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This document describes the steps that were taken to model the continuous covariate 
age using a natural cubic spline, when fitting the excess excess mortality model as given 
by Equation 2 of the main manuscript.  
 
Section 3.2 of the main manuscript contains an overview of the covariates that were 
included in the model. Age is the only continuous covariate. Its effect is known not to be 
linear, so we used regression splines to model its effect. This requires a manual 
specification of the number of knots and the knot placement position.  
 
In our final model, we modelled age using a natural cubic spline with two knots, at ages 
80 and 90, and two boundary knots, at ages 70 and 100. This document describes the 
choices that were made and the sensitivity checks that were performed.  
 
As a first step, we fitted a model where age was split up in three different categories: 70-
79, 80-89 and 90+. Results are provided in Figure S1 below.  
 

 
Figure S1. The four different mortality components plotted on the cumulative hazards scale for 
the three different age groups. Age is modelled as a categorical variable.  

 
Categorizing continuous variables should generally be avoided. In this model, it restricts 
everyone in the same age group to have the same effect sizes. Therefore, we instead 
fitted a model where age is modelled using a natural cubic spline. Cubic splines are 
splines of degree 3; natural splines restrict the spline function to be linear outside the 
boundary knots, as polynomial splines can be erratic at the boundaries of the data [1]. 
The boundary knots were therefore placed at ages 70 (the lowest age we consider) and 
100 (although there are some people older than 100, the data is very sparse here). As a 
first attempt, we chose evenly spaced knots, i.e. at ages 80 and 90. This coincides with 
the age groups as given in Figure S1.  
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Figure S2. The four different mortality components plotted on the cumulative hazards scale for 
reference persons with different ages. Age is modelled using a natural cubic spline, with knots at 
ages 80 and 90.  

 
It can be seen that, in terms of the height of the lines, the result do not differ by much 
between Figures S1 and S2: the biggest differences are to be found in the 95+ panel, but 
this is likely due to the fact that we are now no longer plotting results for an entire age 
group (90+) but for a specific age (95).  
 
Instead of having the number of days in 2020 and 2021 on the x-axis, we can also take a 
cross-section at a given day, and plot age on the x-axis. This is shown in Figure S3 below, 
for day 300 (in both 2020 and 2021: the yellow and blue lines are the same, regardless 
of year, and for the purple and red line there are now two lines). 
 

 
Figure S3. The four different mortality components plotted on the cumulative hazards scale at 
day 300 (of 2020 and 2021), provided for all ages. Age is modelled using a natural cubic spline, 
with knots at ages 80 and 90.  

 
Figure S3 can be interpreted as follows: for men aged 85, the yellow cumulative hazard 
related to care home stay was around 0.32 on day 300 of 2020. Figure 2 shows that this 
was indeed the case.  
 
As a next step, all cumulative hazards can be shifted vertically such that they are equal to 
0 at age 70. In essence, this means removing all age-independent effects, so that the 
shape of the lines can be investigated and compared between different models. Results 
are shown in Figure S4. Clearly, the shape of the yellow cumulative hazard is different 



from that of the blue one. This suggests that the effect of age differs per hazard 
component.  
 
 

 
Figure S4. The four different mortality components plotted on the cumulative hazards scale at 
day 300 (of 2020 and 2021), provided for all ages and centered at 0 for age 70. Age is modelled 
using a natural cubic spline, with knots at ages 80 and 90.  

 
Eventually, the simplest model that still accurately reflects the data should be selected. 
Therefore, as a next step we fitted a model with only one knot (keeping the same 
boundary knots), to see to what extent results change. If they hardly change, the model 
with one knot for age is to be preferred over the (more complex) model with two knots. 
As there appears to be an inflection point around age 85 in Figure S4, we fitted the same 
model but modelling age with a single knot, at age 85. Results of this model are provided 
in Figure S5.  
 

 
Figure S5. The four different mortality components plotted on the cumulative hazards scale for 
reference persons with different ages. Age is modelled using a natural cubic spline, with a knot at 
age 85.  

 
When comparing Figures S5 and S2, some subtle differences are visible: the yellow and 
blue lines are further apart when only using 1 knot, especially for those aged 95. This 
suggests that a single knot might be too restrictive. This is confirmed by Figure S6 
below: whereas the blue line tended to follow an almost exponential pattern in Figure S4 
(which is also in line with what we know about the effect of age on overall mortality 
rates), the slope is less steep now.  
 



 
Figure S6. The four different mortality components plotted on the cumulative hazards scale at 
day 300 (of 2020 and 2021), provided for all ages and centered at 0 for age 70. Age is modelled 
using a natural cubic spline, with a knot at age 85.  

 
Although the differences between the models with one or two knots are not very large, 
we preferred the model with two knots, as it captured the exponential effect of age on 
(background) mortality better. 
 
As a next step, we also investigated a model with three knots, at ages 75, 85 and 95, to 
check if a model with 2 knots is perhaps still too restrictive. Results are provided in 
Figure S7.   
 

 
Figure S7. The four different mortality components plotted on the cumulative hazards scale for 
reference persons with different ages. Age is modelled using a natural cubic spline, with knots at 
ages 75, 85 and 95. 

 
Figures S7 and S2 are virtually identical. Figures S8 and S4 are very similar as well, 
although Figure S8 appears to be a bit wiggly (possibly indicating too much flexibility of 
the model). Apparently, the additional flexibility of a third knot is not needed. Hence, we 
stick with the simpler model: one with two knots, at ages 80 and 90. 
 



 
Figure S8. The four different mortality components plotted on the cumulative hazards scale at 
day 300 (of 2020 and 2021), provided for all ages and centered at 0 for age 70. Age is modelled 
using a natural cubic spline, with knots at ages 75, 85 and 95.  

 
Note that this application is relatively simple, given that the number and location of the 
knots did not matter much in terms of the resulting estimates of  the cumulative hazard 
components. Even when fitting age as a categorized variable, the cumulative hazard 
estimates did not change much, as shown in Figure S1. This might not always hold in 
other scenarios, in which case the knot placement choice will be more delicate. In such 
cases one might consider using penalized B-splines instead [2], where the number and 
location of the knots are automatically determined.  
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