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After year-long measurements with CR-39 detectors, nationwide radon survey was performed
in 953 homes - 0.5 % of all permanently inhabited dwellings in Montenegro. Influence of 11
factors (area, climate, type of house, year of construction, basement, foundation slab, number
of stories, building materials, window frames, heating, and smoking) and 35 their 35 categories
on the radon concentrations in 732 ground-floor dwellings was analyzed using descriptive,

univariate and multivariate methods.

Univariate analysis dropped influence of the two factors: heating and smoking. It reveals that,
on average, radon concentrations in ground-floor dwellings differ at 95 % confidence level in
urban and rural areas, in family houses and apartment buildings, in houses with and without
basement, and in dwellings with window frames made of wood and PVC/AL In Cf climate zone
they differ from those in Cs and Df zones. Only two pairs of construction periods differ in mean
radon concentrations in dwellings: 1980-1999 with 1900-1944, and with 1964-1979. Houses
with one, two or three stories have almost equal average radon levels, which are higher than in
buildings with more than three stories. Mean value of radon concentrations in houses made of
stone are higher than in houses made of concrete, or bricks, or wood.

Multivariate analysis revealed that six of the analyzed factors: area, climate, type of house, pres-
ence of basement, number of stories, and building materials simultaneously have significant re-
lationships (p < 0.05) with radon concentrations in dwellings on ground floor in Montenegro.

Key words: ground-floor dwelling, factor affecting radon concentration,

univariate and multivariate analysis

INTRODUCTION

Montenegro is a Western Balkan country that
emerges on the coast of Adriatic Sea, with total land area
of 13812 km®. The capital and largest town is Podgorica.
The country has three regions: Coastal, Central, and
Northern Region. Geologically, the Coastal Region is
characterized by carbonate sediments (mainly limestone
and dolostone), flysch sediments and volcanic rocks. The
Central Region is a limestone and high karst area, with
scarce volcanic rocks and flysch sediments. Clastites,
carbonates, vulcanites, vulcanoclastites and lake sedi-
ments characterize the Northern Region. According to
Koppen classification, there are three types of climate in
Montenegro [1]: Cs — Mediterranean climate with hot
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and dry summer and mild winter, Cf — mild and wet cli-
mate with worm summer, and Df — snow-boreal climate
without dry season, with fresh summer and cold winter.
The Cs type of climate is present in the Coastal Region
and in the valleys in municipalities of Podgorica and
Danilovgrad, which belong to the Central Region. The
Dftype of climate exists in the region of high mountains
in the Northern Region. The rest of the country is charac-
terized by the Cf type of climate.

Many factors have influence on indoor radon con-
centrations [2, 3]. These factors may be classified in the
following groups:

— radon sources (soil under building, building mate-
rial, water and gas supply),

— building construction (presence of basement, qual-
ity of foundation and floor slabs, number of stories,
presence of elevator and ventilation shafts),
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— meteorological parameters (temperature difference
between indoor and outdoor air, wind, pressure differ-
ential between the soil and the foundations of build-
ing), and

— living habits of occupants (smoking, ventilation,
heating and air-conditioning).

Effect of some of these factors on radon concentra-
tions are subject of studies of many researchers world-
wide, because it is usually a great deal country specific.

In Italy, using univariate analysis, Gallelli et al.
[4] studied effect of the four factors: story level, age of
building, type of heating and type of windows, on radon
concentrations in dwellings of the towns Genoa and
Savona, and could not confirm only the influence of the
type of window frames. In the North Macedonia,
Stojanovska et al. [5] investigated influence of the six
factors, related to building characteristics, on the indoor
radon concentrations in 437 dwellings all over the
country. The univariate analysis has shown that the
three of them: floor level, basement, and building mate-
rials, affect radon level in dwellings. In Bulgaria,
Ivanova et al. [6] measured radon concentrations in 174
kindergartens and studied, using univariate and
multivariate analysis, influence of 11 building-specific
factors: elevator, basement, mechanical ventilation,
type of windows, building foundation, number of
floors, building renovation, building materials, type of
room, type of heating, and construction period. They
found that only the factor availability of foundation has
no significant influence because of the small number of
surveyed buildings without foundation. Yarmoshenko
et al. [ 7] performed univariate analyses of a large num-
ber of national and regional radon surveys in order to
analyze variance of radon concentrations with regard to
geogenic and anthropogenic influencing factors. The
analysis of the geometric standard deviation revealed
main factors influencing the dispersion of indoor radon
concentration over the territory: area of territory, sam-
ple size, measurement technique, radon geogenic po-
tential, building construction, and living habits.

Radon measurements for the first nationwide ra-
don survey in Montenegrin homes were completed at
the end 0f 2015, and some of the obtained results were
already published [8-10]. Data collected during the
survey are now used for studing which regional and
house characteristics have influence on radon concen-
trations in the ground-floor dwellings in Montenegro.
With this aim, the descriptive statistics and univariate
and multivariate analyses on the data were applied,
and this paper presents the obtained results.

MATERIALS AND METHODS

Montenegro has population of about 620 000 —
two thirds in urban and one third in rural areas. At the
time of the last national census, in 2011, there were
188 376 permanently inhabited dwellings in the coun-

try [11]. Prevailing types of residential buildings are
apartment buildings and family houses, both mostly
made of concrete and bricks and without HVAC sys-
tems.

A combination of geographically based and pop-
ulation-weighted survey was chosen for residential
radon survey in Montenegro. The first type of survey
is based on a national grid of 5 km x 5 km mesh,
with 552 squares in it. The second type of survey is
based on the both national grid and local grids. The lo-
cal grids are established in towns and have a finer
mesh of 0.5 km x 0.5 km. In each of the squares, from
both grids, one dwelling, mainly on the ground floor,
was selected for radon survey. Only in the city of
Podgorica, the number of sampled homes in a local
square with the highest density of dwellings was in-
creased in order to obtain a nearly uniform sampling
ratio of the whole dwelling stock in the city.

Following advice of the construction expert, a
house which could be regarded as representative for a
grid square was identified directly in the field, and one
permanently inhabited dwelling in the house was se-
lected for radon measurement. Because the dwellings
for radon survey were not selected in a completely ran-
dom way, it has been proven that this method of sam-
pling does not produce a statistically significant bias in
the obtained results for radon concentrations [8].

Radon survey was successfully performed in
953 dwellings, 0.5 % of all the permanently inhabited
dwellings in the country, registered during the last na-
tional census. Radon was measured in a living room or
a bedroom and occupants were given flexibility to
choose location. The measurement protocol involved
two consecutive six-month measurements in each of
the selected homes, covering the summer (April-Sep-
tember) and winter (October-March) half-year peri-
ods. Track-etch detectors CR-39 were used for the ra-
don survey. Basic detectors were purchased from
Landauer Nordic (Radtrack2 type) and control detec-
tors from AGES, Austria (RSKS type). After expo-
sure, the detectors were returned to their respective
laboratories for etching and reading. Consistency and
precision of radon measurements were controlled in a
way that at each tenth location duplicate measure-
ments were performed, while at each tenth (but not the
same) location a basic and a control detector were
placed side-by-side. Results of the paired detectors
showed good agreement, generally within 10 %.

Statistical analysis of the experimental data was
performed with R software.

RESULTS AND DISCUSSION

Descriptive statistics

Characteristics of the average annual radon ac-
tivity concentrations in Montenegrin homes are given
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Table 1. Characteristics of radon activity concentrations in dwellings

Dwelling floor | Number of dwellings | AM (SE) [Bqm °]| MED [Bqm™] | MAX[Bqm®] | GM [Bqm’] GSD
Basement 5 86 (24) 105 146 67.8 2.13
Ground floor 732 131 (7) 65 2321 71.5 2.88
First floor 167 41 (4) 29 394 29.4 2.20
Second and third 32 24 (4) 18 127 19.5 1.90
Unknown 17 71 (12) 50 169 57.1 1.89
Total 953 110 (6) 52 2321 583 291

AM - arithmetic mean, SE — standard error, MED — median, GM — geometric mean, GSD — geometric standard deviation,

MAX — highest radon concentration
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Figure 1. Frequency distribution of radon activity
concentrations in 953 homes

in tab. 1, while histogram of their frequency distribu-
tion is presented at fig. 1. Geometric mean and geo-
metric standard deviation are calculated assuming that
the experimental radon data conform closely to a
log-normal distribution. Comparing to the unweighted
worldwide arithmetic and geometric mean values of
46 Bqm and 37 Bqm [12], the corresponding val-
ues of indoor radon concentrations in Montenegro
(110 Bqm and 58.3 Bqm ) are quite high — AM is
2.4 times and GM 1.6 times higher. Radon activity
concentrations above the level of 300 Bqm > , which is
recommended by the Council Directive 2013/59/
EURATOM [13] as the highest national reference
level, are found in 7.9 % of homes.

The average radon activity concentrations,
given in tab. 1, are in accordance with a general rule
that indoor radon concentration decreases with in-
creasing floor level, especially between the ground
floor and the first floor [14]. Number of the surveyed
dwellings in basement is too small to make any reliable
conclusion on comparison of average radon levels be-
tween basements and ground floors.

In order to obtain reliable conclusions about the
effects of different factors (region and house character-
istics and living habits of occupants, collected in ques-
tionnaires) on the radon activity concentrations in
Montenegrin homes, only the radon activity concentra-
tions in the ground-floor dwellings are analyzed. Rea-
sons for this decision are the following:

—the number of 732 surveyed ground-floor dwellings
is high enough to guarantee meaningful statistical re-

sults, what is not the case with the number of dwellings
on the other floors, and

— these dwellings are more exposed to radon influx
from the ground under the houses.

Descriptive statistics of radon activity concen-
trations in the ground-floor dwellings, sorted by 11
factors and their 35 categories, for which there were
enough answers in the questionnaires for a good statis-
tic, is given in tab. 2. The GM and GSD are calculated
assuming that the experimental radon data are log-nor-
mal. Box-whiskers diagrams of radon concentrations
in the ground-floor dwellings, for the analyzed factors
and their categories, are presented at fig. 2.

Table 2 shows that, on average, radon activity
concentrations are about 50 % higher in rural than in
urban homes, and that they are twice higher in family
houses than in apartment buildings. It should be no-
ticed that factors area and type of house are mutually
dependent. All rural houses in Montenegro are single
family homes, usually with thin slab-on-ground foun-
dation permeable to soil gas, and the older ones have
only ground level while the newer are mostly
two-level houses. Finding that, on average, radon con-
centrations are much higher in rural than in urban
homes in Montenegro, is in accordance with observa-
tions in other countries [15, 16]. Also, in many coun-
tries it was observed that radon activity concentrations
are significantly higher in single-family houses than in
apartment buildings [15-20].

Radon concentrations are, on average, much
higher in the climate zone Cf than in the other two cli-
mate zones (tab. 2, fig. 2). This is somehow unex-
pected, because although the Cfzone has mild and wet
climate with worm summer, the indoor radon concen-
trations in that zone are on average twice higher than in
the Df zone with fresh summer and cold winter, which
therefore, requires closed windows in dwellings much
longer during a year. This indicates that radon concen-
tration levels cannot be explained by the weather con-
ditions alone, without also considering geological
characteristics of the area belonging to a climate zone
and construction characteristics of houses. Therefore,
it has to be noticed that a great part of the area with the
Cf climate is characterized by the presence of lime-
stones and even high karst, where there are many
cracks in rocks which facilitate radon transport from
depth to the surface under buildings.
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Table 2. Factors and corresponding radon concentrations for 732 ground-floor dwellings

Factor and their categories | Number of dwellings | AM (SE) [qu’3] MED [qu’3] Crumax [qu’S] GM [qu’S] GSD
Area
Urban 384 106 (7) 57 1267 62.2 2.72
Rural 348 158 (13) 79 2321 83.1 3.00
Climate zone
Cf 436 154 (11) 83 2321 88.2 2.77
Cs 255 101 (10) 48 1267 53.0 2.89
Df 41 75 (12) 46 322 49.9 2.46
House type
Family house 615 142 (9) 73 2321 79.0 2.83
Apartment building 115 72 (10) 40 713 41.3 2.64
Year of construction
Before 1900 36 158 (33) 64 803 83.9 3.16
1900-1944 69 205 (40) 82 2208 98.5 3.22
1945-1963 108 137 (16) 77 966 79.0 2.89
1964-1979 198 144 (16) 70 2321 79.0 2.94
1980-1999 277 105 (10) 55 1267 59.1 2.74
2000 and later 41 90 (13) 64 398 62.8 2.39
Basement
Yes 203 86 (8) 50 1222 53.0 2.61
No 525 147 (10) 72 2321 79.8 2.92
Foundation slab
None 126 116 (12) 66 766 67.4 2.86
<5 cm thick 70 225 (43) 93 2321 113.3 3.03
> 5 cm thick 524 124 (8) 64 2208 69.4 2.83
Stories
One 165 149 (19) 76 2321 81.4 2.89
Two 365 137 (10) 71 2208 78.2 2.77
Three 136 118 (15) 57 1267 62.8 2.92
More than three 59 64 (15) 34 766 35.9 2.64
Building materials
Concrete 102 118 (15) 56 964 62.8 3.00
Bricks 265 100 (7) 59 836 62.8 2.58
Concrete/bricks 62 85 (11) 62 463 60.9 2.20
Stone 75 185 (24) 103 829 105.6 2.97
Stone/concrete/bricks 104 218 (33) 104 2321 111.0 3.00
Wood 40 54 (10) 32 354 35.5 2.44
Wood/concr./bricks/stone 79 169 (32) 78 2208 86.5 3.13
Window frames
Wood 269 123 (10) 69 1222 74.1 2.68
PVC or Al 91 164 (29) 95 2321 98.8 2.50
Heating
None 84 175 (40) 62 2321 75.9 3.22
Wood or coal 517 120 (7) 66 1222 70.8 2.77
Electricity or central 129 146 (19) 59 1267 70.8 3.19
Smoking
Yes 407 126 (8) 65 1185 70.8 2.89
No 325 138 (13) 66 2321 72.2 2.89

Regarding the year of construction, houses in
Montenegro are grouped in six categories based on the
building properties characterizing certain periods of the
country's development. Table 2 and fig. 2 show that
houses built between 1900 and 1944 have the highest av-
erage radon concentrations and those built after year
1980 the lowest, while the houses built in the other three

periods have similar average (AM and GM) radon levels.
The highest average radon concentrations in the old
Montenegrin houses can be explained by the fact that
they are made of stone and have stone-slabs flooring per-
meable to radon from soil. The similar was concluded in
some other researches [20-22]. The lowest radon con-
centrations in the newer Montenegrin houses, which are



P. Vukoti¢, et al.: Influence of Climate, Building, and Residential Factors on ...

78 Nuclear Technology & Radiation Protection: Year 2021, Vol. 36, No. 1, pp. 74-84
400 Q3+15I10R 4 400 4 400 E
E 300 G;ESOO ";E
1 1 £ 300
o g g
& 20| ‘[ { F200 | T 1{&200
100 1 100 1 .I- | l | 100
(o]} E—— T —
04a1-151Q L 4 0 & ] 0 ki e
Rural Urban Cf Cs Df Family Apartment
Area Climate zone House type
400. E 6004 400 k
o R i E
'E 3001 {E 'E 300 j
o
@ @, 400 1g
£ 200 {& {5200
200 4
1001 100 T
- 1 T [ ]
0 1 ) 0 | o L L = ]
Yes No None <5cm >5 cm 1 2 3  More than 3
Basement Foundation slab Stories
400 400 {1 400 E
T T A
g_ 300! 1 0-300' 1 l,_,‘_5300 E
o, o, 1)
& 200 { (200 {E200 :
100 1 1004 {1 100 E
T
o 1 1 £ 0 4 i 0 1 1 |
None Wood or coal Elect. or central Wood PVC or Al Yes No
Heating Window frames Smoking
500
&
‘s 400
o
o
= 300
&
200 T
100 I 1 T
" L T 1 | T ] 1 - 3 J. ..{. | [ j.
Concrete Bricks Concrete/bricks Stone Stone/concrete/bricks Wood Wood/cona/brek/stone
Building materials
500
&
' 400
o
@,
£ 300
$ I
200 -l—
100
| B T I T
0 ES o

Before 1900  1900-1944  1945-1963 1964-1979 1980-1999 2000 and later

Year of construction

Figure 2. Box plots of radon concentrations for the analyzed factors

mainly multi-story buildings with floor above the ground
made of slabs of reinforced concrete, are in accordance
with finding of Nikolopoulos ef al. [19].

As expected, basement has an important impact
on indoor radon levels. The average radon concentra-
tion in ground-floor dwellings in houses with base-

ment is 41 % smaller than in houses without basement.
The similar situation was observed in other countries
[5,6,17,23].

Table 2 and fig. 2 do not show the expected con-
tinual decrease in average radon activity concentration
with the increase of foundation slab thickness. Sur-
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prisingly, it was found that ground-floor dwellings in
houses without any compact foundation slab have the
same average radon concentration as those in houses
with foundation slabs of high quality (concrete slabs
with more than 5 cm in thickness), while average in-
door radon concentrations are twice higher in houses
with foundation slabs of solid materials with thickness
less than 5 cm. Although this observation is somewhat
in accordance with finding in Switzerland [18], it
should be taken with reservation because, certainly,
thickness and quality of foundation slab are not well
known to all dwellers.

All characteristic values of average radon activ-
ity concentrations (AM, MED, GM) decrease continu-
ally with increasing number of stories in houses from
one to more than three, which means that multistory
apartment buildings, due to construction reasons, are
built tighter for ingress of radon from the ground into
building than small family houses.

Result that, on average, the smallest radon activ-
ity concentrations are in Montenegrin houses made of
wood and the highest in those made of stone or any
combination of stone with other building materials (tab.
2, fig. 2) is in accordance with the findings in some
other countries [5, 19, 21, 22]. Average radon concen-
trations are not much different in Montenegrin houses
made of concrete, or of bricks, or of their combination.

The AM of radon activity concentrations is a lit-
tle higher in dwellings heated with electricity or cen-
trally, than in those heated with wood or coal, while
their GM are equal. Surprisingly, both the AM and GM
are the highest in dwellings without heating, what is
contrary to a general rule that heating increases pres-
sure difference between air under house and indoor air
and boosts entry of radon gas from soil into house [3].

While smoking has no any evident impact on ra-
don levels in Montenegrin dwellings, the modern
tight, energy saving frames of windows (made of PVC
or aluminum) make that indoor radon levels are higher
than in case of old-fashioned wooden frames.

Univariate analysis

In order to examine in a closer and more reliable
way the individual impacts of the region, house, and
living characteristics and their categories on the resi-
dential radon activity concentrations in Montenegro,
univariate analysis was carried out on the data for 732
ground-floor dwellings.

Applying  Shapiro-Wilk and Kolmogorov-
Smirnov tests on the experimental radon data, it has
been concluded that experimental data set, for average
annual radon activity concentrations in Montenegrin
homes, does not conform to a log-normal distribution
[8], just like in a number of other countries [21, 24-28].
In the Montenegrin case, it has been shown [8] that sub-
tracting 7 Bqm * from experimental indoor radon con-

centrations, as assumed radon concentration in outdoor
air, and giving a small positive value of 5 Bqm to all
negative and zero values, resulted because of this sub-
traction, in order to avoid losing experimental data
points, transform the experimental data to a set of data
which pass both mentioned statistical tests of log-nor-
mality.

Univariate analysis (UVA) was used to test sig-
nificance of influence of the 11 factors and to compare
the mean radon values associated with different cate-
gories of the factors. The UVA was applied on the
logarithmically transformed data for radon concentra-
tions In (Cr, — 7) as a dependent variable and the fac-
tors as independent variables. In this analysis each fac-
tor was estimated independently.

The null hypothesis is that there is no difference
in mean values for a pair of categories. If there are only
two categories of a studied factor, 7-test was applied,
while in a case that factor has more than two categories
ANOVA was used. Result of #-test is a p-value, based
on which the null hypothesis should be rejected if it is
below a threshold of significance (p <0.05). Result of
ANOVA is ap-value of F-test for a factor on the whole,
as well as values of p.adjust for individual testing of
differences of mean values of all pairs of factor's cate-
gories. Here, p-value less than 0.05 means that there is
at least one pair of categories for which the difference
of their mean values is statistically significant, while
p-adjust values less than 0.05 show which pairs of cat-
egories have significantly different mean values.

The results obtained by UVA, presented in tab. 3,
show that all the studied factors, except smoking and
heating, have influence on radon activity concentra-
tions in the Montenegrin ground-floor dwellings, be-
cause in each of these nine factors there is at least one
pair of its categories for which the difference in mean
values of radon concentrations is statistically signifi-
cant at a level of 95 %.

Mean values of In-transformed radon concentra-
tions in ground-floor dwellings differ significantly in
urban and rural areas, in family houses and apartment
buildings, in houses with and without basement and in
dwellings with window frames made of wood and
PVC or aluminum.

The UVA reveals that there is no a significant dif-
ference in mean In-values of radon concentrations in Cs
and Df climate zone (p.adjust = 97.4 %), which is an
unexpected result, because this pair of climate zones
has the strongest mutual contrast: Cs is characterized by
hot and dry summer and mild winter and Df by fresh
summer and cold and snowy winter. Both of these cli-
mate zones show significantly different mean In-values
of residential radon concentrations in comparison with
Cf climate zone. All this confirms that climate, which
determines ventilation and heating habits of occupants,
has no dominant impact on indoor radon concentrations
over the other factors, especially geological substrate
and construction characteristics of houses.
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Table 3. Results of the univariate analysis for 732 ground-floor dwellings

Variable Pair of categories Diff (95 % CI) p-value p-adjust
Area Urban — Rural 0.34 (0.16 — 0.52) <0.001
Cs—Cf —0.62 (—0.84 ——0.39) <0.001 <0.001
Climate zone Df-Cf —0.66 (—1.13 ——0.20) 0.002
Df-Cs —0.04 (-0.52 — 0.43) 0.974
House type Family — Apartment 0.99 (0.79 — 1.18) <0.001
2-1 0.20 (-0.52 - 0.93) 0.967
3-1 —0.04 (-0.72 — 0.64) 1.000
4-1 —0.02 (-0.66 — 0.62) 1.000
5-1 —0.38 (-1.01 — 0.25) 0.510
6-1 —0.30 (-1.11 - 0.51) 0.894
3-2 —0.25 (-0.79 — 0.30) 0.785
4-2 —0.22 (-0.72 - 0.27) 0.788
Year of construction 5-2 —0.58 (-1.06 ——0.11) 0.002 0.006
6-2 —0.50 (-1.20 — 0.19) 0.303
4-3 0.02 (-0.40 — 0.45) 1.000
5-3 —0.34 (-0.74 — 0.06) 0.160
6-3 —0.26 (-0.91 — 0.39) 0.867
5-4 —0.36 (—0.69 ——0.03) 0.023
6-4 —0.28 (-0.89 — 0.32) 0.770
6-5 0.08 (-0.51 -0.67) 0.999
Basement Yes — No —0.46 (-0.66 ——0.27) <0.001
) 0Ocm—<5cm —0.62 (-1.05--0.19) 0.002
Foundation slab >5 cm— <5 cm —0.57 (-0.94 ——0.20) 0.001 0.001
>5cm—0cm 0.05 (-0.24 — 0.33) 0.923
2-1 —0.02 (-0.32-0.27) 0.997
3-1 —0.32 (-0.68 — 0.04) 0.102
. >3 -1 —1.02 (-1.50 ——0.55) <0.001
Stories 3.2 ~0.30 (-0.61 — 0.02) <0.001 0.069
>3-2 —1.00 (-1.44 ——0.56) <0.001
>3 -3 —0.70 (-1.19 ——0.21) 0.001
2-1 0.06 (-0.35-0.47) 0.995
3-1 0.04 (-0.53 - 0.61) 1.000
4-1 0.62 (0.08 — 1.16) 0.013
5-1 0.69 (0.19 — 1.18) 0.001
6-1 —0.66 (-1.32 — 0.00) 0.050
7-1 0.38 (-0.15-0.92) 0.331
3-2 —0.02 (-0.52 — 0.48) 1.000
4-2 0.56 (0.09 — 1.02) 0.008
5-2 0.62 (0.22 — 1.04) <0.001
6-2 —0.72 (-1.32 ——0.12) 0.008
Building materials 7-2 0.32 (-0.13 -0.78) <0.001 0.352
4-3 0.58 (-0.03 - 1.19) 0.075
5-3 0.65 (0.08 — 1.22) 0.014
6-3 —0.70 (-1.42 - 0.02) 0.063
7-3 0.35 (-0.26 — 0.95) 0.616
5-4 0.07 (-0.47 - 0.61) 1.000
6-4 —1.28 (-1.97 ——0.58) <0.001
7-4 —0.23 (-0.80 — 0.34) 0.893
6-5 —1.35 (=2.01 ——0.69) <0.001
7-5 —0.30 (-0.83 - 0.23) 0.625
7-6 1.04 (0.36 — 1.73) <0.001
Window frames Wood — PVC/Al -0.36 (-0.61 ——0.11) 0.006
Wood/Coal — None —0.09 (-0.44 - 0.25) 0.806
Heating El./Central — None —0.13 (-0.54 - 0.28) 0.763 0.751
El./Central — Wood/Coal —0.03 (-0.32 -0.25) 0.958
Smoking Yes — No —0.02 (-0.20 - 0.16) 0.808

Year of construction: 1 — before year 1900, 2 — 1900-1944, 3 — 1945-1963, 4 — 1964-1979, 5 — 1980-1999, 6 — year 2000, and later
Building materials: 1 — concrete, 2 — bricks, 3 — concrete and bricks, 4 — stone, 5 — stone and concrete/bricks, 6 — wood, 7 — wood and

concrete/bricks/stone
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Regarding the year of construction as a factor,
among many of category pairs only two pairs show
significant difference in mean In-values of radon con-
centrations in dwellings:

—1980-1999 and 1900-1944 (p.adjust = 0.6 %), and
—1980-1999 and 1964-1979 (p.adjust = 2.3 %). This
can be explained by the construction characteristics of
houses from these two pairs of time periods. In the
houses from 1980-1999 period, foundation slabs and
ceilings of reinforced concrete more or less success-
fully prevents flow of radon from soil under a house
into basement and further into ground floor, while in
houses from 1900-1944 period (stone-slabs flooring),
radon from soil enters smoothly into basement and
ground floor. The difference between pairs 1980-1999
and 1964-1979 is significant but less pronounced than
in the previous case, because the houses built in
1964-1979 period have foundations made of thin con-
crete slabs and ceilings usually made of wooden
beams, which enable some flow of radon gas from the
soil into basement and ground floor.

The UVA confirms previous unexpected finding
from descriptive statistics of experimental data, that
there is no difference in mean values of indoor radon
concentrations between houses without any compact
foundation slab and houses with foundation slab made
of concrete with more than 5 cm in thickness (p.adjust
= 92.3 %). Regarding the corresponding average in-
door radon concentrations, both these cases differ sig-
nificantly from houses with foundation slab made of
concrete less than 5 cm thick.

Buildings with more than three stories have
mean values of radon concentration which are differ-
ent (lower) than in houses with one, two or three sto-
ries, while the houses with one, two or three stories
have more or less equal average radon levels. This
finding indicates that multistory buildings, with more
than three stories, as the large structures have such
construction characteristics that considerably prevent
ingress of radon gas from the ground into building
through foundation slab.

Mean value of radon concentrations in houses
made of stone, or combination of stone with concrete
or bricks, differ significantly from mean radon levels
in the houses made of concrete, made of bricks, or
made of wood. Houses made of wood have signifi-
cantly different mean indoor radon level from houses
made of other building materials or their combination,
except for those made of combination of concrete and
bricks. Mean radon levels in the houses made of con-
crete, made of bricks, or made of combination of these
two materials, do not differ statistically significant.

Multivariate analysis

In order to examine the effect of all studied fac-
tors simultaneously on the radon activity concentra-
tions in 732 ground-floor dwellings, multivariate anal-
ysis (MVA) was employed. The statistical model was

applied on the normally distributed data from the
transformed set In (Cr, — 7), using logarithmically
transformed data for radon concentrations as a de-
pendent variable and those factors as independent
variables. A backward stepwise regression was ap-
plied on the In-transformed data in order to identify
statistically significant factors that affect radon con-
centrations. Even if only one category of a studied fac-
tor has statistical significance, that is p-value is less
than 0.05, then that factor in whole is statistically sig-
nificant.

It was taken that the applied regression model
does not contain intercept, and therefore the regional
factor Area, as the first analyzed factor, is presented
with all its categoris. In case of all other factors, one of
the categories was used as a benchmark with coeffi-
cient equal zero.

Results of the MVA are given in tab. 4. They
show that the six factors: area, climate, type of house,
presence of basement, number of stories, and building
materials, have a statistically significant relationships
to the radon activity concentrations in ground-floor
dwellings in Montenegro. This means that the regres-
sion dropped the two factors: year of construction and
thickness of foundation slab, which the UVA has
found to have influence on radon concentrations in
dwellings. The factor 'window frames' was not consid-
ered in the multivariate analysis, because a relatively
small number of known data in questionnaires on this
characteristic, if considered, could cause loss of data
and bias in a sample for multivariate analysis.

Table 4 shows that there are statistically signifi-
cant differences between categories of the factors:
area, climate, type ofhouse, and presence of basement,
with all of these categories driving differences be-
tween the factors.

The two categories driving differences, in the
factor stories, are houses with more than three stories
and houses with three stories, with stronger impact of
the first mentioned category. This finding of the MVA
is partly different from the corresponding ones ob-
tained by the UVA.

In building materials, categories concrete,
bricks, concrete/bricks and combination wood/con-
crete/bricks/stone, do not differ mutually in a statisti-
cally significant way, while categories wood, stone
and stone/concrete/bricks, are having a significant ef-
fect on the radon concentrations in dwellings. These
findings are very similar to the corresponding ones ob-
tained by the UVA.

For a sake of comparison, examples of applica-
tion of MVA, in some European countries, that re-
vealed factors significant to radon indoor concentra-
tions, some of them which are the same as in
Montenegrin case, will be mentioned here. For 983
randomly selected homes in Spain, Barros-Dios ef al.
[22] analyzed seven variables and found that four of
them influence domestic radon concentration, the two
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Table 4. Results of the multivariate analysis of the factors that affect radon concentrations in dwellings on ground floor

Factors and their categories Dwellings Estimate (SE) ‘ t-value p-value
Area

Urban 384 3.92 (0.18) 22.37 <0.001

Rural 348 3.90 (0.16) 23.94 <0.001
Climate zone

Cf 436

Cs 255 —0.35(0.11) -3.06 0.002

Df 41 —0.53(0.19) -2.79 0.005
House type

Family house 615

Apartment building 115 —0.45 (0.13) -3.45 0.001
Basement

Yes 203

No 525 0.59 (0.10) 6.03 <0.001
Stories

One 165

Two 365 -0.11 (0.11) -0.97 0.330

Three 136 —-0.35(0.15) -2.32 0.020

More than three 59 -0.74 (0.20) -3.77 <0.001
Building materials

Concrete 102

Bricks 265 0.09 (0.13) 0.67 0.504

Concrete/bricks 62 0.09 (0.18) 0.51 0.610

Stone 75 0.66 (0.18) 3.70 <0.001

Stone/concrete/bricks 104 0.54 (0.16) 3.38 0.001

Wood 40 —0.80 (0.22) -3.58 <0.001

Wood/concr./bricks/stone 79 0.21 (0.18) 1.17 0.243

of which were construction year and building materi-
als. Analyzing 44 631 measurements from the national
radon database, Hauri et al. [16] found six relevant
predictors for indoor radon levels in Switzerland,
among which the two were the type of house and year
of construction. For radon survey in 963 Greek dwell-
ings, Nikolopoulos ef al. [19] analyzed nine factors
and found that four of them have influence on indoor
radon concentrations, the three of which are type of
house, year of construction and building materials. In
the UK, Hunter et al. [29] confirmed influence of the
four factors, among them house type and double glaz-
ing, while Miles ez al. [30] found that only glazing type
and number of stories have significant relationship
with radon concentrations.

CONCLUSIONS

Descriptive statistics of indoor radon concentra-
tions in 732 ground-floor dwellings in Montenegro
suggest that the factors: area, climate, house type, year
of construction, basement, foundation slab, number of
stories, building materials, window frames, and heat-
ing, have influence on radon concentrations, while
smoking has no effect on them.

The univariate analysis of the radon indoor data
indicates (at a level of significance of 95 %) that all the
studied factors, except smoking and heating, have in-
fluence on radon levels in ground-floor dwellings in
Montenegro. It reveals that, on average, radon concen-
trations in ground-floor dwellings differ significantly in
urban and rural areas, in family houses and apartment
buildings, in houses with and without basement, and in
dwellings with window frames made of wood and
PVC/AL In Cf climate zone they differ from those in Cs
and Df zones. Only two pairs of construction periods
differ in mean radon concentrations in dwellings:
1980-1999 with 1900-1944, and with 1964- 1979.
Houses with one, two or three stories have almost equal
average radon levels, which are higher than in buildings
with more than three stories. Mean value of radon con-
centrations in houses made of stone are higher than in
houses made of concrete, or bricks, or wood. Wooden
houses have the lowest mean indoor radon level.

The multivariate analysis additionally dropped
the two factors: year of construction and foundation
slab, showing that the six factors: area, climate, type of
house, basement, number of stories, and building ma-
terials, affect simultaneously radon activity concentra-
tions in the ground-floor dwellings in Montenegro. It
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reveals that there is a statistically significant differ-
ence between all categories of the factors area, cli-
mate, type of house and presence of basement. The
two categories driving differences in the factor stories
are the houses with three and more stories, while in the
factor building materials categories wood, stone, and
combination of stone, concrete and bricks, are those
which have a significant effect on the radon concentra-
tions in dwellings.
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Iepxo BYKOTHNh, Hesenka M. AHTOBU'R, Panko SEKWh, Anapuja HYPOBUR,
Tovmucnas AHBEJWNh, Hukona CBPKOTA, Pagusoje MPIAK, Anekcanmap JNIABAY

YTULAJ KIINMMATA, TPABEBUHCKUX U PE3UJIEHIINIJATHUX
D®AKTOPA HA HUBOE PAJIOHA Y CTAHOBUMA Y INPU3EMJ/bY Y IIPHOJ T'OPAU

Hakon ngBanaecroMeceyHoOr Mepema ca ietekropuma CR-39, cpeme ropuime KOHIEHTpanuje
panioHa ofipebene cy y 953 crana mupom LpHe I'ope, mTo je 0.5 % cBUX CTaHO HACTambEHUX CTAHOBA Y H0).
Yruuaj 11 ¢akropa (nmoapyuyje, KIUMaT, THIT 3Tpajie, TOJMHA U3rpajibe, IOCTOjamke MOpyMa, TeMebHa
iova, Opoj crparoBa, rpabeBUHCKU MaTepHjaj, OKBUPH [IPO30pa, Tpejarbe U Myliewme) 1 35 HbUXOBHUX
KaTeropyja Ha KOHLEHTpauuje pajjoHa y 732 craHa y Opu3eMJby aHAIM3UPAH j€ AEeCKPUINTUBHOM, YHU-
BapUjaHTHOM M MYJTHBAPUjaHTHOM METOJOM.

YHuBapujaHTHA aHAIW3a ofi0aluiIa je yTuIaj iBa (hakTopa: rpejama u nyuiema. OHa mokasyje
a ce, y CpenmheM, KOHIGHTpAIje PajjoHa y CTAHOBAMA Y MPHU3EMIbY Pa3lIUKyjy CTATUCTHYKA 3HAYAjHO
(auBO TOBepewma 95 %) y ypOaHUM W pypallHUM TOAPYYjEMa, Y TOPOAMYHUM Kyhama u cramMOeHUM
3rpagama, y kyhama ca u 6e3 nojjpyma u y craHoBHMa ca OKBHpuUMa Ipo3opa ofi ipera u onux o PVC/AL Y
knuMmaty Cf one ce pasznukyjy on onux y Cs u Df knmumaty. Camo iBa napa nepuopa usrpaame, 1980-1999 ca
1900-1944 u ca 1964-1979, paznukyjy ce Mo cpefmuM KOHIEHTpanrjama pajfiona y cranosuma. Kyhe ca
jemHuM, IBa U TPU cIpaTa UMajy FOTOBO jeJHaKe Cpefilhe HUBOE PajloHa, KOju cy Behu Hero y 3rpajama ca
Bulle off Tpu crpaTta. Cpefiibe BpeJHOCTH KOHIIEHTpalKja pajioHa y KaMeHuM kKyhama Behe cy o OHuX y
kyhama usrpabenum o 6eToHa, UK Off ONeKa, WK Off APBETAa.

MynTuBapujaHTHa aHajdu3a MOKa3yje fa Off aHaNu3upaHux (akTopa MIECT HUX — NoApyYje,
KJIMMaT, THUII 3Tpajie, HOCTOjabe MoApyMa, Opoj clipaToBa U rpabeBUHCKU MaTepHjall, CAMYJITaHO 3HAYajHO
kopenupajy (p < 0.05) ca KOHI[EHTpalKjaMa paJoHa y cTaHOBHMA Y nipu3eMiby y Llproj T'opu.

Kwyune peuu: citianosu y iipuzemmny, paxitiop koju yitiuie Ha KOHUEHIUpauujy paooHa,
VHUBAPUJAHIUHA U MYATUUBAPUJAHIUHA AHAAU3A



