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Abstract

To describe the secular trend and seasonality of the incidence of hip fracture (HF) and its relationship with climatic vari-
ables during the period 2010-2019 in Catalonia in people aged > 65 years. The results were analyzed by sex, age groups
(65-74, 75-84, and > 85), and types of fracture (extracapsular and intracapsular). Data on sex, age, type of fracture, year,
and month of hospitalization of patients admitted with a diagnosis of HF between January 1, 2010 and December 31, 2019
were collected. Crude and standardized HF incidence (HFi) rates were obtained. Data on the monthly mean of climatological
variables (temperature, insolation, icy days, rain, relative humidity, atmospheric pressure, and wind force) were obtained
from the network of meteorological stations in Catalonia. Time series analytical statistics were used to identify trends and
seasonality. Linear regression and a seasonal autoregressive integrated moving average (ARIMA) were used to analyze the
relationship of each climatic parameter with fracture rates. In addition, generalized additive models were used to ascertain
the best predictive model. The total number of HF episodes was 90,149 (74.1% in women and 25.9% in men). The total
number of HFs increased by 6.4% between 2010 and 2019. The median age (SD) was 84.5 (7.14) and 54% of patients
were > 85 years of age. Extracapsular fractures were the most common (55%). The standardized incidence rates decreased
from 728.1/100,000 (95% CI 738.6-769.3) to 624.5/100,000 (95% CI 648.7-677.0), which represents a decrease of 14.2%
(» <0.05). The decline was greater at older ages. There were seasonal variations, with higher incidences in autumn (27.2%)
and winter (25.7%) and lower rates in summer (23.5%) and spring (23.6%). Seasonality was more pronounced in elderly
people and men. In the bivariate regression analysis, high temperatures and greater insolation were negatively associated
with the HF rate, while the number of icy days, rainy days, and high relative humidity were associated with a higher inci-
dence of fractures in all age groups and sexes. In the regression analysis using the seasonal ARIMA model, only insolation
had a consistently significant association with overall HFi, after adjusting by trend and other climatic parameters. While the
global number of HFs grew in Catalonia due to increases in the elderly population, the standardized HF rate decreased dur-
ing the years 2010-2019. There was a seasonal trend, with predominance in the cold months and correlations with climatic
parameters, especially with insolation.

Keywords Hip fracture - Epidemiology - Incidence rate ratio - Seasonal presentation - Osteoporosis - Climate - Weather -
Radiation

Introduction

According to The Global Burden of Diseases, Injuries, and
Risk Factors Study (GBD), approximately 178 million new
fractures occurred worldwide in 2019 [1]. Hip fractures are
the leading cause of health expenditures among all fragil-
ity fractures (FF) in the European Union [2]. The overall
number of HFs is increasing in developed countries due to
aging populations. Nevertheless, the secular trend of HFi
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varies in different countries; while data from Australia [3],
Canada [4], and Europe [5—7] shows a decreasing trend, the
scarce data from Asia and South America (with the excep-
tion of Hong-Kong and Taiwan) point to a rising trend [8].
In addition, there is a wide variation in the incidence of HF
between countries and across different geographical regions.
The highest rates were found in Europe and North America
and especially in the Scandinavian countries [9].

Among the many factors that can influence the inci-
dence and prevalence of HF, some are related to climate
and latitude, with the highest incidences occurring in high
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latitude countries [10]. Furthermore, a relationship between
HFi, lower latitude, and exposure to ultraviolet (UV) light
has been described in Sweden [11]. Moreover, most of the
evidence points to a seasonal pattern in HFi, with higher
rates occurring during cold months in most countries [12].
In Spain, which has a Mediterranean climate, higher rates
of HF show a prominent seasonality, especially in autumn,
and particularly in older populations [13, 14].

Two main hypothesis have been put forward to explain
the relationship between climate change during the year, lati-
tude, and the global variations in HFi. The first implies that
lower exposure to sunlight in autumn and winter, especially
in in high latitude countries, could cause lower vitamin D
synthesis, which has been linked to secondary hyperparathy-
roidism, osteoporosis, and osteomalacia, with an increased
risk of fracture [15, 16]. On the other hand, associations with
other meteorological factors such as low temperatures, freez-
ing rain, and snow would be due to an increased risk of falls.
All of these meteorological parameters have been investi-
gated in different environments with conflicting results, due
to differences in geographical locations, study periods, and
the variety of analytical methods employed [12, 17].

Spain has a public health system with universal cover-
age that collects and manages health data from most of the
population. In addition, Catalonia, a community in northeast
Spain, has a very extensive network of meteorological sta-
tions distributed throughout the territory that automatically
record data on numerous daily climate variables, including
the intensity of solar radiation. Therefore, our objective was
not only to describe the trend and the seasonality of HFi,
but also to investigate its association with climatological
variables over an extended period in different sexes and age
ranges between 2010 and 2019. Although climate is not a
modifiable factor, understanding how meteorological vari-
ables might affect the risk of fractures at different ages and
seasons could help us develop preventive strategies and may
provide clues as to how climate change may affect the epi-
demiology of fractures in the future.

Materials
Data Sources

A time series analysis of HF in Catalonia, a community in
northeast Spain with 7.9 M inhabitants, was carried out with
data collected from the Minimum Basic Data Set, a register
composed of all acute care hospital discharges. The diagno-
ses were coded according to the International Classification
Disease 9th Edition (ICD-9-CM) from 2010 to 2017 and the
10th Edition (ICD-10-CM) in 2018 and 2019. Data on sex,
age, type of fracture, and date of hospitalization were collected
from people aged > 65 years whose primary or secondary

diagnosis was a HF (codes 820.0/820.2/S72.0/S72.1/S72.2)
between January 1, 2010 and December 31, 2019. We decided
not to use data after 2019 since the COVID-19 pandemic had
an extraordinary impact on fracture rates [18]. Patients with
open fractures, those living in communities outside of Cata-
lonia, and readmissions were excluded. HFs were classified
according to the anatomical location as intracapsular (subcapi-
tal and basicervical fractures) and extracapsular (pertrochan-
teric and subtrochanteric) fractures. Direct age-standardized
rates were estimated using the Catalan population in 2014 as
a baseline. Population data were obtained from the Insured’s
Central Register of Catalonia. Using the hospitalization date,
we grouped the months as follows: winter (January, Febru-
ary, and March), spring (April, May, and June), summer (July,
August, and September), and autumn (October, November, and
December). To compare the HFi for different periods of the
year, the monthly number of fractures was adjusted to 30 days
and the seasons to 91.25 days.

Data on the meteorological variables were obtained
from the network of automatic weather stations operated
by the meteorological service of Catalonia (Meteocat). This
network was created in 1996 and integrates all the auto-
matic meteorological stations managed by Meteocat and
distributed throughout Catalonia (Fig. 1). Of 210 stations
belonging to this network, we obtained data from 176 sta-
tions with an altitude of < 1500 m, since no inhabited areas
above this altitude are to be found in Catalonia. Latitude in
the Catalonia ranges between the northernmost point, at 42°
50’, and the southernmost, at 40° 32'. This slight difference
in latitude is irrelevant from a climatic point of view. The
climate of Catalonia (with the exception of some mountain-
ous regions) is Mediterranean, with mild temperatures in
winter and hot and dry summers. Catalonia has a high inso-
lation level (between 2000 and 2600 h a year) and snow and
ice remain very isolated phenomena. Data included were
as follows: monthly average temperature (Celsius degrees),
wind speed (m/s), relative humidity (%), daily global solar
radiation (Megajoules/m?), and atmospheric pressure (Hec-
topascals). We also calculated the monthly number of icy
days (days with temperatures <0 °C), as well as the number
of days with precipitation (those with a minimum average
of 0.2 mm/m?). The measurement of global solar radiation
refers to irradiance on a horizontal surface and represents
direct and diffuse incident solar radiation. It is measured in
the wavelength range of 0.3 to 3 pm, which corresponds to
the spectrum ranging from UV to infrared.

Statistical Analysis
Data Description

Quantitative data are described by mean and standard
deviation (SD) or median and interquartile range (IQR).
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Fig. 1 Map of Catalonia show-
ing the geographical distribu-
tion of the meteorological
stations in 2016

A Student’s ¢ test was used to assess differences between
means. After confirming that age followed a non-normal
distribution (Shapiro—Wilk test for normality), we used the
non-parametric Mann—Whitney test to investigate age differ-
ences between periods of time and types of fractures. Cate-
gorical variables, described by frequencies and percentages,
were compared using the chi-square test.

Hip Fracture Incidence and Trend

Annual crude incidence rates (number of fractures per 100,000
inhabitants) with 95% confidence interval (95% CI) over the
10 year study were calculated for the entire population assum-
ing a Poisson distribution. Subanalysis by sex and age groups
(age intervals were set at 65—74 years, 75—84 years, and 85
and above) and anatomical fracture types (intracapsular and
extracapsular) was performed. Direct age standardization was
determined for the entire population and by sex using the age
distribution of the Catalan population in 2014 as standard pop-
ulation. A time series of standardized HFi ratios, as well as the
monthly mean of each meteorological parameter in 120 con-
secutive months, was established. A time series may consist of
various components that must be isolated in order to analyze
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their relationship with other variables. The first component
is the trend, which is an irregular long-term movement in the
time series lacking any calendar effects. The trend defines the
growth or decline of the time series. The second component,
seasonal variation, is a regular pattern of change recurring over
time. The seasonal component consists of effects that are sta-
ble with respect to time, direction, and magnitude, and shows
a pattern that is repeated after “s” observations. The third is
the residual, an irregular component that remains after the sea-
sonal and trend components have been removed. It represents
the non-predictable result of short-term fluctuations. To ana-
lyze this trend, the Seasonal Mann—Kendall test was used to
assess whether the series of HF rates had changed over time.
Both the Mann—Kendall test and Sen’s slope are widely used
for detecting statistically significant trends and determining
their magnitudes, respectively, in a time series.

Seasonality and Association of HFi with Meteorological
Parameters

The seasonality of the HF series and its relationship with the
climatic parameters were examined using different analyti-
cal strategies. HFi rate ratios with 95% CI were calculated
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for each season of the year. Associations between meteoro-
logical parameters and HFi rates were first analyzed using
Pearson correlations. In addition, to identify and analyze the
individual components of the HFi time series, a seasonal
ARIMA model was built. The general multiplicative form
of seasonal ARIMA (p, d, q) X (P, D, Q) contains the non-
seasonal autoregressive parameters p and ¢, the seasonal
autoregressive and moving parameters P and Q, and two
non-seasonal and seasonal differencing orders designated
d and D. We selected the type and order of the parameters
which were better adjusted to the time series through the
autoarima function. Dickey—Fuller and Kruskal-Wallis sta-
tistics were used to assess the non-stationarity nature of the
time series. ARIMA regression analysis, which combines
regression analysis with time series modeling, was used to
ascertain how each of the climate parameters (predictor vari-
ables) was associated with HFi in the overall population and
each subgroup, after adjusting by time trend. This combined
model aimed to provide a comprehensive understanding of
the relationship between time series variables and predictors.

Finally, a generalized additive model (GAM) was used
to study the effects of combined climate variables on HFi
rates. GAM models were built by adding meteorological
parameters to the year and month as predictor variables in
order of higher to lower correlation with HFi rates. A GAM
model permits the inclusion of more independent variables
in a parametric linear model, and is useful when the different
parameters are highly interactive (as is the case with mete-
orological variables). The threshold for statistical signifi-
cance was set at a 2-sided a-value of 0.05. All analyses were
carried out using R v4.0.3. This study used retrospective
anonymized data from the Minimum Basic Data Set. The
study complied with the ethical guidelines of the Declara-
tion of Helsinki. For this type of study, formal consent is
not required.

Results

Over the 10 year study period, total HF episodes numbered
90,149 (74.1% in women and 25.9% in men). The number of
observed fractures increased from 8741 in 2010 to 9297 in
2019. The female-to-male ratio decreased significantly from
2.96 (2010) to 2.69 (2019) (p <0.01). Mean age (SD) was
84.5 (7.1); women 84.8 (7.0), men 83.4 (7.5) (p <0.0001),
and increased from 83.9 (6.9) years in 2010 to 84.9 (6.4)
years in 2019 (p <0.0001). The population aged 65 years and
older in Catalonia increased from 1.25 M to 1.43 M people,
a 14.8% increase, with the oldest group (> 85 years) increas-
ing 39%. This age group represented 14% of the population
in 2010 and 16.9% in 2019. Table 1 describes the number
and percentage of fractures by sex, season of the year, bone
localization, and calendar year in both the overall population

and in the different age groups. The percentage of fractures
corresponding to the oldest group (> 85 years) increased
from 49.2% in 2010 to 58.3% in 2019. Extracapsular frac-
tures were the most frequent (55%) in the overall population,
but not in those under 75 years (48.4%). Thus, subjects with
extracapsular fractures were significantly older than those
with intracapsular fractures (p <0.0001). The extracapsular-
to-intracapsular ratio remained stable throughout the 10 year
period. The mean temperature over the 10 year period
was 14.3 °C, with a minimum seasonal average of 7.6 °C
in winter and a maximum average of 22.1 °C in summer.
Mean insolation was higher in spring and lower in autumn.
Mean monthly icy and rainy days were higher in winter and
autumn, respectively (Table S1 in Supplementary Material).

Hip Fracture Incidence and Trend

Overall annual crude HFi rates per 100,000 people decreased
from 697.7 (95% CI 683.1-712.4) in 2010 to 646.5 (95%
CI 633.3-659.6) in 2019, representing 7.3% decrease. By
sex, the rates decreased more in women than in men and in
people aged 75 to 84 years than in the oldest group, with
no significant decline in those aged <75. The extracapsu-
lar fracture rate decreased 6.9%, while that of intracapsular
fractures decreased 8.0%, both significant. Age-standardized
incidence rates decreased from 728.1 (95% CI 713.6-742.5)
to 624.5 (95% CI 611.1-637.8) in the overall population,
representing a 14.2% decrease (Tables S2 and S3 in Supple-
mentary Material). Figure 2 shows the trend of the number
of HFs and HFi by sex and age group. Age-standardized HFi
showed a downward trend over the ten-year period, with
a temporary increase in 2015-2016. Using the Seasonal
Mann—Kendall test for the 120 monthly time series data of
HFi in the overall population, there was an downward trend
(»p=0.003, Sen’s slope; — 0.41), which was also observed in
women (p <0.001, Sen’s slope; — 0.94), but not in men. Age-
adjusted HFi showed a declining trend in the 75-84 year
group (p <0.001, Sen’s slope — 1.15) and in people over
84 years of age (p=0.027, Sen’s slope — 1.44), although not
in those aged 65—74. Both age-standardized intracapsular
(»p=0.008, Sen’s slope — 0.23) and extracapsular fractures
(p=0.006, Sen’s slope — 0.24) showed declining trends.

Seasonality and Association of HFi
with Meteorological Parameters

Monthly mean (SD) HFi after adjusting months to 30 days
was 55.0 (4.9) for the whole series; 58.7 (3.4) in January;
57.9 (4.0) in February; 55.3 (2.3) in March; 54.0 (3.3) in
April; 52.1 (2.5) in May; 50.3 (3.8) in June; 50.7 (2.8) in
July; 50.8 (2.8) in August; 52.3 (3.4) in September; 57.7
(4.3) in October; 59.1 (3.1) in November; and 61.6 (3.2)
in December. These figures were higher in cold months,
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Table 1 Number and percentage
of fractures by sex, season

of the year, hip localization,

and calendar year in overall

Age

65-74 years

75-84 years

> 84 years

Overall

Number of fractures

9016

population and different age Sex

groups Women 5759 (63.9%)
Men 3257 (36.1%)

Season

Winter 2276 (25.2%)
Spring 2140 (23.7%)
Summer 2241 (24.9%)
Autumn 2359 (26.2%)

Type of fracture

Intracapsular 4656 (51.6%)
Extracapsular 4360 (48.4%)
Calendar year

2010 849 (9.4%)
2011 775 (8.6%)
2012 765 (8.5%)
2013 829 (9.2%)
2014 844 (9.4%)
2015 951 (10.5%)
2016 971 (10.8%)
2017 979 (10.9%)
2018 1039 (11.5%)
2019 1014 (11.2%)

32,455

23,756 (73.2%)
8699 (26.8%)

8331 (25.7%)
7842 (24.2%)
7592 (23.4%)
8690 (26.8%)

15,133 (46.6%)
17,322 (53.4%)

3592 (11.1%)
3435 (10.6%)
3459 (10.7%)
3429 (10.6%)
3168 (9.8%)
3327 (10.3%)
3285 (10.1%)
2997 (9.2%)
2902 (8.9%)
2861 (8.8%)

48,678

37,320 (76.7%)
11,358 (23.3%)

12,524 (25.7%)
11,305 (23.2%)
11,350 (23.3%)
13,499 (27.7%

20,792 (42.7%)
27,886 (57.3%)

4300 (8.8%)
4341 (8.9%)
4472 (9.2%)
4597 (9.4%)
4723 (9.7%)
5073 (10.4%)
5275 (10.8%)
5389 (11.1%)
5086 (10.4%)
5422 (11.1%)

90,149

66,835 (74.1%)
23,314 (25.9%)

23,131 (25.7%)
21,287 (23.6%)
21,183 (23.5%)
24,548 (27.2%)

40,581 (45.0%)
49,568 (55.0%)

8741 (9.7%)
8551 (9.5%)
8696 (9.6%)
8855 (9.8%)
8735 (9.7%)
9351 (10.4%)
9531 (10.6%)
9365 (10.4%)
9027 (10.0%)
9297 (10.3%)

where greater variability was also observed (Fig. 3). Fig-
ure S1, in the Supplementary Material shows a similar pat-
tern by sex, age group, and type of fracture, except in people
aged <74 years. In those over 84 years of age, there was
a marked increase between September and October. After
adjusting the seasons to 91.25 days, 25.7% of HFs occurred
in winter, 23.6% in spring, 23.5% in summer, and 27.2%
in autumn. Taking summer as the reference, there was a
significant average increase of 15.9% in the HF incidence
in autumn, 11.6% in winter, and 1.6% in spring. By sex,
the percent increase in autumn with respect to summer was
17.4% in men; IRR (95% CI) 1.17 (1.14-1.21) and 15.5% in
women; IRR (95% CI) 1.15 (1.14-1.17). The female-to-male
ratio was higher during the warm seasons (2.95 in spring,
2.93 in summer) than in the cold seasons (2.88 in autumn,
2.73 in winter). By ages, the differences between summer
and autumn were higher in the oldest group (18.9%). Extra-
capsular fractures showed a higher change between seasons
than intracapsular fractures (Table 2). Figure 4 shows the
seasonal pattern of HFi in the overall population, as well as
by sex, age ranges, and fracture types. Greater seasonality
can be observed in older people and in extracapsular frac-
tures, which are more common in this age range. A clear
inverse correlation can be seen between the fracture rate and
the insolation and temperature curves. The ascending curve
representing sunshine is ahead of that of temperature, given
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that in most years, the maximum solar radiation occurred
in June and the maximum temperature in July (Fig. 4D).
June is the month with the lower HFi rate and the higher
average insolation, while December had the higher HFi rate
and lower average insolation. The average temperature peak
occurred after the minimum value in HFi, while the lowest
temperature occurred in January, after the peak incidence in
HF (Table S4 in Supplementary Material). In the bivariate
analysis, higher insolation and temperature showed a nega-
tive correlation with HFi in both sex and fracture type and
in all age groups. Mean monthly icy days, average relative
humidity, and average days with precipitation showed a sig-
nificant positive association, while no correlation was found
with atmospheric pressure or average wind speed. All of
the parameters positively or negatively associated with HFi
showed an ascending gradient from the youngest to the old-
est age group (Table 3).

Figure S2 in the Supplementary Material shows the
decomposition of the additives time series, the seasonal
component and the residuals in the seasonal ARIMA
analysis. The residuals of the model were considered
white noise, as the graph showed fluctuations around
zero, which was confirmed with the Dickey—Fuller test
(p-value < 0.05). The Kruskal-Wallis test confirmed the
non-stationarity of the time series (p-value =0.0003). In
the multivariate time series analysis, after adjusting for
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Fig.2 Crude number of HFs by age and sex (A) and age-standardized HFi by age and sex (B) in the Catalan population from 2010 to 2019
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Fig. 3 Monthly differences in HFi in Catalan population from 2010 to
2019 (months adjusted to 30 days). The boxes represent the interquar-
tile range, the horizontal lines within the boxes represent the median
values, the cross represents the mean value, and the whiskers repre-
sent minimum and maximum values

time trend and the rest of the climate parameters, the aver-
age monthly insolation was the meteorological parameter

that showed the highest (negative) association with HFi
both overall and across all subgroups, excepting people
aged 65-74 years. This association was very pronounced
in people aged > 85 (f=— 2.72). Relative humidity
showed a marginal negative association in the overall pop-
ulation, in women and in people over 75 years. Average
number of rainy days only showed a positive association
in people aged 75-84 years, while atmospheric pressure
was positively associated with HFi in men. The monthly
mean temperature, icy days, and wind speed did not show
any significant correlation after accounting for trend and
the rest of the climate variables (Table 4).

Results of the GAM model showed that the addition
of insolation + temperature (R*>=0.78) proved slightly
higher to insolation alone (R>=0.76). When relative
humidity, number of icy days and rainy days were added,
the prediction model with the highest level of association
was achieved, but revealed only a marginal improvement
(R*=0.79). Figure S3, Supplementary Material, represents
an evaluation of the model fitting showing a good accu-
racy in its predictive ability. The other variables were not
included in the model, as they were not significant in the
bivariate analysis.
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Table 2 Seasonal average HF

L Winter Spring Summer Autumn Difference autumn/
incidence rates by sex, age summer
groups, and type of fracture.
Difterence between autumn and IRR %
summer
Sex
Overall
Mean 174.47 158.80 156.30 181.13 1.16 -159
LCI 172.24 156.67 154.19 178.86 1.15
UCI 176.70 160.92 158.41 183.40 1.17
Women
Mean 222.23 206.42 202.70 233.86 1.15 - 154
LCI 218.91 203.22 199.53 230.46 1.14
UCI 225.55 209.62 205.87 237.27 1.17
Men
Mean 109.55 94.12 93.28 109.50 1.17 -174
LCI 107.22 91.93 91.10 107.17 1.14
UCI 112.65 96.97 96.12 112.60 1.21
Age
65-74 years
Mean 34.84 32.39 33.55 35.32 1.05 -53
LCI 33.41 31.02 32.16 33.89 1.02
UCI 36.26 33.76 34.95 36.75 1.08
75-84 years
Mean 178.94 166.58 159.52 182.59 1.14 - 145
LCI 175.12 162.90 155.92 178.74 1.13
UCI 182.75 170.26 163.12 186.44 1.16
> 85 years
Mean 605.41 540.48 536.73 638.35 1.19 -18.9
LCI 594.91 530.55 526.84 627.57 1.18
UCI 615.91 550.40 546.62 649.13 1.20
Type of fracture
Extracapsular
Mean 95.03 87.34 85.85 100.54 1.17 -17.1
LCI 93.38 85.76 84.28 98.85 1.16
UCI 96.68 88.92 87.42 102.24 1.18
Intracapsular
Mean 79.44 71.46 70.45 80.59 1.14 - 144
LCI 77.93 70.03 69.03 79.07 1.13
UCI 80.95 72.89 71.87 82.11 1.16
IRR incidence rate ratio, LCI lower confidence interval, UCI upper confidence interval
Discussion Hip Fracture Incidences and Trends

In this extensive 10 year analysis combining HF and
meteorological data, a decline in HFi among people
aged > 65 years in Catalonia, Spain, was observed from
2010 to 2019. There was a distinct seasonal pattern, with
higher rates in autumn and lower rates in summer, with
more pronounced fluctuations in the older age groups.
Solar radiation exhibited a robust negative correlation with
HFi, higher than that of temperature.
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While the elderly population has steadily increased in
Catalonia over the last decade, the number of HFs has not
risen at the same rate. These data confirm the tendency of a
decrease in the standardized incidence in our [7, 19, 20] and
other, mainly Western, countries [3, 21-23]. The decreas-
ing rates in most countries in Europe, North America, and
Oceania, observed since the last decade of the twentieth
century, differs from the increasing incidences observed
in most Asian countries [8]. The combination of several
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Fig.4 HFix100.000 in peo-
ple>65 years, by sex (A), age
groups (B) and type of fracture
(C). Overall HFi with aver-
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factors could explain this downward trend: sociodemo-
graphic changes such as historical cohort effects have been
described in Spain, which would also influence the differ-
ences in incidence and trends between eastern and western
communities [24]. Moreover, improvement in healthy habits
such as increasing physical activity [25] and cessation of
tobacco consumption [26] have been related to a decrease
in HF risk in postmenopausal women. In that sense, over
the last decades some interventions have been implemented
in Catalonia to increase the proportion of adults complying
with physical activity recommendations [27] and decreas-
ing smoking habits [28]. Whether or not due to these health
policies, the prevalence of healthy levels of physical activ-
ity has risen and the percentage of tobacco consumption
has decreased, while obesity, a protective factor [29], has
climbed [30]. Regarding the possible relationship between

the use of anti-osteoporosis medications and the trend in
HFi, the beginning of our time series coincides with the
concerns raised due to the association of bisphosphonates
with atypical fractures, which led to a dramatic decrease in
the use of those medications in Spain [31]. However, to bet-
ter understand the influence of anti-osteoporosis medications
on the HFi trend, it would be necessary to analyze other
data, such as adherence rates, the baseline risk of fractures
in the treated population, and the comparative effectiveness
of medications used in different periods of time. Secondary
prevention programs (Fracture Liaison Services) in line with
International Osteoporosis Foundation guidelines have had
an increasing impact in our country in recent years. These
units have been shown to improve the outcomes of patients
with FF and to reduce fracture risk [31]. Finally, climate
change, with increasing temperatures over time, could have
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Table 3 Correlation between average monthly meteorological variables and hip fracture incidence in the bivariate regression analysis in Catalo-

nia 2010-2019

Insolation (MJ/m2) Temperature (°C) Rainy days Frosting Relative Atmospheric ~ Wind speed (m/s)
(number) days (num-  humidity pressure (hPa)
ber) (%)
Sex
Overall population ~ — 0.736%** — 0.698%#* 0.264%* 0.616%** 0.449%** 0.007 0.096
Men — 0.688*** — 0.705%%%* 0.220* 0.638*** 0.410%** 0.029 0.167
Women — 0.673%%* — 0.613%#%* 0.255%%* 0.533%%* 0.419%** 0.004 0.050
Type of fracture
Extracapsular — 0.657%#** — 0.662%#%%* 0.222%%* 0.584 % 0.364%** 0.043 0.114
Intracapsular — 0.687#** — 0.619%%* 0.259* 0.547%%* 0.451%** —0.026 0.045
Age groups
65-74 years — 0.206* —0.216* 0.091 0.264%* 0.115 —0.020 0.148
75-84 years — 0.572%%* — 0.583 %% 0.272%%* 0.490%** 0.330%** —0.100 0.124
> 85 years — 0.732%%% — 0.661*%* 0.211* 0.583%** 0.463%** 0.088 0.031

##%p <0001, #¥p <0.01, *p<0.05

influenced HFi to some extent. However, based on our
results, the HFi would decrease approximately by 1% for
every 1 °C increase in temperature. Given that air tempera-
ture is increasing 0.25 °C every decade in Catalonia [32],
the expected decrease in HFi due to rising temperatures over
a ten-year period would be 0.25%, which is insignificant
compared to the observed one.

By sex, the standardized HFi rate decreased more in
women than in men. This has been described in ours and
other countries and could be related, in part, to a lower
awareness in the diagnosis of osteoporosis and the prescrip-
tion of preventive drugs in men [33]. There were also some
differences between age groups; a significant downward
trend in the age-specific incidence ratio was found in peo-
ple > 75 years, while it was more pronounced from 75 to
85 years than in people aged > 85. The downward trend pre-
viously described in people <75 years up to 2014 in Cata-
lonia [19] was lost.

Seasonality and Association of HFi
with Meteorological Parameters

HF rates were clearly affected by seasonal variations, with
a higher prevalence in cold seasons and a more pronounced
effect in older people and in men. The average daily solar
radiation in our series was 16.2 MJ/m?, ranging from a mini-
mum of 9.0 MJ/m? in autumn to a maximum of 22.8 MJ/
m? in spring. According to our ARIMA seasonal regression
analysis, for every MJ/m? increase in average daily solar
radiation, the monthly HFi rate X 100,000 decreased by 2.72
points in people over 84 years of age. Given that the average
monthly HFi rate for people in this age group is 191.3, this
represents a reduction of 1.42% for every MJ/m?. The same
increase in solar radiation was only associated with a 0.92%

@ Springer

decrease in HFi in people aged 75 to 84 years. Consequently,
the lower levels of radiation in the colder months may have
had a more pronounced impact on older people, due to a
decrease in the skin's ability to produce vitamin D with age
[34, 35]. Besides, colder temperatures can heighten the risk
of falls by affecting neurosensory abilities [36, 37]. In our
time series, autumn was the season with the lowest average
insolation and with the highest global HFi in the overall
population and among women. Conversely, men exhibited
the highest HFi during winter, the coldest season. The sea-
sonal pattern was more pronounced in men than in women,
with women-to-men ratio much lower in winter and higher
in spring. Differences between sexes in the seasonality of
HF have been described, although only in some geographic
areas. In a study focused on New York City, seasonality had
a more marked effect in men than in women, with a greater
susceptibility to HF in men during cold months. The greater
propensity for men to go outdoors in worse weather condi-
tions was mentioned as a possible explanation [38]. Other-
wise, other cohorts from Canada and Taiwan found no dif-
ferences between age groups or sexes [21, 39]. The autumn
predominance of the HFi is the most frequently observed
pattern in Spain [13, 14]. In a geographically close cohort
from the Mediterranean region in Spain, in which the day
was used as a time unit, the overall pattern of seasonality
was similar to ours. However, the authors’ findings differed
in that a close relationship between HFi and wind intensity
was found, especially in younger people [13]. A possible
explanation comes from the different time units used in the
analyses. When the day is used as a unit of time, meteoro-
logical factors that increase the probability of falls, such as
wind, snow, or ice, could be better evaluated. In contrast,
when the month is used, those climatic variables that have a
more long-term effect would be more apparent in the results.
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Solar radiation, followed by temperature, were the two
climate variables that exhibited a strong and negative asso-
ciation with HFi in the bivariate analysis. Moreover, in
the seasonal ARIMA regression analysis, insolation, but
not temperature, retained a statistically significant asso-
ciation with HFi. Two systematic reviews have examined
the relationship between cyclical changes in fracture rates
and climatic parameters, revealing a protective effect of
higher temperatures [12, 17]. One of these reviews, spe-
cifically focused on HFs, also summarized prior studies
investigating the influence of sunshine on HF risk. These
studies, generally using monthly aggregates, consistently
showed a negative association [12]. Those studies esti-
mated insolation based on a timed measure of sun expo-
sure (in minutes, hours, or days). However, the amount
of solar radiation on earth not only depends on the time
of solar exposure, but also on other factors, such as the
hour of the day, the season of the year, the ozone layer,
the surface reflection, the altitude, and the latitude [41].
Our analysis is based on the measurement of direct and
diffuse incident solar radiation measured at a wavelength
that corresponds to the spectrum spanning UV to infra-
red. As the cutaneous synthesis of vitamin D depends on
the amount of UVB light, we believe that our estimate is
more reliable than those based only on hours of sunshine.
Moreover, the design of our analysis, based on monthly
data, is better suited to examine the effects of insolation
on fracture incidence. While the impact of sun exposure
on vitamin D synthesis from pre-vitamins is rapid [40], its
beneficial effects on bone resistance are gradual. A rela-
tionship between cumulative UV exposure, bone mineral
density and the risk of falls and fractures has already been
documented [41]. In contrast, another study conducted in
inland Spain found a negative association between UVB
light radiation and HFi in the short term. The authors
hypothesized that increased sunshine could also exert its
effect through enhanced visibility, thereby reducing the
risk of falls [14]. A work performed in Boston, MA (USA),
a city with the same latitude as Catalonia, showed that
from November to February there was insufficient UBV
radiation to synthesize previtamin D from 7-dehydrocho-
leterol. Beginning in March; however, the skin was capa-
ble of synthesizing vitamin D [42]. In a study of patients
with HF in our geographical area, serum vitamin D levels
correlated with the solar radiation received during the
2-3 months prior to the fracture, while the seasonal pat-
tern of HF was inversely proportional to the seasonality
of vitamin D levels [43]. Finally, a recent Japanese study
exploring the external causes of death from 1979 to 2015
in relation to ambient temperature found that both cold and
heat exposures were associated with increased falls-related
deaths [44]. In view of all the above, we hypothesize that
gradual increase in solar radiation with a cumulative effect
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on bone mineralization, along with good visibility and
pleasant temperatures without extreme heat, would have
led to a minimum HFi in June and the opposite trend in
December.

In addition to sunshine, only relative humidity showed a
protective effect in general, and in all subgroups (except in
people <75 years of age), in the regression model, which
was more pronounced in people over 85 years of age. There
are few studies that have analyzed the relationship between
relative humidity and the risk of HF. In one aforementioned
study performed in Spain, the authors described a different
pattern in people under 75 years of age, in which high rela-
tive humidity was associated with a higher HFi compared
to older people, in whom the effect was almost null [13].
Another study from Israel involving subjects with a mean
age of 78 years [45] did not find any associations. The rest
of the parameters (atmospheric pressure and average wind
speed) similarly failed to show any consistent association.

There are certain limitations in our study that deserve
some mention. Firstly, the data provided comes from admin-
istrative sources that may be subject to notification and
registration errors. Local privately owned hospitals do not
have incentives to record discharge information in a sys-
tematic manner, which could lead to under-registration in
some cases. Nevertheless, as Catalonia has universal and
free access to public healthcare system, only a minimal
percentage of HFs are admitted to private centers [46]. In
addition, the relationship between climatic variables and
fracture rates are temporal in nature and could be influ-
enced by other uncontrolled factors, such as differences in
mobility and clothing between seasons [39]. In fact, the eco-
logical design of the study could lead to an ecological fal-
lacy—the possibility of making incorrect conclusions about
individual-level associations when only using aggregated
data. Another limitation of our study is that we lack other
important information related to the individual fracture risk:
the mechanism of fracture or the place where the fracture
occurred (indoors or outdoors). Finally, as we chose to ana-
lyze the time series using periods of one month, we believe
that the effects of meteorological phenomena such as wind
speed or icy days, which have immediate effects on fracture
risk and are scarcely present in our environment, could be
underestimated.

In summary, the data that we present from southern
Europe show a decreasing trend in the rate of fractures in our
population, especially in elderly women, until 2019. After
the start of the Covid-19 pandemic, most studies from dif-
ferent geographical areas, including ours, reported a sharper
decrease in the HFi and other FFs [47, 48]. We observed a
marked seasonality in incidence rates, with a peak in autumn
and a nadir in summer, especially in older people. Based on
our data, insolation could be more responsible than tempera-
ture for the fluctuation of HFi in our country.
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