoparticles’ deposition property can 
be used to differentiate persons who have emphysematous, enlarged distal airspaces 
from those who do not have emphysema. (Figure 11) The term recovery is used to 
describe the fraction of inhaled particles that returns back with the exhaled gas 
mixture. Persons with enlarged airspaces will have longer diffusion distances 
relative to normal. We therefore expect the deposition in these persons to be lower 
than normal and thus, we expect the recovery to be higher than normal. 

 

Figure 11: A schematic diagram exemplifying the recovery difference in healthy and emphysematous tissue. On the 
left, a normal alveolus with shorter diffusion distances, many particles deposit, giving a low recovery in exhaled air.        
On the right, emphysematous alveolus with larger diffusion distances; fewer particles deposit, yielding a high 
recovery in exhaled air. 
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The previous literature regarding empirical studies of nanoparticle deposition in 
COPD-patients is scarce. (93-96) According to a theoretical model, nanoparticles in 
the size range of 50 µm deposit mainly in the distal airspaces, and their deposition 
is not dependent on the flow rate. (Figure 12) (11)  

 

Figure 12: Deposition fraction at different generations of the respiratory tract for 50 nm particles (left) and 1000 nm 
particles (right) as calculated with the Multiple Path Particle Dosimetry model for a healthy adult during oral breathing 
without breath-hold. (IRCP  1994) (92) 

2.5.4 Airspace Dimension Assessment with nanoparticles  
To test the hypothesis, an apparatus to measure nanoparticle recovery was 
constructed as a collaboration between Lund University Faculty of Engineering and 
Department of Translational Medicine. (Figure 13) (97) 

In the apparatus, termed Airspace Dimension Assessment (AiDA), nanoparticles are 
generated and led to a reservoir. During the measurements, the patient sits 
comfortably and breathes several cycles of completely particle-free air from a 
mouthpiece and then exhales to residual volume. A maximal inhalation to TLC 
ensues; at the beginning of this inhalation, computer-controlled valves close, and 
aerosol is led from the reservoir to the mouthpiece. The patient holds her or his 
breath for a predetermined time period, and then exhales. Particle concentration in 
inhaled gas, and in a sample of exhaled gas from distal airspaces at a given 
volumetric depth, are measured. (Figure 14) (92, 97) For a detailed description, see 
section 4.4. 
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Figure 13: The AiDA prototype and a schematic illustration (1) Particle generator (2)  Differential mobility analyzer 
(DMA) ensures uniform particle concentration (3)The aerosol reservoir where the nanoparticles are mixed with 
particle-free air (4) Mouthpiece (5) Sample collector, (6) Particles are detected by a condensation particle counter 
(CPC) (7) Filtered, particle-free air (8) Computer 
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Figure 14: Recovery is measured as the fraction of particles returning with the exhaled gas mixture. The sampled air 
mixture is chosen from a volumetric lung depth distal to conducting airways. Volumetric depth refers to the volume of 
exhaled gas from TLC.  
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Nanoparticle recovery can be used to calculate the airspace radius as described by 
Löndahl. (92) Briefly, an exponential decay curve is fitted to the recovery values 
obtained by a series of breath holds of varying duration (Figure 15). The airspace 
radius, rAiDA, is calculated from the half-life of this decay, according to: 𝑟 ൌ 2.89√𝐷𝑡½ 

where D is the diffusion coefficient given by the Stokes-Einstein equation, and it is 
affected by temperature, viscosity, and particle size. (90-92) The larger the D-value, 
the faster the diffusion process is. 

 

Figure 15: Example data from an AiDA-measurement in Paper II. Exhaled nanoparticle recovery over time and 
extrapolation line, (logarithmic scale). The extrapolation line is used to determine the particle half-life.  R(0) is the 
recovery value at the y-intercept of the extrapolation line, i.e. recovery at time = 0. R(0) is indicated with a red dot.  

As the D depends on the particle size, the particles in AiDA must have a very narrow 
size distribution. This is achieved by a differential mobility analyzer (DMA), in 
which an electric field is generated to separate particles of a desired size.  

The radius here should not be understood as a specific anatomical model, but rather 
an expression of average diffusion distance in the airspaces at a given volumetric 
lung depth. As the nanoparticles mainly deposit in the distal airspaces (Figure 12), 
their average diffusion distance is reflective of the diffusion distances in this region. 
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The AiDA mean radius is not an arithmetic mean, but a geometric mean, which 
slightly overemphasizes larger values. Recovery measurements with at least two 
different breath-hold times are needed to calculate the half-life, and hence, the 
radius. (92, 98) 

Extrapolating the exponential decay curve to the y-intercept yields a theoretical 
recovery value for a breath-hold time zero. (Figure 15) This variable has been 
suggested to have biological properties. (92) The significance of this finding is 
presently not known.  

AiDA has been found to have high precision of ± 7 µm for repeated measurements 
of the same subject. Also, in healthy subjects, rAiDA value has been found to be 
constant over a range of volumetric depths. (98) 

2.5.5 Aerosol Derived Airway Morphometry 
Studies of lung deposition of aerosols to measure lung dimensions have been 
conducted as early as 1968 by Palmes. (99) Micron and submicron size particle 
inhalation tests have since been proposed to assess distal airway dimensions. A 
technique termed Aerosol Derived Airway Morphometry (ADAM) harnesses the 
particles’ gravitational sedimentation property. After a series of breath-hold 
inhalations, the particle recovery at different breath-hold times is used to estimate 
distal airspace diameter. (100) The method has been validated against pathological 
specimens, compared to a lung model and lung function indices, and it has been 
shown to detect emphysema. (101-104) Differences between ADAM and AiDA are 
discussed in section 6.2. 

2.5.6 Particle clearance 
Clearance refers to the body’s actions to remove particles. In the extrathoracic 
airways, insoluble particles are cleared mechanically, i.e. by sneezing, coughing or 
swallowing. In the intrathoracic region, mucociliary clearance is used, where 
particles fasten in secreted mucus. The epithelial cilia then undergo rhythmic 
contractions to propel the mucus towards the pharynx, where it is either coughed or 
ingested. (105) Towards the deeper generations of the conducting airways, cilia 
decrease in number, and the mucociliary clearance progressively decreases. In the 
alveolar region, the particles are cleared by macrophages. (106)  
Translocation refers to the process of particles entering the bloodstream from the 
lungs, and migrating to extrapulmonary organs. There is no evidence of 
quantitatively significant translocation of 35 nm carbon nanoparticles in humans. 
(107) However, more studies on different nanoparticle materials and their clearance 
are warranted. (108) 
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3 Aims 

The overall aim of this thesis was to investigate the potential of the Airspace 
Dimension Assessment with nanoparticles (AiDA) as a method to describe distal 
airspace morphology, as well as to assess the technique as a possible biomarker for 
emphysema.  

Paper I  
The aim of this study was to explore the difference in nanoparticle recovery between 
COPD-patients and never‐smoking controls. A secondary aim was to examine, 
whether the recovery values correlate with the extent of emphysema as measured 
by computed tomography (CT) densitometry and diffusing capacity for carbon 
monoxide (DL,CO).  

Paper II 
The aim of this study was to determine whether the AiDA-derived airspace radius 
correlates with pulmonary density as measured by MRI in healthy volunteers. 

Paper III 
The aim of this study was to examine the distal airspace morphology using the AiDA 
method in a subjectively healthy population without known pulmonary disease or 
self-reported symptoms; to investigate the variability of the AiDA measures in a 
general population sample, as well as to explain the variability in terms of 
anthropometry, lung function and imaging-derived measures. A secondary aim was 
to examine the AiDA values relative to smoking history. 

Paper IV 
The aim of this study was to evaluate AiDA as a possible biomarker for emphysema 
by determining if AiDA can differentiate persons with CT-verified emphysema 
from those without emphysema in a general population sample. A secondary aim 
was to determine if persons with emphysema defined by quantitative imaging or 
lung function parameters have larger AiDA radius relative to non-emphysematous 
persons. A tertiary aim was to investigate the role of comorbidities. 
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4 Material and Methods 

4.1 Study populations 
Paper I  
The study group consisted of 23 patients with COPD. The control group consisted 
of a conveniency sample of 20 never‐smokers without a history of pulmonary 
disease. The control group was similar to the COPD group with respect to age and 
sex ratio. A total of four COPD-patients were excluded due to poor quality of AiDA 
measurements; three due to inhaled volume below 2/3 of vital capacity, and one due 
to too long breath-hold time (>17 seconds). One prospective control person was 
excluded due to spirometry values indicating GOLD stage 2 COPD. Hence, 19 
COPD-patients and 19 controls were eligible for analysis.  

Paper II 
The study group consisted of 25 prospectively recruited healthy, never-smoking 
volunteers between 21 and 64 years of age. Four persons were excluded due to poor 
quality of AiDA measurements; two due to dispersion in data points with a deviation 
from theoretical model with intra-individual correlation less than 0.95. Another 
person was excluded due to large intra-individual variation at the 5 second 
inhalation, and another had to abort the measurement due to air leakage at the 
instrument mouthpiece. Additional two individuals did not perform AiDA-
measurements or pulmonary function tests due to logistical reasons. This resulted in 
a total of 19 individuals eligible for analysis. 

Papers III-IV 
The data for this prospective study were obtained from the Swedish 
CArdioPulmonary bioImage Study (SCAPIS), a national population-based study 
with 30 154 participants between 50 and 64 years of age. (8) In total, 744 individuals 
examined at the SCAPIS local site at Malmö, Sweden, underwent AiDA 
measurements. 

In Paper III, a subset of the population was used. A healthy normal population was 
defined according to principles given by Johannessen et al, excluding persons with 
a history of respiratory disease or symptoms. (9) Respiratory illness was defined as 
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an affirmative answer to the question: “Have you been diagnosed with chronic 
obstructive pulmonary disease, chronic bronchitis, emphysema, asthma, 
tuberculosis or other pulmonary disease?” Self-reported respiratory symptoms were 
defined as an affirmative answer to any of the following questions: “Do you cough 
even when you do not have a common cold?”, “Do you experience wheezing or 
whistling in your lungs?”, or “Do you experience shortness of breath when hurrying 
on level ground or walking up a slight incline?” Of the initial 744 individuals, 55 
were excluded due to previously diagnosed respiratory illness, and an additional 199 
due to self-reported respiratory symptoms. Nineteen individuals were excluded due 
to missing study questionnaire data. This resulted in 471 eligible participants, of 
which 68 were excluded due to poor quality of AiDA measurements, as stated under 
section 4.4. Hence, a total of 403 individuals were included. 

In Paper IV, 126 of the 744 examined individuals were excluded due to poor quality 
of AiDA measurements, according to the criteria stated under section 4.4. This 
resulted in 618 persons eligible for analysis. 

4.2 Lung function tests 
Papers I-IV  
The subjects underwent conventional lung function tests performed according to the 
European Respiratory Society/American Thoracic Society guidelines. 
Postbronchodilator FEV1, vital capacity (VC) and DL,CO values were measured 
(Jaeger MasterScreen PFT, IntraMedic, Sollentuna, Sweden). In Papers I and II the 
lung function variables were presented as percentage of predicted values and in 
papers III and IV both as percentage of predicted and as raw values. (37)  

4.3 Lung imaging methods 
Paper I 
The COPD group underwent a low radiation dose CT scan of the chest in suspended 
full inspiration using a multidetector‐row scanner (Siemens Somatom Definition 
Flash; Siemens Healthineers, Forchheim, Germany) with a detector configuration 
of 128 × 0.6, automatic tube voltage selection (Care kV, ref kV 120), automatic tube 
current modulation (CareDose 4D, ref mAs 15), pitch 1.2 and rotation time 0.5 
seconds. Images were obtained using B20f, 1 mm slice thickness / 1 mm increment, 
as well as I70f, (SAFIRE level 1), 2 mm / 2.5 mm. A computer‐assisted tissue 
density analysis was carried out using syngo.via Pulmo 3D software version VA, 
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which automatically separated the lungs from adjacent organs. The extent of 
emphysema was estimated using two densitometric measures:  

1. The relative volume of voxels with x‐ray attenuation values below ‐950 
Hounsfield Units (RV‐950) (53) 

2. The lung density at the 15th percentile of the attenuation distribution 
histogram, termed partial density (PD15). (54, 55)  This value, given as g/L, 
was used to represent tissue density in correlation analyses. (55, 56, 60) 

The CT scans were also visually assessed by a radiologist with 9 years of experience 
(SD) and a radiology resident (HLA) with 2 years of experience. The extent of 
emphysema was graded as absent, mild, moderate or severe. Also, the presence of 
bullous emphysema, bronchiectasis and extensive bronchial wall thickening were 
evaluated. To avoid radiation exposure, the control group did not undergo CT. 

Paper II 
All subjects underwent a MRI of the chest on a 1.5 Tesla Siemens Magnetom 
AvantoFit (Siemens Healthcare, Erlangen, Germany), with an 18 channel body coil 
and a 32 channel spine matrix. Coronal proton density (PD) maps were measured 
with the Snapshot FLASH pulse sequence to correct for T1. (68) The imaging matrix 
was 128 × 64 zero filled to 256 × 256; field of view 450 mm square; slice thickness 
1.5 cm; echo time = 0.67 ms; repetition time = 3.0 ms; and flip angle = 7°. All 
measurements were preceded by instructions for breath-hold after a tidal inspiration 
and subjects were given at least 10 seconds of free breathing to restore 
magnetization equilibrium between measurements. The data were processed in 
MatLab R2014b (MathWorks, Natick, MA, USA). The lungs were segmented in 
three dimensions (3D) using the magnitude images, followed by manual removal of 
major vessels. Segmentations were considered successful when each slice clearly 
included the signal magnitude gradient representing the border of the lung. 

For each subject, a radiologist (HLA) selected three slices ventral to the airway 
bifurcation and manually placed a region of interest (ROI) representing the left 
ventricular blood in each image. For each image, the lung PD was normalized to the 
mean signal intensity of the ventricular ROI. (66) Since MRI measurements were 
made at tidal inspiration – which is a poorly defined lung volume – the volume of 
the lung at the MRI acquisition, VMRI, was calculated (as the size of the total 
segmented lung). Assuming the lungs simply inflate without changing tissue or 
blood content, density values at total lung capacity (TLC) can be calculated by 
multiplying density values with VMRI/TLC. This TLC-corrected PD was called 
PD(TLC). Furthermore, all voxels with a density value higher than 60% of the 
ventricular blood were considered blood vessels and hence, discarded from the 
analysis. 
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Three imaging variables were used to quantify lung density. These variables were 
originally developed for computed tomography, (56, 58) and later adopted to MRI: 
(66) 

1. Mean lung density (MLD) represents the mean PD(TLC) of the entire 
segmented lung volume in three central slices. 

2. The 15th percentile proton density (PD15) was calculated from the 
PD(TLC) histogram of all voxels in the selected lung slices. 

3. The relative area under 7.5% PD (RA7.5). Here, a density mask analogous 
to CT in papers I, III and IV is applied; this is the fraction of lung voxels in 
the selected slices, with a PD(TLC) less than 7.5% of the ventricular blood 
signal intensity. 

Papers III-IV 
All subjects underwent a low radiation dose CT of the chest in full inspiration using 
a multidetector-row scanner (Siemens Somatom Definition Flash; Siemens 
Healthineers, Forchheim, Germany) with a detector configuration of 128 × 0.6, tube 
voltage 120 kV (Care kV off), tube current modulation (CareDose 4D, ref mAs 30), 
pitch 0.9, rotation time 0.5 seconds. Images were reconstructed according to the 
following kernels B31f, B20f, I30f (SAFIRE level 3), 0.6 mm slice thickness / 0.6 
mm increment, as well as B35f 0.6 mm / 0.4 mm. The images were interpreted 
visually by one of four chest radiologists, who had between 9 and 35 years of 
experience. Emphysema was defined by the Fleischner society’s guidelines and 
recorded as present or absent (109) If present, a modified Goddard score was 
obtained; each lung was divided into an upper, middle and lower section. For each 
section, a score between 0 and 3 was assigned, where 0 represented no emphysema, 
1 represented 0 – 25% emphysema, 2 denoted a 25 – 50% emphysema, and 3 
represented above 50% emphysema. The scores were added, yielding a maximum 
score of 18. (110) The images were further assessed using syngo.via pulmo 3D 
software version VA, and the CT-densitometric values described under Paper I were 
obtained. Emphysema was considered present if 7% or 5% of the voxels fell under 
the threshold HU-value. (111) CT-derived total lung capacity TLC (CTV) was 
calculated as the volumetric sum of the CT voxels containing lung tissue. (112, 113) 
Additionally, left upper lobe apical segmental bronchus thickness was measured. 
(75)  

  



49 

4.4 Airspace Dimension Assessment with 
nanoparticles 

Papers I-IV 
Nanoparticle recovery was measured using Airspace Dimension Assessment with 
nanoparticles (AiDA) method. (92, 97) The apparatus generated a monodisperse 
aerosol containing 50 nm polystyrene latex nanospheres using an electrospray 
aerosol generator (TSI model 3480; TSI Inc, Shoreview, MN, USA), followed by 
size selection by a differential mobility analyser (Model 3071; TSI GmbH, Aachen, 
Germany), and dilution with particle‐free air. The aerosol was generated into a 10 L 
semi‐flexible container. A constant flow of aerosol through the container was 
maintained to ensure a uniform particle concentration. A condensation particle 
counter (CPC, Model 3760; TSI Inc., Aachen, Germany) was used to measure the 
particle concentration in the inhaled and exhaled aerosol. The inhalation system in 
AiDA was temperature‐controlled at 35°C to prevent water vapor condensation. All 
aerosol containing volumes and tubings were made of electrically conducting or 
antistatic material to minimize deposition due to electrostatic attraction. In addition, 
the inhaled aerosol particles were singly (positively) charged, and thus only weakly 
interacting with electrical fields. The particles were hydrophobic to avoid 
hygroscopic particle growth. (114) 

The measurements were carried out in a sitting position, using a protocol similar to 
that of measuring DL,CO (43) The subject at first inhaled several breaths of particle‐
free air through a mouthpiece connected to a computer‐controlled four‐way valve 
(as used in Master Screen PFT; Jaeger, Germany) and then exhaled to residual 
volume. The valves closed, leading nanoparticle aerosol from a reservoir to the 
mouthpiece. The subject then performed an inhalation to total lung capacity (TLC), 
held his or her breath a predetermined time, and finally exhaled into a sample 
collector. 

After accounting for particle losses within the instrument, particle concentration 
values in the inhaled and exhaled aerosol were used to determine recovery. The 
volumetric lung depth for the exhaled sample was chosen to be 1100–1300 mL. This 
is considered deep enough to measure beyond the dead space, but shallow enough 
for most subjects, including elderly, to be able to reach. The diffusion that takes 
place at either end of the breath-hold is accounted for, analogous to the procedure 
for measuring DL,CO (43). 

In Paper I, three repeated measurements at the nominal breath-hold of 10 seconds 
were conducted. In papers II-IV, two repeats of three different nominal breath-hold 
times (5, 7 and 10 seconds) were conducted.   
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In Paper I, the results are given only as recovery. In papers II-IV, the multiple 
breath-hold times are used to calculate the airspace radius as described by Löndahl. 
(92) I.e. an exponential decay curve was fitted to the recovery values obtained by a 
series of breath holds of varying duration. The airspace radius was calculated from 
the half-life of this decay as given under 2.5.4. 

Extrapolating the exponential decay curve to the y-intercept yields a theoretical 
recovery value for a breath-hold time zero. This value is recorded and investigated 
in papers II and III.  

Technical quality 
In Paper I, the measurements were considered of acceptable technical quality if the 
subject inhaled up to 2/3 of their vital capacity, and if the total breath-hold-time did 
not exceed 17 seconds. Paper II, which featured only healthy volunteers, 
measurements were considered of acceptable technical quality if the subject inhaled 
up to 2/3 of their vital capacity, and the measured values correlated with a theoretical 
model with a R2-value exceeding 0.95. In Papers III and IV, the measurements were 
considered of sufficient technical quality if the subjects performed at least four valid 
breathing manoeuvers, no instrumental errors were detected and the correlation 
coefficient r, between breath-hold time and log recovery was above 0.9.  

Exposure 
Papers I-IV: The study protocol resulted in an exposure to aerosol with a particle 
number concentration of 104 particles cm−3 and a deposited particle mass of 
<0.03 μg in the lungs. 

4.5 Statistical analysis 
In all the papers, a p-value of less than 0.05 was considered statistically significant. 
The analyses were conducted using IBM SPSS v. 22-24, Armonk, NY. 

Paper I 
Data were, unless otherwise specified, reported as mean, standard deviation and 
range. Student’s t-test was used for sex differences. The recovery values were 
reported as mean and intra‐individual standard deviation of three technically 
acceptable tests. The intra‐individual variability was evaluated by coefficient of 
variation. The difference between the groups was assessed with independent sample 
t‐tests. Relationships between the parameters were evaluated using the Spearman's 
ρ correlation.  
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Paper II 
In this study, the data were, unless otherwise specified, reported as mean, standard 
deviation, and range. Student’s t-test was used for sex differences. For the 
investigated variables and the subjects with complete and acceptable measurements, 
Spearman’s (ρ) was presented with p-values to assess correlation. The 95% 
confidence intervals (95% CI) for the AiDA parameters were calculated from the 
estimated standard error and the two-sided t-distribution with 4 degrees of freedom. 

Paper III 
The distributions of each variable were examined for skewness and kurtosis to test 
normality.  To improve the fit, logarithmic transformations were investigated. No 
outliers were excluded. To assess the variability within the population, coefficient 
of variation was used. Linear regression models were used to evaluate the variation 
in both rAiDA and R(0); standardized beta coefficients and their p-values were given. 
Collinearity was tested by tolerance and variation inflation factor (VIF). ANOVA 
and T-test were used for smoking subgroup analysis.  

Paper IV 
The distributions of each variable were examined for skewness and kurtosis to test 
normality. Means, standard deviations, minimum and maximum values were 
recorded. No outliers were excluded. The analyses were conducted with and without 
one outlier with a rAiDA value of 516 µm. Student’s t-test was used to determine 
differences in rAiDA between emphysematous and non-emphysematous subjects. The 
percentage of emphysema/COPD were investigated according to tertiles of rAiDA in 
the population. Logistic regression models were used to investigate differences in 
rAiDA odds ratios between COPD/emphysema subjects and healthy controls. In each 
analysis, missing data were reported. T-test in emphysema/COPD –indices between 
those who had missing AiDA values and those who did not were conducted to detect 
possible selection bias. A power calculation was made based on the results of paper 
I to allow sufficient power in paper IV. 
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5 Results 

Paper I 
In this proof-of-concept study the 19 COPD patients were found to have 
significantly higher mean nanoparticle recovery relative to the 19 controls, 0.128 ± 
0.063 vs 0.074 ± 0.058; p = 0.010. Also, recovery correlated significantly with CT 
densitometry variables RV-950 (ρ = 0.586, p = 0.008) and PD15 (ρ = -0.665, p = 
0.003). This indicates increasing recovery with decreasing lung density. Recovery 
was found to correlate with DL,CO (% predicted) both when considering the COPD 
group alone (ρ = -0.668, p = 0.002), as well as together with the controls (ρ = -0.506, 
p = 0.001) (Figure 16). No significant correlation between recovery and FEV1 was 
found.  

 

Figure 16: Recovery over tissue density (PD15) and DL,CO. 

Paper II 
This study was the first empirical study to report AiDA-derived distal airspace 
radius (rAiDA) values. The mean rAiDA in the study group of 19 healthy volunteers 
aged 21-64 years was 272 ± 31 µm. The radius correlated with MR densitometric 
variables RA7.5 (ρ = 0.603, p = 0.006) and PD15 (ρ = - 0.584, p = 0.008). The 
results indicate increasing radius with decreasing lung density. A correlation to age 
was suggested, ρ = 0.452, although the finding was not established at the required 
level of significance (p = 0.052). The zero second recovery value R(0), or the 
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intercept of the exponential decay curve, was found to correlate significantly with 
age and FEV1. 

Paper III 
The study group consisted of 403 persons 50-64 years of age, without respiratory 
disease or symptoms, participating in a nationally representative cross-sectional 
study (SCAPIS). In this group, the mean distal airspace radius was 293 ± 36 µm, 
which is approximately in line with other comparative methods. In the linear 
regression models, the radius was minimally influenced by weight and height. In 
regression models adjusted for age and anthropometry, the radius increased with 
increasing pack years (standard β = 0.12, p = 0.02). The ever-smoking men had a 
significantly larger radius compared to never-smoking men. (Table 1) 

Table 1:  
Differences between never- and ever-smoking men 

 Never (N=92) Ever (N=90)  
 Mean SD Mean SD p-value 
TLC (CTV) (L) 6.3 1.2 6.1 1.2 NS 
VC (% pred) 107 13 105 13 NS 
FEV1 (% pred) 108 13 105 15 NS 
FEV1/VC 0.80 0.06 0.76 0.07 0.005 
FEV1/VC (% pred) 104 8.3 101 9.3 0.01 
DL,CO (% pred) 97 13 93 17 NS 
PD15 (g/L) 84 19 90 22 NS 
rAiDA (µm) 289 33 302 40 0.03 
ln rAiDA -1.25 0.11 -1.21 0.13 0.03 
R(0) 0.55 0.21 0.53 0.19 NS 

In women, no significant differences between never- and ever-smokers were found with respect to any of the listed 
variables, including FEV1/VC and FEV1/VC %. (Never-smokers N=90, ever-smokers N=130)  
Never-smoker = a person with an accumulated tobacco consumption of less than one pack-year.  
Ever-smoker = a person who is either a former smoker or an active smoker.  
 

Paper IV 
The rAiDA values in a group of 618 individuals aged 50-64 years participating in the 
population-based SCAPIS-study were approximately normally distributed. (Figure 
17) There was visually detected emphysema on CT in 47 individuals. The rAiDA 
value in this group was significantly larger (326 ± 49 µm), compared to non-
emphysematous individuals (291 ± 36 µm). The results were unchanged even if the 
outlier in figure 17 is excluded. Logistic regression analysis found increasing odds 
of emphysema with increasing rAiDA. Odds ratio per 1 µm for emphysema, adjusted 
for age, sex, height and weight was 1.021 (1.013 – 1.028), p < 0.0001. Similar results 
were found when emphysema was defined by abnormal CT densitometry or DL,CO 
values. In table 2, the results are compared to other studies measuring distal 
airspaces. 
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Figure 17: Frequency table of rAiDA 
There was one female outlier value with rAiDA of 516 mm. This person had moderate emphysema on CT with a 
modified Goddard score of 8 (of 16). She had COPD stage 2 according to spirometric GOLD-criteria (FEV1/VC < 0.7 
and FEV1 of 55% of predicted). She also had a DL,CO of 49% of predicted. This person was an active smoker with a 
>52 pack year smoking history. She also reported experiencing dyspnoea, cough, wheezing and increased phlegm.  
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6 Discussion 

6.1 Disposition 
Nanoparticles are able to penetrate to the distal lung. They behave like gases, 
undergoing stochastic, Brownian motion. In airspaces, they deposit mainly by 
diffusion, and the likelihood of their deposition depends on the diffusion distance. 
This diffusion distance can be quantified by AiDA and given as a radius, which in 
papers II-IV measures around 250-350 micrometers. As the pathway length from 
trachea to alveoli varies, however, the radius should not be understood as a specific 
anatomic site, but rather a geometric mean diffusion distance in the airways, 
measured at a given volumetric depth. The exact anatomical site at which the 
particles deposit is presently not known. As showed by Jakobsson, however, the 
radius is constant over a large range of volumetric depths distal to the purely 
conducting airways. (98)  

The distal airspace dimensions in healthy individuals in Papers III and IV were 
generally in line with the previous literature, although considerable caution should 
be exercised in interpreting these findings, as there are vast differences in 
methodology, sample size, lung inflation and study design. The geometric rather 
than arithmetic mean used gives proportionally more weight to larger radii, which 
may be the reason why AiDA gives slightly higher radii compared to the other 
methods presented in paper IV.  

Presently, it is not known how diseased lung will affect the signal, as the distribution 
of ventilated areas are less uniform. Areas completely not ventilated, such as those 
shown as black in Figure 9 (hyperpolarized helium), likely do not contribute to the 
diffusion distance measurements. Although further studies in diseased lungs should 
be undertaken, it should be noted that AiDA has showed significant differences 
between both healthy and persons with moderate-to-advanced COPD as in Paper I 
as well as between persons with and without mild-to-moderate emphysema in Paper 
IV. 

The explorative correlation analysis shows the R(0) value may reflect biological 
properties 
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6.2 Comparing AiDA to other methods 
Spirometry is the method currently used for diagnosis of COPD. Spirometry has 
very limited ability to differentiate between bronchial disease and emphysema. 
Also, the sensitivity for emphysema is low. AiDA has similarities with DL,CO, being 
dependent on distribution of inhaled gas and diffusion within the airways. In 
contrast, AiDA is independent of transfer across the air-blood interface, 
haemoglobin concentration, recent smoking and altitude. The instrument is 
potentially simpler, as no compressed gases are needed.  

With CT, the emphysematous regions of the lung are identified irrespective of 
ventilation. This is, however, not the case for AiDA, DL,CO nor ADC, which all 
depend on distribution of inhaled particles or gas to the affected regions. There may, 
therefore, be differences between the types of emphysema found with the two 
methods; AiDA may reflect homogeneously distributed emphysema in ventilated 
regions, while being less accurate detecting poorly ventilated regions, such as 
bullae. 

AiDA, like ADC,, is based on diffusion in airspaces. AiDA, however, does not 
provide regional information like ADC, and it can be measured at maximum 
inhalation, which is difficult for ADC. AiDA is also much easier to perform and 
potentially much cheaper and could be made more widely available. SPECT with 
radiolabeled technetium also uses nanoparticles’ ability to penetrate to distal lung. 
Technegas, however, is less uniform in size, leading to more dispersion in the mode 
of particle deposition. Under ideal circumstances, the image approximates the 
regional distribution of ventilation. Airway obstruction may, however, result in 
central deposition in hotspots at larger airways. Compared to SPECT, AiDA, again 
gives no regional information, and in AiDA there is no radiation dose, SPECT with 
technegas also produces an image that may be difficult to quantify, reproduce and 
requires a specialist to interpret, instead of a single radius estimate figure.  

Both AiDA and Aerosol Derived Airway Morphometry (ADAM) use particle 
recovery to quantify distal airspace dimensions. ADAM uses larger particles with 
gravitational settling as the main mode of deposition. However, especially at high 
flow rates the large, micron-sized particles also deposit by impaction (Figure 12), 
Impaction in conducting airways adds uncertainties in particle penetrance, 
especially in the diseased lung. To minimize this effect, long breaths with constant 
low flow rates were mandated, making the measurement protocol practically 
challenging, especially for the elderly and patients with airway obstruction. Also, 
the ADAM technique normally requires determining static lung volumes, which 
leads to a longer protocol with additional measurements in a plethysmograph. An 
advantage ADAM has over AiDA is that the particles in ADAM are counted at the 
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mouthpiece and hence, ADAM is able to measure airspace dimensions in more 
proximal airways than AiDA (92) 

6.3 Biomarkers 
As briefly described in the introduction, for the pulmonologist of the first-half of 
twenty-first century, there is an increasingly wide selection of methods available 
with potential to give insights in pathological changes, pathogenesis or possibly 
diagnostics of emphysema. There is, however, a challenge translating these results 
in diagnostics at everyday practice. In their joint action statement, the American and 
European Thoracic Societies prompt research in future COPD biomarkers that can 
relate anatomical and physiological findings to patient-centered outcomes, such as 
symptoms. (115) Mannino has in 2018 suggested the following criteria for the 
optimum COPD biomarker, after which he states that no current biomarkers fulfil 
the criteria. (7):  

 
1. Usable in a primary care setting 

2. Easy to perform or administer 

3. Able to find disease in early stages 

4. Able to detect and classify different phenotypes of disease 

 
The method suggested in this thesis may be able to fit the described niche. Criterion 
2 is fulfilled as the measurement procedure is similar to that of DL,CO, and does not 
require special training beyond what is expected of health care technicians. As for 
criterion 3, the method was able to differentiate between healthy and 
emphysematous subjects, even though most subjects in paper IV had early stages of 
the disease, although more studies are needed to validate this. As for criterion 4, we 
believe that in ventilated areas, airflow obstruction will not affect the gas 
distribution, which is why we believe AiDA may give information about 
emphysema irrespective of the bronchial component of COPD. (84, 116) This is 
supported by the lack of correlation to FEV1 in Paper 1, although more studies are 
needed. As for criterion 1, we are presently relying on a prototype of the apparatus, 
but the technology is comparatively simple, and highly reproducible down to 7 µm. 
(97, 98) The subsequent, simpler prototypes aim at being placed in clinical 
outpatient settings, including primary care. A simple apparatus could be an 
advantage considering that a large proportion of the disease burden is in mid-to low 
income countries with comparatively limited healthcare resources. 
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The relationship between increased OR for emphysema with the presence of 
respiratory symptoms in Paper IV suggests AiDA could be suitable for evaluating 
persons with respiratory symptoms. 

6.4 Methodological aspects 
Internal validity of a study refers to the test’s ability to measure the effect it was set 
out to measure. External validity refers to the extent the conclusions of a study apply 
outside the context of that study. 

Internal validity, in turn, may be compromised by systematic or random errors. 
Common systematic errors can be explained in terms of confounding, selection bias 
and information bias, and the researchers should address these issues in study design 
and data analysis. In Paper I, the study and control groups are chosen to be of the 
same age and male/female ratio to reduce confounding. In Papers III and IV, several 
potential confounders are accounted for in the regression models. Information bias 
refers to systematic distortion in data collection, for example due to instrumental 
errors. All the equipment used in the studies was regularly calibrated to reduce 
instrumental error. As the AiDA technology is at a developing stage, however, 
errors of the prototype instruments may have introduced a bias, as exemplified by 
the number of persons excluded in papers III and IV due to invalid measurements. 
Measuring the distal airspace sample at a set volumetric depth for all individuals 
may lead to the sampled air to represent different part of the airways in persons with 
large lungs compared to persons with small lungs, which may have introduced a 
bias. The MRI method used to determine tissue density in Paper II is under 
development, and the method is not yet standardized, which may have introduced 
an instrumental error. Also, the MRI method included a normalization of PD to 
TLC, which is an approximation that may again have introduced a bias.  

The concept information bias also includes misclassification of outcomes. The 
golden standard against which AiDA was compared to in papers I, III and IV was 
CT. Early emphysema diagnostics, however, is challenging, as the findings may be 
subtle. In literature, there is poor intra- and inter-observer agreement in visual 
diagnostics of emphysema. (117) Due to differences in calibration, scanning and 
processing, here is no currently accepted cutoff-value of RV-950 what can be 
considered as emphysematous. The percent cutoff values of 5% and 7% used in 
Paper IV are arbitrary, and lead to possible misclassification of outcomes. (111) 
Furthermore, to reduce exposure, the studies were conducted using low radiation 
dose, possibly compromising the diagnostic quality. (In Papers III and IV this 
resulted in artefacts, which were later minimized by using an iterative reconstruction 
algorithm. The densitometry analysis was conducted using a kernel I30f instead of 
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original B20f.) (118) All in all, in Paper IV, there may have been persons labeled as 
emphysematous, who did not have emphysema, and vice versa. As to selection bias, 
the participation rate to SCAPIS local site in Malmö was approximately 50%. While 
the figure is comparatively high, there may yet have been bias regarding to the 
persons who chose to participate.  

Random errors, in turn, are due to chance and can be reduced by increasing the 
sample size. Papers I and II are explorative, proof-of-concept studies, where the 
number of subjects is limited. Conclusions from these studies should be cautiously 
expressed. The preliminary results from Paper I enabled a tentative power 
calculation to be made for the subsequent studies, reducing the random error.  

While the he cross-sectional study design in papers III and IV increases the N and 
gives more insight in the method, the study is still not enough to validate AiDA as 
a new biomarker, as external validity remains to be explored. The correlations and 
associations in the exploratory analyses suggested in this thesis are only suggestive 
that similar findings will be made in another cohort. To establish external validity, 
AiDA, like any biomarker associated with diagnosing, staging or prognosis of a 
disease, should be tested in at least one other confirmatory cohort.  

6.5 Developing a diagnostic method 
Validating a diagnostic method requires a study specifically designed for this 
purpose. The study should be undertaken in an appropriate spectrum of patients, 
such as those a clinician would see in practice. It could be possible to consider AiDA 
as a potential screening test among smokers, in which case a study in such a target 
population should be conducted. There should be an independent, blind comparison 
with reference to a golden standard. Furthermore, the standard should be applied 
regardless of the index test result. To prove the results are reliable and replicable, 
the new test should ideally be validated in a second, independent group of patients. 
(119) 

In diagnostic tests, there are two types of results commonly reported. The test’s 
accuracy is given as specificity and sensitivity, defined as the test’s ability to find 
true positives for the condition, i.e. sensitivity, and the ability to find true negatives 
for the same condition, i.e. specificity. A perfect test finds no false positives and 
misses no persons with the condition (finds no false negatives). A receiver-operator 
curve (ROC) is often plotted between specificity and 1-sensitivity. The closer the 
area under graph (AUC) is to one, the closer the test is to this ideal. The STARD-
statement describes the methodological and reporting steps that should be taken in 
diagnostic studies. (119) Furthermore, post-test probabilities may be used to affect 
the management of a specific patient.  
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Figure 18: ROC-kurvor. AUC for DL,CO=0.707, FEV1 % = 0.710 , FEV1/VC=0.739 and rAiDA =0.728 

AiDA is not at this point suggested as a screening tool in unselected populations, 
and hence, no AUC values were given in Paper IV. In Figure 18, however, AiDA is 
compared to other methods to diagnose emphysema using the data from Paper IV. 
The comparatively low AUC-values for all the listed tests reflect the unselected 
study population, where no disease was suspected and the prevalence of emphysema 
was low. These results are considered preliminary, but they do indicate AiDA’s 
feasibility as a potential diagnostic tool. 
Forecasting which emerging medical technologies become successful, and which 
problems may arise in the implementation, leading to product failure is difficult. 
Developing a new diagnostic method should be exercised with an open mindset, 
anticipating and reacting to possible theoretical or concrete product failures. (120)  
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6.6 Ethical considerations 

6.6.1 Exposure to nanoparticles 
Nanoparticles are present in ambient air, leading to exposure to inhaled 
nanoparticles in everyday life settings. In Europe, the average inhaled nanoparticle 
number exposure per day is 500-10 000 cm-3in rural settings, and 7500-25 000 cm-

3 in urban settings. In busy streets, the mean European average is 31 500 cm-3. (121) 
Assuming a mean deposition probability of 0.5, this corresponds to a dose of 
3 × 1011 particles per day, or 1.2 × 1010 particles deposited per hour; which, in turn, 
translates to every alveolar cell having an average daily exposure of eight 
nanoparticles. (122) 

Inhalation is the most common route of exposure to engineered nanoparticles. The 
toxicity is a function of hazard and exposure. (123) The exposure to nanoparticles 
as per the study protocol was low. The total cumulative exposure to particles is very 
low, comparative to relative to inhaling a few breaths of relatively clean urban air. 
(124) Furthermore, between the measurements, the subjects inhaled completely 
particle-free air, which reduced the total nanoparticle exposure. The particles 
consisted of latex nanospheres, chosen for their low toxicity potential. 

6.6.2 Exposure to radiation 
The subjects in Papers I, III and IV were exposed to ionizing radiation. To keep the 
radiation dose as low as reasonably achievable, low radiation dose protocols were 
used. The subjects in Paper II were investigated using MRI, avoiding ionizing 
radiation. 

In Paper I, low radiation dose was applicable, as full dose was not required to find 
the desired correlations. In Papers III and IV, the subjects were recruited from 
general population. The participants were actively approached to participate in the 
study, they did not approach health care with a concern they wished to address, 
which is why the radiation dose was kept very low. In future validation studies, 
however, especially in a diagnostic accuracy study, a proper HRCT as golden 
standard should preferably be used in order to reduce the risk of misclassification 
of outcomes.  
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7 Conclusions 

The Airspace Dimension Assessment with nanoparticles (AiDA) method reflects 
distal airspace properties and shows potential as a diagnostic biomarker for 
emphysema.   

Paper I  
A significant nanoparticle recovery difference was found between COPD-patients 
and never‐smoking controls. Recovery correlated with the extent of disease as 
measured with existing methods to evaluate distal airspaces, computed tomography 
(CT) densitometry and diffusing capacity for carbon monoxide (DL,CO). This offers 
a proof-of-concept for the AiDA method as a potential biomarker. 

Paper II 
The radius correlated with pulmonary density as measured by MRI in healthy 
volunteers. The finding suggests AiDA may reflect changes in distal airspaces that 
result in decreased tissue density. 

Paper III 
The mean distal airspace radius measured in a subjectively healthy population 
without respiratory disease had a relatively narrow variation. The AiDA radius was 
generally in line with other comparative methods. The radius was minimally 
influenced by weight and height. The radius increased with decreasing lung density 
and decreasing diffusing capacity for carbon monoxide. A part of the variation may 
be explained by smoking-related changes.  

Paper IV 
In an unselected cross-sectional population, the individuals with visually detected 
emphysema had a significantly larger radius compared to non-emphysematous 
individuals. The results hold when emphysema was defined by using other indices. 
Comorbidities did not give rise to significant changes in the AiDA radius. 
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8 Future perspectives 

As outlined above, further validation in different cohorts and a diagnostic accuracy 
study should be performed. Presently, the distal airspace morphological features 
obtained from the test are inferred using other in vivo measurements, such as DL,CO, 
or PD15; a study relating the AiDA-obtained dimensions to pathological specimens 
should be conducted, if methodologically feasible. Studies comparing 
predominantly bronchial and predominantly emphysematous phenotypes of the 
disease should be undertaken. Testing young-to-middle age persons with alpha-1-
antitrypsin deficiency would give insights in AiDA’s ability to differentiate early 
emphysema from healthy lung. The role of the R(0) value should be further 
investigated. Testing persons with other diseases involving the small airways, for 
example interstitital disease or bronchiolitis obliterans organizing pneumonia, 
should be considered. The technical development should include standardized and 
automated measures of quality control. 

Emphysema can be considered a human-made disease, arising by exposure to 
mainly anthropogenic noxious inhalants. Emphysema thus presents a different 
existential context from diseases of microbiological origin, such as tuberculosis, in 
which humanity can be considered a victim of circumstances rather than an active 
subject of the pathogenesis. Technological optimism refers to an ideology presented 
in the 1970s, suggesting humans will overcome the challenges of pollution and 
overpopulation through technology. This view has since been challenged, and 
considered unrealistically optimistic. (125) Recently, a careful case-study of 
optimistic mechanisms has been suggested as a more cautious and moderate way to 
encounter challenges of the first half of the twenty-first century. (126) It is too early 
to say if the method presented in this thesis could be of use in the struggle against 
emphysema, but more studies are under way. 
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Background: The diagnosis of chronic obstructive pulmonary disease (COPD) is
often based on spirometry, which is not sensitive to early emphysema. We have
recently described a method for assessing distal airspace dimensions by measuring
recovery of nanoparticles in exhaled air after a single-breath inhalation followed
by breath-hold. Recovery refers to the non-deposited particle fraction. The aim of
this study was to explore differences in the recovery of exhaled nanoparticles in
subjects with COPD and never-smoking controls. A secondary aim was to deter-
mine whether recovery correlates with the extent of emphysema.
Method: A total of 19 patients with COPD and 19 controls underwent three repeats
of single-breath nanoparticle inhalation followed by breath-hold. Particle concen-
trations in the inhaled aerosol, and in an alveolar sample exhaled after breath-
hold, were measured to obtain recovery.
Findings: The patients with COPD had a significantly higher mean recovery than
controls, 0�128 � 0�063 versus 0�074 � 0�058; P = 0�010. Also, recovery corre-
lated significantly with computed tomography (CT) densitometry variables
(P<0�01) and diffusing capacity for carbon monoxide (DL,CO; P = 0�002).
Interpretation: Higher recovery for emphysema patients, relative to controls, is
explained by larger diffusion distances in enlarged distal airspaces. The nanoparti-
cle inhalation method shows potential to be developed towards a tool to diagnose
emphysema.

Introduction

Chronic obstructive pulmonary disease (COPD) is a common

global cause of morbidity and mortality, with a large disease

burden in developing countries (Adeloye et al., 2015). As

observed already by Burrows et al. (1966), patients with

COPD may have a predominantly bronchial disease or emphy-

sema. The diagnosis is currently based on a history of expo-

sure to noxious inhalants, symptoms of cough or shortness of

breath, and spirometric evidence of airflow obstruction after

bronchodilation (Celli & MacNee, 2004). Spirometry is, how-

ever, relatively insensitive to early emphysema (Kuwano et al.,

1990; Tylen et al., 2000; Regan et al., 2015). There is evidence

suggesting early diagnosis and intervention are beneficial for

preserving lung function and reducing healthcare costs

(Camilli et al., 1987; Zhou et al., 2010; Tawara et al., 2015).

Hence, there is a need for a simple, easily accessible diagnos-

tic method to detect emphysema. In this paper, we investigate

a new, single-breath nanoparticle inhalation method, which

could potentially be used to find early emphysema in clinical

outpatient settings (Jakobsson et al., 2016; L€ondahl et al.,

2017).

Due to their small size, inhaled nanoparticles easily traverse

to distal airspaces, where they are deposited almost exclusively

by diffusion (Schulz et al., 1992; Verbanck & Paiva, 2011).

The probability of deposition there depends on the residence

time in the lung, and the distance to a surface. If time is kept

constant, we expect enlarged distal airspaces to give rise to a

lower than normal nanoparticle deposition. The term recovery

is used to describe the fraction of particles returned with the

exhaled gas; it is defined as the ratio of the particle number

concentration in the expired gas to the particle number
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concentration in inhaled gas. (‘Human respiratory tract model

for radiological protection. A report of a Task Group of the

International Commission on Radiological Protection’ 1994;

Hinds, 1999) Thus, in emphysematous, enlarged distal air-

spaces, nanoparticle recovery is expected to be increased rela-

tive to normal. In a previous study, the method has shown to

correlate with pulmonary tissue density in healthy volunteers

(Aaltonen et al., 2018).

The aim of this proof-of-concept study was to explore the

difference in nanoparticle recovery between patients with

COPD and never-smoking controls in an alveolar gas sample.

A secondary aim was to examine whether the recovery values

correlate with the extent of emphysema measured by com-

puted tomography (CT) densitometry and diffusing capacity

for carbon monoxide (DL,CO). We also investigated the rela-

tionship between recovery and forced expiratory flow in one

second (FEV1).

Method

The study group consisted of 23 patients with COPD prospec-

tively recruited from the Department of Respiratory Medicine

at Sk�ane University Hospital in Malm€o, Sweden, as well as a

local primary healthcare clinic. COPD was defined using Glo-

bal Initiative for Chronic Obstructive Lung Disease (GOLD)

criteria. (From the Global Strategy for the Diagnosis) The con-

trol group consisted of a conveniency sample of 20 never-

smokers without a history of pulmonary disease. The control

group was similar to the COPD patients with respect to age

and gender; the controls were subjectively healthy with no

history of pulmonary disease. Never-smoker was defined as

having no previous history of regular cigarette smoking for

more than 1 year. The participants were recruited between

March 2014 and September 2015.

Nanoparticle recovery was measured using Airspace Dimen-

sion Assessment with nanoparticles (AiDA) method (Fig. 1).

The instrument, the procedure as well as the theoretical back-

ground are described in detail elsewhere (Jakobsson et al.,

2016; L€ondahl et al., 2017). Briefly, each measurement was car-

ried out in sitting position during an inhalation followed by

breath-holding for a given time, using a protocol similar to that

of measuring DL,CO (Macintyre et al., 2005). The subject first

inhaled several breaths of particle-free air through a mouth-

piece connected to a computer-controlled four-way valve (as

used in Master Screen PFT; Jaeger, Germany) and then exhaled

to residual volume. The valves closed, leading nanoparticle

aerosol from a reservoir to the mouthpiece. The subject then

performed an inhalation to total lung capacity (TLC), held his

breath for ten seconds and finally exhaled into a sample collec-

tor. The AiDA apparatus generated a monodisperse aerosol con-

taining 50 nm polystyrene latex nanospheres using an

electrospray aerosol generator (TSI model 3480; TSI Inc, Shore-

view, MN, USA), followed by size selection by a differential

mobility analyser (Model 3071; TSI GmbH, Aachen, Germany),

and dilution with particle-free air. The aerosol was generated

into a 10-l semi-flexible container. A constant flow of aerosol

through the container was maintained to ensure a uniform par-

ticle concentration. A condensation particle counter (CPC,

Model 3760; TSI Inc., Aachen, Germany) was used to measure

the particle concentration in the inhaled and exhaled aerosol.

The inhalation system in AiDA was temperature-controlled at

35°C to prevent water vapour condensation. All aerosol con-

taining volumes and tubings were made of electrically conduct-

ing or antistatic material to minimize deposition due to

electrostatic attraction. In addition, the inhaled aerosol particles

were singly (positively) charged, and thus only weakly interact-

ing with electrical fields. The particles were hydrophobic to

avoid hygroscopic particle growth (L€ondahl et al., 2014).

After accounting for particle losses within the instrument,

particle concentration values in the inhaled and exhaled aero-

sol were used to determine recovery. The volumetric lung

depth for the exhaled sample was chosen to be 1100–
1300 ml. All subjects performed three repeated measure-

ments, lasting approximately one minute each. The recovery

values were normalized to 13s-effective breath-hold time,

analogous to the procedure for measuring DL,CO (Macintyre

et al., 2005). The protocol resulted in an exposure to aerosol

with a particle number concentration of 104 particles cm�3

and a deposited particle mass of <0�03 lg in the lungs.

The COPD group underwent CT scans of the chest. The

scans were performed in suspended full inspiration using a

multidetector-row scanner (Siemens Somatom Definition

Flash; Siemens Healthcare, Forchheim, Germany), generating

an exposure of 120 kV/15 mAs. A computer-assisted tissue

density analysis was carried out using syngo.via Pulmo 3D soft-

ware version VA, which automatically separated the lungs

from adjacent organs. The extent of emphysema was estimated

using two densitometric measures:

Figure 1 The AiDA apparatus. More detailed description is given by
Jakobsson and colleagues (Jakobsson et al., 2016). [Colour figure can
be viewed at wileyonlinelibrary.com]
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1 The relative volume of voxels with x-ray attenuation values

below -950 Hounsfield Units (RV-950)

2 The lung density at the 15th percentile of the attenuation

distribution histogram, termed partial density (PD15), given

as gram per litre (M€uller et al., 1988; Gevenois et al., 1995,

1996).

The CT scans were also visually assessed by a radiologist

with 9 years of experience and a radiology resident with

2 years of experience. The extent of emphysema was graded

as absent, mild, moderate or severe. Also, the presence of bul-

lous emphysema, bronchiectasis and extensive bronchial wall

thickening was evaluated.

Each subject underwent conventional lung function tests

performed according to the European Respiratory Society/

American Thoracic Society guidelines. Postbronchodilator

FEV1, vital capacity (VC) and DL,CO values were measured

(Jaeger MasterScreen PFT, IntraMedic, Sollentuna, Sweden).

Lung function variables were presented as percentage of pre-

dicted values (Miller et al., 2005).

The study was approved by the Regional Ethical Review

Board in Lund, Sweden, and the local radiation protection

committee; it was performed in accordance to the Declaration

of Helsinki, including informed written consent from all sub-

jects. All investigations were conducted in Sk�ane University

Hospital, Malm€o, Sweden.

Data analysis was performed with IBM SPSS Statistics 22

(2013). Data were, unless otherwise specified, reported as

mean, standard deviation and range. Chi-squared test was used

for sex differences. The recovery values were reported as mean

and intra-individual standard deviation of three technically

acceptable tests. The intra-individual variability was evaluated

by coefficient of variation. The difference between the groups

was assessed with independent sample t-tests. Relationships

between the parameters were evaluated using the Spearman’s

q correlation. The requested level of significance was P less

than 0�05 for all statistical tests.

Results

Of the 23 COPD subjects initially included, four were

excluded due to poor quality of AiDA measurements. Of

these, three due to inhaled volume below 2/3 of vital capacity

and one due to effective breath-hold time exceeding 17 s

were excluded. One control subject was excluded due to

spirometry indicating GOLD stage 2 COPD. Thus, 19 COPD

subjects and 19 controls were eligible for analysis (Table 1).

Nanoparticle recovery was significantly higher (and thus,

deposition lower) in the COPD group relative to controls

(Table 1, Fig. 2). The coefficient of variation for the recovery

measurements was 11% (12% for the COPD group and 10%

for controls).

The recovery of nanoparticles correlated with extent of

emphysema as assessed with both CT and DL,CO (Fig. 3). Con-

sidering the COPD group, in which CT was available, signifi-

cant correlations were found between recovery and RV-950

(q = 0�586; P = 0�008), as well as between recovery and

PD15 (q = �0�665, P = 0�003). A significant correlation

between recovery and DL,CO, expressed as a percentage of pre-

dicted, was observed when considering only the COPD group

(q = �0�668; P = 0�002). A similar result was obtained when

all subjects were considered (q = �0�506; P = 0�001). No

significant correlation between recovery and FEV1 was found,

neither considering only the COPD group (q = �0�084,
P = 0�732) nor all subjects (q = �0�285, P = 0�083; Fig. 3).

Table 1 Patient characteristics and results. Means and standard deviations are shown.

COPD Healthy subjects P-value

N 19 19
Age (yrs) 67 � 7 64 � 6 NS
Sex (M/F) 7/12 10/9 NS
Height (cm) 168 � 9 173 � 10 NS
Weight (kg) 73 � 12 78 � 14 NS
Smoker/former smoker/never-smoker 2/13/4a 0/0/19
VC% of predicted 103 � 24 109 � 20 <0�0001
FEV1% of predicted 52 � 20 109 � 15 <0�0001
FEV1/VC 0�41 � 0�12 0�80 � 0�05 <0�0001
DL,CO% of predicted 60 � 21b 93 � 10 <0�0001
GOLD-stage by spirometry 0/1/2/3/4 0/1/7/9/2 19/0/0/0/0
CT: RV - 950 (%) 20 � 11
CT: PD15 (g l�1) 45 � 28
CT: Emphysema by visual assessmentc Absent/mild/moderate/severe 0/4/4/11
CT: Bullae Absent/minor/severe 11/4/4
Recovery (R) 0�128 � 0�063 0�074 � 0�058 0�010

aAll four never-smokers in the COPD group had alpha-1-antitrypsin deficiency.
bDL,CO is missing for one COPD subject.
cFive subjects had extensive bronchiectasis or bronchial wall thickening.
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A significant correlation was found between DL,CO and

PD15 (q = 0�517, P = 0�028), but the correlation between

DL,CO and RV-950 was not statistically significant (q = 0�406;
P = 0�095).

Discussion

This is the first experimental study showing nanoparticle

deposition may be able to separate emphysema patients from

healthy subjects. Mathematical models have suggested that

nanoparticle deposition would be lower in emphysema sub-

jects compared to healthy individuals (Sturm & Hofmann,

2004). Presently, there are only a few experimental studies of

nanoparticle deposition in patients with COPD (Anderson

et al., 1990; Brown et al., 2002; M€oller et al., 2008; L€ondahl

et al., 2012). In most of these studies, the patients have not

been characterized with respect to bronchial disease and

emphysema. In a previous study, diesel exhaust particle depo-

sition was lower in patients with COPD than healthy individu-

als, with the largest difference in the interval 20–50 nm

(L€ondahl et al., 2012). For this reason, we selected 50 nm

particles to maximize a putative difference. The volumetric

lung depth for the measurements was chosen to be deep

enough to represent respiratory zone, yet shallow enough to

ensure that elderly and patients with pulmonary illness would

be able to comply with the protocol.

The most important factor influencing aerosol deposition

probability in the lungs is the size of the particles. (‘Human

respiratory tract model for radiological protection. A report of

a Task Group of the International Commission on Radiological

Protection’ 1994) Hydrophobic spherical particles larger than

about 0�3 lm deposit mainly by gravitational settling and

inertial impaction, while particles below this size belong to

the diffusion-dominated size regime (L€ondahl et al., 2014).

Unlike gas molecules, aerosol particles generally do not

bounce after contact with a surface. Deposition by gravita-

tional settling is highest in horizontally oriented narrow air-

spaces with long particle residence times. Deposition by

impaction is, on the other hand, most efficient in the branch-

ing conducting airways with high flow velocities. Deposition

by diffusion onto surfaces in the lungs does not depend on

airway orientation with respect to the gravitational field or on

change in direction of the airflow, but only on distance and

residence time. Short distances and long residence times

increase nanoparticle deposition. Nanoparticles in the range

10–300 nm deposit mainly in the gas exchange region of the

lungs, beyond generation 15. Micrometre-sized particles have

a more complex deposition pattern, which can be high in the

conducting airways, especially during fast breathing manoeu-

vres or in patients with airflow obstructions (L€ondahl et al.,

2017).

As the probability of deposition of nanoparticles in the

lungs depends on the aerosol residence time and distance to

Figure 3 Nanoparticle recovery correlates with (a) RV – 950
(N = 19, P = 0�008, q = 0�586); and (b) PD15 (N = 19, P = 0�003,
q = �0�665), (c) DL,CO as per cent of predicted COPD group (N = 19,
P = 0�002, q = �0�668). All subjects (N = 38, P = 0�001,
q = �0�506). [Colour figure can be viewed at wileyonlinelibrary.com]

Figure 2 Median recovery as measured by the AiDA method. (COPD
group N = 19, median recovery 0�130, range (0�068–0�172); control
group N = 19, median recovery 0�130, range (0�056–0�118).
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the wall, recovery should reflect diffusion distances in the dis-

tal airspaces, given controlled residence time. Recovery in this

study is determined by measuring particle concentration in an

alveolar sample of exhaled gas.

Methods currently used to detect emphysema in a clinical

setting include CT and DL,CO. In computed tomography, distal

airspace enlargement gives rise to low lung density, which is

detected as low x-ray attenuation. The percentile density CT

densitometric method has been shown to correlate with the

extent of emphysema in pathologic specimens (Gould et al.,

1988). In this study, there was a significant correlation

between recovery and densitometric variables RV-950 and

PD15, suggesting recovery may reflect the extent of emphy-

sema (Fig. 3). There may, however, be differences between

the types of emphysema likely to be found with CT and AiDA;

nanoparticle recovery may reflect homogeneously distributed

emphysema in ventilated regions, while poorly ventilated,

heterogeneously emphysematous regions, such as bullae, may

not affect recovery. This could explain part of the scatter in the

correlation between the CT variables and recovery. The num-

ber of patients with bullous emphysema in this study (five)

was too small to allow for analysis. Reduced DL,CO, in combi-

nation with airflow obstruction, indicates the presence of

emphysema. Reduced DL,CO may, however, also have other

causes, and when spirometry is normal, the finding is non-spe-

cific. In this study, we found a highly significant correlation

between nanoparticle recovery and DL,CO (Fig. 3). This is to be

expected, as some of the determinants of the uptake of carbon

monoxide are also important for AiDA – both techniques

depend on bulk flow delivery and diffusion in distal airspaces

(Macintyre et al., 2005). The DL,CO method, however, also

depends on diffusion across the alveolar–capillary membrane

and into the red blood cell, as well as on reaction with haemo-

globin – factors not expected to affect the AiDA measurements.

Thus, conceptually, nanoparticle recovery may reflect distal air-

space enlargement more specifically than DL,CO, although fur-

ther studies are required to investigate this relationship.

Previous studies have shown a correlation between the CT

percentile density method (PD15) and DL,CO (Gould et al.,

1991). In this study, recovery tended to show stronger corre-

lation to PD15 than DL,CO did. Furthermore, recovery corre-

lated significantly with RV-950, while DL,CO did not. These

findings might indicate that recovery reflects distal airspace

enlargement more specifically than DL,CO. The findings, how-

ever, need to be further investigated in larger studies.

The correlation between recovery and FEV1 was not signifi-

cant. This finding could signal that recovery may reflect the

emphysematous component of the COPD rather than bronchial

abnormalities; nanoparticle recovery is considered to have a low

sensitivity to changes in direction of the airflow and does not

deposit by impaction (L€ondahl et al., 2017). Patients with pre-

dominantly bronchial disease could, therefore, be expected to

have similar recovery results to healthy subjects. Larger studies

in patients with bronchial wall thickening and bronchiectasis

should be carried out to investigate this relationship.

In healthy subjects, AiDA has shown highly repeatable results

with a within-session coefficient of variation of 5% (Jakobsson

et al., 2016). The present study yielded a higher coefficient of

variation of 11% for nanoparticle recovery, possibly due to dif-

ferences in subject demographics and higher morbidity; many

subjects were elderly, and many patients had moderate to severe

COPD. One patient was paraplegic and performed the measure-

ments from a wheelchair. Also, the resistance of the breathing

circuit was somewhat high, which may explain why adequate

measurements could not be obtained in all subjects. In future

studies, the ergonomics of the apparatus should be further

improved to facilitate better measurement quality. Nevertheless,

the variability may be considered equal to comparative meth-

ods, such as DL,CO (Macintyre et al., 2005).

Analyses of deposition patterns of micrometre-sized particles

have previously been suggested as a tool to find emphysema.

These methods, extensively discussed by L€ondahl et al. (2017)

are conceptually different, as micrometre-sized particles deposit

mainly by sedimentation. They have not yet resulted in wide-

spread clinical applications, presumably due to cumbersome

measurement procedures. The AiDA method is simpler in com-

parison. Also, as the AiDA method uses relatively simple tech-

nology, it could be made available in primary care, as well as

in areas with limited healthcare resources.

As the measurements consist of three repeats of a single-

breath-hold inhalation, together with several cycles of particle-

free air, the protocol resulted in a low exposure to nanoparti-

cles, comparable to <3& of daily particle number exposure,

and <0�7& of daily particle mass exposure in a relatively clean

urban setting (Hussein et al., 2013; Johnston et al., 2013). Simi-

lar particles, but at a higher concentration, have previously been

extensively used in determining mucociliary clearance (Foord

et al., 1975). Wiebert and colleagues showed no evidence of

quantitatively important translocation of nanoparticles to the

systemic circulation from the lungs (Wiebert et al., 2006).

This study is the first to explore the possible use of

nanoparticles as an indicator of COPD. As such, it has obvious

limitations. The sample size is small. As the study is explora-

tory in nature, and previous experimental data in the field are

very limited, no statistical power analysis was performed.

Also, in this study, we did not attempt to separate the results

between patients with mainly conductive airway disease from

those with parenchymal destruction.

Several aspects of the AiDA technique require further

research, for example the optimal particle diameter, breath-

hold time and sample volume. To evaluate AiDA as a possible

diagnostic tool, a diagnostic study has to be performed; speci-

ficity, sensitivity and discrimination value as well as the role

of comorbidities should be assessed. From a clinical point of

view, detection of emphysema may be most interesting at an

early stage of COPD. In this study, only a few patients had

mild disease. A diagnostic study among subjects with possible

early emphysema, such as smokers, should be conducted.

Additionally, the information from the AiDA measurements in

this study is given as particle recovery rather than airspace
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dimension. It is, however, possible to estimate airspace radius

in millimetres from the recovery values according to method

described by L€ondahl et al. (2017). This calculation requires a

minimum of two repeats of the above-described measure-

ments at different breath-hold time periods, which was not

performed in this study – the approach should, however, be

incorporated in future studies. Also, the effect of bronchial

disease, asthma and interstitial lung disease to the recovery of

nanoparticles should be investigated.

Conclusion

The patients with COPD have significantly higher recovery of

nanoparticles in exhaled gas after a single-breath aerosol inhala-

tion followed by standardized breath-hold compared to never-

smoking healthy controls. Recovery is significantly correlated to

physiological and radiological parameters of emphysema. In this

limited-sample proof-of-concept study, nanoparticle recovery

analysis shows potential to be developed towards a tool to diag-

nose emphysema. Further studies in larger samples are needed

to further investigate and validate the AiDA method.
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Background: Airspace Dimension Assessment with inhaled nanoparticles is a novel method 

to determine distal airway morphology. This is the first empirical study using Airspace Dimension 

Assessment with nanoparticles (AiDA) to estimate distal airspace radius. The technology is 

relatively simple and potentially accessible in clinical outpatient settings.

Method: Nineteen never-smoking volunteers performed nanoparticle inhalation tests at multiple 

breath-hold times, and the difference in nanoparticle concentration of inhaled and exhaled gas 

was measured. An exponential decay curve was fitted to the concentration of recovered nano-

particles, and airspace dimensions were assessed from the half-life of the decay. Pulmonary 

tissue density was measured using magnetic resonance imaging (MRI).

Results: The distal airspace radius measured by AiDA correlated with lung tissue density as 

measured by MRI (ρ = -0.584; p = 0.0086). The linear intercept of the logarithm of the expo-

nential decay curve correlated with forced expiratory volume in one second (FEV
1
) (ρ = 0.549; 

p = 0.0149).

Conclusion: The AiDA method shows potential to be developed into a tool to assess condi-

tions involving changes in distal airways, eg, emphysema. The intercept may reflect airway 

properties; this finding should be further investigated.

Keywords: nanoparticles, respiratory diagnostics, distal airspaces, airspace dimension assess-

ment with nanoparticles, magnetic resonance densitometry

Introduction
Distal airspaces are often evaluated by pulmonary function testing (PFT), including 

diffusing capacity for carbon monoxide (D
L,CO

), or computed tomography (CT). 

In clinical praxis, however, there are no precise methods to quantify morphological 

changes in peripheral lungs, which makes diagnosing disease in these areas challeng-

ing. Various experimental methods used in research settings have been proposed to 

evaluate this region, including magnetic resonance imaging (MRI), and deposition 

studies of inhaled micron-sized particles.

A non-invasive method to estimate distal airspace radius by a series of single 

breath-hold nanoparticle inhalations has recently been described.1,2 This method, termed 

Airspace Dimension Assessment with nanoparticles (AiDA), is based on nanoparticle 

deposition behavior in distal airspaces. Nanoparticles deposit almost exclusively by 

diffusion; in a given time, the likelihood of deposition depends on the diffusion dis-

tance.3 Deposition can be given as particle recovery, ie, the ratio of the particle number 

concentration in the exhaled air to the particle number concentration in inhaled air. 

Hence, individuals with increased diffusion distances are expected to show increased 

recovery. In a proof-of-concept study, COPD-patients showed significantly higher 

nanoparticle recovery compared to healthy never-smokers.22
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This is the first study to estimate distal airspace radius 

using a nanoparticle recovery method. Similar attempts 

have been previously conducted with larger, micron-sized 

particles.4,5 The nanoparticle-based model, however, is not 

exactly comparable to micron-size models. While the main 

deposition mechanism for nanoparticles is diffusion, larger 

particles deposit mainly by gravitational settling and inertial 

impaction. Hence, in nanoparticle studies, fewer particles 

are lost in conductive airways. Also, there is reason to 

assume that nanoparticles penetrate into more peripheral 

airways than micron-sized particles, especially in diseased 

lungs. Nanoparticle versus micron-size particle recovery 

methods are extensively discussed by Löndahl.1 A crucial 

difference between the two methods is that in AiDA, a 

simpler measurement procedure can be used, allowing for 

measurements without a set breathing flow rate. The depo-

sition of nanoparticles is essentially independent of flow 

during inhalation.2 The use of micron-size particles, on the 

other hand, requires inspiratory flow to be low (,1 L/s) and 

constant – conditions that are difficult to achieve, especially 

in patients with lung disease.

The AiDA measurements give rise to a low exposure to 

nanoparticles. The subjects in the current study were exposed 

to ,0.05% of daily mass and ,0.60% of daily particle num-

ber exposure in a comparatively clean urban setting.6

The AiDA method allows recovery to be further analyzed 

to estimate airspace radius in millimeters, by using half-

life of exponential decay. Also, as described by Löndahl,1 

the y-intercept of the logarithm of the recovery may carry 

biological information. The radius estimate, as well as the 

intercept, still remains to be investigated empirically.

The aim of this study was to investigate if the airspace 

radius, as measured by AiDA, correlates with pulmonary 

density as measured by MRI in healthy volunteers. A secondary 

aim is to explore the possible physiological significance of 

the intercept of the exponential particle decay curve.

Methods
Subjects
The study group consisted of 25 prospectively recruited 

healthy, never-smoking volunteers 21–64 years of age. They 

were allowed an accumulated tobacco consumption of less 

than one pack-year.

The study was approved by the Regional Ethical Review 

Board in Lund, Sweden (2014/327), and it was performed 

in accordance to the Declaration of Helsinki, including 

obtaining informed written consent from all subjects.

Airspace Dimension Assessment with 
nanoparticles (AiDA)
Nanoparticle recovery measurements were conducted 

according to the AiDA method. The apparatus as well as the 

theoretical background is described in detail elsewhere.1,2 

The measurements were performed in a sitting position, 

using a protocol and breathing manoeuver similar to mea-

suring D
L,CO

.7 The subjects inhaled nanoparticles through 

a mouthpiece to total lung capacity, held their breath for a 

given amount of time, and exhaled to residual volume. The 

particle concentrations in the inhaled and exhaled gas were 

measured to determine particle recovery as the ratio between 

the exhaled and inhaled concentrations. The exhaled aero-

sol analysis was conducted from a sample obtained from a 

lung depth of 1,100–1,300 mL. The subjects performed two 

repeated measurements at three different breath-hold times; 

5, 7 and 10 seconds. The breath-hold time figures refer to 

the time the valves in the breathing circuit remained closed. 

Some diffusion occurs also during inhalation and exhala-

tion. We therefore calculated an effective breath-hold time 

analogous to the practice for measurement of D
L,CO

.7

The apparatus generated a monodisperse aerosol con-

taining 50 nm polystyrene latex nanospheres by an elec-

trospray aerosol generator (TSI model 3480; TSI Inc, 

Shoreview, MN, USA). Background particles smaller than 

50 nm were removed by a differential mobility analyzer 

(DMA Model 3071; TSI Inc). The method accounts for 

particle losses within the instrument, humidity, and par-

ticle charge.

Figure 1 Example data and fit from volunteer AiDA measurement of exhaled 
nanoparticle concentration (recovery) as a function of diffusion/breath hold-time. 
Six consecutive inhalations are used to calculate the exponential nanoparticle 
deposition. Only subjects where R20.95 are included, indicating a very good fit 
between measurements and model. 
Abbreviation: AiDA, Airspace Dimension Assessment with nanoparticles.
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Nanoparticle recovery was used to calculate the airspace 

radius as described by Löndahl.1 Briefly, an exponential 

decay curve is fitted to the recovery values obtained by 

a series of breath holds of varying duration (Figure 1). 

The airspace radius is calculated from the half-life of this 

decay, according to:

	
r D t= 2.89

1 2/ �

where D is the diffusion coefficient given by the Stokes-Einstein 

equation, based on temperature, viscosity, and particle size.

Extrapolating the exponential decay curve to the 

y-intercept yields a theoretical recovery value for a breath-

hold time zero (Figure 1).1 To further explore the possible 

biological information carried by the intercept, correlation 

analysis to assess relationship between the available anthro-

pometric variables and lung function tests was carried out.

The protocol resulted in a particle number exposure of 

104 particles/cm3 and a deposited particle mass of about 

0.02 μg in the lungs.

MRI
AiDA should be compared to existing methods to determine 

distal airspace abnormalities. Enlarged alveoli and reduced 

perfusion result in a concurrent decrease in proton density, 

which can be measured in a quantitative manner by MRI.8–10

All MRI measurements were made on a 1.5 Tesla Siemens 

Magnetom AvantoFit (Siemens Healthcare, Erlangen, 

Germany), with an 18 channel body coil and a 32 channel 

spine matrix. Coronal proton density (PD) maps were mea-

sured with the Snapshot FLASH pulse sequence to correct 

for T1.11 The imaging matrix was 128 × 64 zero filled to 

256 × 256; field of view 450 mm square; slice thickness 1.5 

cm; echo time = 0.67 ms; repetition time = 3.0 ms; and flip 

angle = 7°. All measurements were preceded by instructions 

for breath-hold after a tidal inspiration and subjects were 

given at least 10 seconds of free breathing to restore magne-

tization equilibrium between measurements. Data processing 

was made in MatLab R2014b (MathWorks, Natick, MA, 

USA). The lungs were segmented in three dimension (3D) 

using the magnitude images, followed by manual removal 

of major vessels. Segmentations were considered successful 

when each slice clearly included the signal magnitude gradi-

ent representing the border of the lung.

For each subject, a clinical radiologist (HLA) selected three 

slices ventral to the airway bifurcation and manually placed a 

region of interest (ROI) representing the left ventricular blood 

in each image. For each image, the lung PD was normalized 

to the mean signal intensity of the ventricular ROI.10 Since 

MRI measurements were made at tidal inspiration – which 

is a poorly defined lung volume – the volume of the lung at 

the MRI acquisition, V
MRI

, is calculated (as the size of the 

total segmented lung). Assuming the lungs simply inflate 

without changing tissue or blood content, density values at 

total lung capacity (TLC) can be calculated by multiplying 

density values with V
MRI

/TLC. This TLC-corrected PD was 

called PD(TLC). Furthermore, all voxels with a density value 

higher than 60% of the ventricular blood were considered 

blood vessels and hence, discarded from the analysis.

We used three imaging variables to quantify lung density. 

These variables were originally developed for computed 

tomography,12,13 and later adopted to MRI:10

(1)	Mean lung density (MLD) represents the mean PD(TLC) 

of the entire segmented lung volume in three central 

slices.

(2)	The 15th percentile proton density (PD
15

) was calculated 

from the PD(TLC) histogram of all voxels in the selected 

lung slices.

(3)	The relative area under 7.5% PD (RA
7.5

), also known as 

the density mask,14 is the fraction of lung voxels in the 

selected slices, that have a PD(TLC) less than 7.5% of 

the ventricular blood signal intensity.

PFT
The subjects underwent conventional lung function testing 

performed according to the European Respiratory Society/

American Thoracic Society guidelines,15 using a Jaeger 

MasterScreen PFT (IntraMedic, Sollentuna, Sweden). The 

measurements were performed without bronchodilation. 

Total lung capacity (TLC), residual volume (RV), forced 

expiratory volume in one second (FEV
1
), and D

L,CO
 values 

were obtained. Lung function variables are presented as 

percentage of predicted values.

Statistics
Statistical evaluation was done in MatLab R2014b (Math-

Works) and IBM SPSS Statistics 22 (2013). Data are, unless 

otherwise specified, reported as mean, standard deviation, 

and range. The Chi-square test was used for sex differences. 

For the investigated variables and the subjects with complete 

and acceptable measurements, Spearman’s rank of variables 

test (ρ) is presented with p-values to assess correlation. The 

requested level of significance was p less than 0.05 for all 

statistical tests.
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The 95% confidence intervals (95% CI) for the AiDA- 

parameters are calculated from the estimated standard error 

and the two-sided t-distribution with 4 degrees of freedom.

Results
Two conditions had to be fulfilled in order for the AiDA-

measurement to be considered valid; the inhaled volume had 

to exceed 2/3 of vital capacity (VC), and the measured values 

had to correlate with a theoretical model with a coefficient of 

determination larger than 0.95. All subjects fulfilled the first 

condition, while two displayed intra-individual correlation 

less than 0.95, and were subsequently excluded. Furthermore, 

one subject displayed large intra-individual variation at the 5 

second inhalation, and another had to abort the measurement 

due to air leakage at the instrument mouthpiece; these subjects 

were also excluded. This resulted in 19 persons being eligible 

for analysis. Two individuals did not perform pulmonary 

function tests or AiDA due to logistical reasons.

General demographics, MRI and AiDA values for the 

study group are presented in Table 1. The sample consisted 

of 10 females and 9 males.

The only variable displaying a significant sex difference 

(p,0.05) was height. Linear regressions of AiDA versus 

MLD, PD
15

 and RA
7.5

, are presented in Figure 2A–C.

All MRI-derived proton density variables show a signifi-

cant correlation with the AiDA radius (Table 2). Overall, a 

high PD
15

 and MLD are associated with a low radius; con-

versely, a high RA
7.5

 is associated with a large radius.

The findings suggest there may be a correlation between 

AiDA radius and age, although this was not established at 

the required level of significance (p = 0.052). No correla-

tion between AiDA radius could be seen with the variables 

height, weight, or BMI (p.0.15). Similarly, no significant 

correlations were found between AiDA radius and pulmonary 

function parameters FEV
1
, D

L,CO
, TLC, RV, or VC, each 

measured as percentage of predicted (p.0.37).

The intercept correlates significantly with FEV
1
, 

measured as percent of predicted (Figure 3). No significant 

correlations were established between the intercept and the 

pulmonary function parameters D
L,CO

, TLC, RV, or VC, given 

as percentage of predicted (p.0.3).

The correlation between the intercept and age was found 

to be significant (Table 2). In contrast, no significant correla-

tions were found between the intercept and the other available 

anthropometric variables height, weight, or BMI (p.0.4). 

Finally, no correlation between the airspace radius and the 

intercept was found (p = 0.46).

Discussion
In this study, the airspace radius measured with AiDA cor-

relates with tissue density measured with MRI; decreasing 

tissue density corresponds to increasing distal airspace size. 

Moreover, the intercept, which may reflect time-independent 

particle losses in the airways, was shown to correlate with 

FEV
1
 and age.

We chose healthy, never smoking volunteers for this explor-

atory study, as we believe long-standing effects of smoking and 

pulmonary disease may affect the particle deposition behavior. 

It is, however, difficult to recruit completely tobacco-naïve 

individuals; hence they were permitted a limited previous expo-

sure to cigarettes (less than one pack-year). Lung tissue density 

varies in the population, with age, sex, and height. Lung tissue 

decreases and becomes less elastic with age,16,17 and women 

have denser lungs than men.18 Also, persons with larger lungs 

have lower lung density than persons with smaller lungs.19 

Zeman found that distal airspace dimension, as estimated with 

micron-size particles, increased with age.5 Our results suggest 

the AiDA radius increases with age; the correlation, however, 

was outside the threshold of statistical significance. The limited 

sample size and the presence of outliers make it difficult to 

draw any conclusions regarding correlation to anthropometric 

measures as well as sex differences. The study is exploratory in 

nature with few comparable previous studies available. Hence, 

no prior power analysis was conducted.

When it comes to spirometry, the lack of correlation 

is less surprising, as the subjects were healthy volunteers. 

Further studies with larger sample sizes and persons with 

distal airways abnormalities are needed.

We chose MR densitometry over other available quan-

titative imaging methods, mainly computed tomography, 

to avoid exposing the volunteers to ionizing radiation. Sev-

Table 1 Demographics, AiDA, MRI and PFTs

  Mean SD Min Max

Age (years) 42.0 15.4 21 64
Height (cm) 175 10 155 188
Weight (kg) 75.5 10.9 54 104
BMI (kg/m2) 24.7 2.6 20.5 29.4
TLC (%predicted) 109 9 94 133
RV (%predicted) 101 14 74 133
FEV1 (%predicted) 109 15 85 141
VC (%predicted) 118 12 98 148
AiDA – radius (mm) 0.272 0.031 0.237 0.347
Intercept 0.482 0.147 0.173 0.711
MLD (% blood) 9.78 1.74 7.48 13.1
PD15 (% blood) 7.17 1.42 5.18 9.90
RA7.5 (% voxels) 27.48 21.6 0.28 62.4

Abbreviations: AiDA, Airspace Dimension Assessment with nanoparticles; MRI, 
magnetic resonance imaging; PFTs, pulmonary function tests; BMI, body mass index; 
TLC, total lung capacity; RV, residual volume; FEV1, forced expiratory volume in one 
second; VC, vital capacity; MLD, mean lung density; PD15, 15th percentile proton 
density; RA7.5, relative area under 7.5% PD.
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eral volunteers were young, and we plan to conduct repeated 

measurements over time. Although we use a sub-millisecond 

echo time, our PD is not completely independent of T2* 

(signal loss due to magnetic field gradients). This will give 

us approximately 35% lower PD values compared to a spin-

echo method, as well as contribute with approximately 5% 

additional intra-subject variability considering a 1,300–1,500 

µs spread in T2*.20 As we have only examined healthy volun-

teers, where very low lung density values are not expected, 

these T2* issues are acceptable. However, in a patient 

Figure 2 Linear regressions of AiDA radius (with 95% CI) as a function of quantitative MRI density measures: (A) mean lung density, (B) relative area under 7.5%, (C) 15th 
percentile proton density.
Abbreviations: AiDA, Airspace Dimension Assessment with nanoparticles; MLD, mean lung density; PD15, 15th percentile proton density; RA7.5, relative area under 7.5% PD.

Table 2 Correlation of AiDA versus MRI densitometric variables 
as well as intercept versus age and FEV1

Spearman’s ρ p-value

Airspace radius vs

PD15 -0.584 0.0086
RA7.5 0.603 0.0062
MLD -0.626 0.0041
Age 0.452 0.0522

Intercept vs
FEV1 0.549 0.0149
Age 0.614 0.0051

Abbreviations: AiDA, Airspace Dimension Assessment with nanoparticles; MRI, 
magnetic resonance imaging; FEV1, forced expiratory volume in one second; PD15, 15th 
percentile proton density; RA7.5, relative area under 7.5% PD; MLD, mean lung density.

Figure 3 Linear regression of AiDA intercept, with 95% confidence intervals, as a 
function of FEV1 (% of predicted).
Abbreviations: AiDA, Airspace Dimension Assessment with nanoparticles; FEV1, 
forced expiratory volume in one second.
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population suffering from pulmonary tissue degradation, a 

spin-echo or ultra-short echo time sequence is preferred. We 

chose to normalize the proton density to the left ventricle 

and not to skeletal muscle, as has been done previously,10 for 

two reasons. First, the heart is more central than most visible 

muscle and the coil sensitivity profile will be more similar 

to the lung. Second, postural muscles have been shown to 

vary in CT-attenuation with age and sex,21 which may be 

true for MRI PD as well, whereas the proton density of left 

ventricular blood can be considered more equal between 

subjects of varying age and sex.

Considering RA
7.5

, it must be noted that the true cut-off 

(here set to 7.5%) should be determined as the detection limit 

of emphysema. Since there are no emphysema patients in this 

study, the value 7.5% is calculated only from the expected 

lung signal intensity at TLC, including a T2*-dependent 

signal loss compared to Zhang et al.10

The intercept was shown to correlate with FEV
1
 and 

age. This value reflects particle losses during the breathing 

manoeuver, possibly implicating particle losses in the airways 

during convective transport.1 Currently, the biological impli-

cations of the findings are uncertain; there are no other previ-

ous studies regarding the intercept. The losses can be expected 

to occur in the bronchi, bronchioles, and the gas-exchange 

region; our findings of FEV
1
 correlating to the intercept seem 

to support this notion. Further studies are required.

The nanoparticles are presently not visualized; a study 

with radiolabelled nanoparticles to show where exactly the 

particles deposit is needed.

In this study, a high correlation with the theoretical model 

was achieved, with r2 larger than 0.95 in all but two subjects, 

implying satisfying measurement precision.

Conclusion
This is the first study of AiDA in a healthy cohort showing 

that the estimated radius correlates with tissue density. This 

suggests the method could be further developed into a tool 

to diagnose conditions that involve changes in tissue density, 

such as emphysema. Moreover, the intercept from the AiDA 

analysis correlated with FEV
1
, suggesting that the method 

may give information regarding the bronchial component 

of COPD as well.
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Measuring distal airspace 
dimensions with nanoparticles

H Laura Aaltonen is a radiologist, working at Skåne 
University Hospital, Lund, Sweden. This thesis 
investigates a new nanoparticle inhalation –based 
method termed Airspace Dimension Assessment 
(AiDA) to evaluate distal airspace morphology. 
Chronic obstructive pulmonary disease originates 
in the distal airspaces, which are hard to evaluate 
non-invasively. Inhaled nanoparticles are able to 
reach this region and deposit almost exclusively by 
diffusion. We expect the deposition behavior to tell 
emphysema patients, with enlarged airspaces, apart 
from healthy persons.

The first two papers provide a proof-of-concept for the method, and the last 
two include investigation and validation in a larger cohort. Throughout the 
papers, a comparison to anthropometric, lung function and medical imaging-
derived variables is conducted. The findings indicate that AiDA is a promising 
diagnostic biomarker candidate for emphysema.
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