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ABSTRACT
The difference in age structure and aging population level was an
important factor that caused the difference in COVID-19’s case fatal-
ity rate (CFR) in various regions. To eliminate the age effect on esti-
mating the CFR of COVID-19, our study applied nonlinear logistic
model andmaximum likelihoodmethod to fit the age-fatality curves
of COVID-19 in different countries and regions. We further com-
puted the standardized mortality ratio from the age-fatality curves
of COVID-19 in the above regions and found that the risk of COVID-
19 death in Wuhan was of a moderate level, while the non-Hubei
region was even lower, compared with other regions. Regarding
the disparity of CFRs among different regions in the country, we
believed that theremight be an unascertainedphenomenon in high-
endemic regions. Based on age-fatality rate curves, we estimated
unascertained rates in cities with severe epidemics such as Wuhan
and New York, and it was found that the total unascertained rates
in Wuhan and New York were 81.6% and 81.2%, respectively. Mean-
while, we also found that the unascertained rates varied greatly
with age.
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Introduction

Since the case fatality rate (CFR, number of deaths over number of diagnosed cases) is asso-
ciated with age and sociological characteristics in the public health and health economics
studies, one classical way in comparing different CFRs is to calculate the age-standardized
CFR [1,2]. There are two forms of calculating standardized rate: the first was a direct
method, in which weighted sums of rates are calculated for different regions based on
a standardized age structure, the results of the calculation can be compared and sorted
directly. If the standardized age structure is unknown or cannot be used, the indirect
method should be present. Assuming that we want to compare the occurrence rates of
region A and region B, the actual population of each age group in region A should be
multiplied by the occurrence rate of each age group in region B and sum them up, this
means the total number of expected occurrences in region A under the circumstance
that the occurrence rate of each age group in region A is the same as in region B. After
that, we take the total number of actual occurrences in region A over the total number of
expected occurrences in region A that we just calculated to generate the standardizedmor-
tality ratio (SMR). The indirect standardized rate loses its practical significance because
it does not use a standardized population composition, but the SMR makes tremendous
sense in public health and is often used as an indicator for evaluating disease burden and
disease lethal intensity. If the SMR is greater than 1, it can be considered that the occur-
rence intensity of region A is higher than that of region B, otherwise, the result is the
opposite.

In practical applications, age variables are often described discretely in groups. This
study used age as a continuous variable to calculate SMR and applied it to the compar-
ison of COVID-19 fatality rates among different regions. We extended this method to
estimate the unascertained rate and extent that possibly existed in high-endemic regions.
Meanwhile, we analyzed the regularity of the unascertained phenomenon affected by age,
and this study started with establishing a nonlinear logistic regression curve of age-related
fatality.

The ongoing pandemic of the COVID-19 had caused over 82 million infections and
more than 1.8 million deaths around the world by the end of 2020 [3]. However, the
CFRs vary across different countries in mid-June 2020 [4,5], such as China (5.57%),
South Korea (2.31%), Italy (13.92%), Spain (8.27%), France (18.90%), Canada (8.11%),
Germany (4.72%), and the United States (5.39%), and the differences in CFRs might
be heavily affected by the age structure of the population in each country [6,7]. Even
in China, the CFR of COVID-19 in Wuhan (7.69%) was still much higher than that
in the non-Hubei region (0.81%). Non-Hubei refers to all regions in China except
Hubei. UnlikeWuhan, where COVID-19 emerged since early December 2019, non-Hubei
region of China had enough medical resources that could provide quick response and
timely medical test and treatment to the public [8]. The data from non-Hubei region
could therefore be more representative of the real CFR of COVID-19 and could not be
affected by the unascertained rate, which allowed us to estimate the unascertained rate in
Wuhan.

As there was no uniform standard composition that could be used to calculate the direct
standardized rate, the direct comparisons of theCFRs could easily lead tomisjudgment due
to variation of age or sociological characteristics, we used the indirect method to compare
the severity of CFRs in different regions.
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Data sources

We retrieved the age information of confirmed cases and deaths of COVID-19 infection
from 11 January to 15 June 2020 in eight countries (China, Italy, Spain, Canada, Germany,
France, the United States, and South Korea), two cities (Wuhan and New York), and one
region (non-Hubei region in China), from the official websites from each country (Supple-
mentary Table 1). Since the officially reported data from different country and region were
not divided into age groups with the same cut-off, we restructured the number of deaths
and confirmed cases at 10-year age intervals, with the boundaries beginning at ten and
ending at nine. As there are 20 deaths of COVID-19 without reporting age information
in non-Hubei region, we assigned them into ten age groups by weighting the number of
age-specific deaths in this region.

Methods

We define our target dataset at age i as:

{(Zi, Yi, Xi) : i = 1, · · · , 100}, (1)

where Xi denotes the ith age, Zi denotes the number of confirmed cases and Yi denotes the
number of deaths of COVID-19 at the age of Xi.

To assess the age (X) effect on the CFR π(X), a nonlinear logistic regression model is
used to define the function:

π(x) = eβ+s(x)

1 + eβ+s(x) , (2)

The penalized basis smoother is adopted to estimate the nonlinear effect of the ‘age’
by penalizing the maximum binomial distribution-based log-likelihood function and to
obtain the intercept β̂ and nonlinear effect estimators Ŝ(x), that is,(∧

β ,
∧
s(·)

)
= arg max

(β ,s(·))

{ 100∑
i=1

[Yi log(eβ+s(Xi)) − Zi log(1 + eβ+s(Xi))] − λ

∫
[s′(t)]2dt

}
.

(3)
We apply the maximum likelihood method to fit the age-specific CFR curve. We define
Wk = 1 when the kth confirmed case is dead, else Wk = 0 with k = 1 . . . N, where N is
the total number of the confirmed cases. Zi represents the number of the confirmed cases
at the age i, the log-likelihood function at the age Xi is defined by

log

{ Zi∑
k=1

π (Xi)
wk [1 − π(Xi)]1−wk

}
= Yi log(eβ+S(Xi)) − Zi log(1 + eβ+S(Xi)) (4)

We use Root Mean Square Error (RMSE) to assess the degree of difference between the
estimator and the actual quantity, that is,

RMSE =
√

1
100

∑100

i = 1

{
Yi

Zi
− ∧

π(Xi)

} 2
, (5)

where
∧
π(x) = e

∧
β + ∧

s (x)

1 + e
∧
β + ∧

s (x)
.
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We then obtain the estimated CFR by then formulation

ĈFR =
∫ 99

0

∧
π(x)

∧
f (x)dx, (6)

where f̂ (x) was the kernel estimator of f(x), where f (x) represents the density function of
the age of diagnosed patients.

In this study, we also provide a novel method to compare the CFRs in different regions
by adjusting the age effect of COVID-19 patients. For example, the SMR between other
regions and Wuhan could be given by

SMR =
∫ 99
0

∧
f Wuhan(x)

∧
π nation(x)dx∫ 99

0

∧
f Wuhan(x)

∧
π Wuhan(x)dx

(7)

where region denoted other nations or regions.
We further define the Phased-age-specified unascertained rate (PUR) for Wuhan as the

rate of patients with actual infection who were wrongly diagnosed as non-infected due to
the mild and asymptomatic infection at different ages based on the CFR in the non-Hubei
region in China, that is,

PUR =
H − ∫ b

a

∧
f Wuhan(x)dx
H

, (8)

where H = ∫ b
a

∧
π Wuhan(x)

∧
π non−Hubei(x)

∧
f Wuhan(x)dx.

Results

Age-specific CFR function estimation

Figure 1 showed the numbers of deaths and confirmed cases of COVID-19 across different
age groups in different regions. By 15 April 2020, the United States had the highest number
of confirmed cases of COVID-19, while theCFR in Francewas the highest. Themean age of
confirmed cases of COVID-19 was approximately 45.52, 56.17, 63.05, 61.48, 49.29, 57.40,
44.88, 52.53, 52.17, and 50.91 in the non-Hubei region, Wuhan, Italy, Spain, Germany,
France, South Korea, Canada, the United States and New York, respectively. The intercept
β̂ and nonlinear effect estimators Ŝ(x) of the different regions were shown in the Table 1
and Figure 2. The estimated intercept and the nonlinear effect of age were significant for
all countries and regions (P < .001), while small RMSE indicated that ourmodel was well-
fitted (Table 1). Figure 2(A) showed that France was the most affected country by COVID-
19 in terms of age-specific CFR. We also found that the CFRs of COVID-19 remained
steady with younger age and increased dramatically over the age of 65 in almost all regions.
Only Canada rose sharply after the age of 80 years. Figure 2 also showed that the age-
specific CFRs of age between 35 and 50 years remained lower level in non-Hubei, Germany,
Canada and South Korea, and moderate inWuhan, Italy and Spain, while relatively higher
in France, the United States and New York. The CFR increases rapidly in line with ageing
in France, New York, Wuhan and Italy, where the age-specific CFRs over 76 were much
higher than that of the rest of regions.
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Figure 1. Histogram and density plots of the age-specific deaths and confirmed cases in different
regions. We present the age distribution of confirmed and dead COVID-19 cases in different regions as
of June 15. The distribution of confirmed cases and deaths by age groups are shown by the light grey
and dark grey histograms, respectively. The solid black line is a density curve that reflects the overall
distribution of the sample. The dotted lines indicate the mean age of confirmed cases.
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Table 1. The behavior of estimates of interceptβ and nonlinear effect of ages, and the RMSE among the
regions.

Intercept β̂ Smooth terms ŝ (age)

Region RMSE Est. SE t-value p-value edf Ref.df F-value p-value

Wuhan 0.1378 −3.64 0.06 −60.48 < .0001 5.10 6.07 1059.01 < .0001
Non-Hubei 0.1122 −6.02 0.26 −23.38 < .0001 3.52 4.39 237.11 < .0001
Italy 0.0100 −3.42 0.07 −46.42 < .0001 5.05 5.77 1778.62 < .0001
Spain 0.0100 −4.02 0.06 −63.90 < .0001 5.00 5.82 2371.47 < .0001
United States 0.0245 −5.15 0.33 −15.39 < .0001 1.29 1.52 40.56 < .0001
France 0.0100 −5.80 0.53 −10.95 < .0001 2.82 3.50 144.93 < .0001
Korea 0.0173 −7.03 0.59 −11.91 < .0001 2.60 3.26 251.84 < .0001

Note: edf and Ref.df denote the estimated degrees of freedom for each model parameter.

Thewhole CFR estimation and the ratio of CFR estimation

In all countries and regions, our estimates of overall CFRs, ranged from 0.0094 for the non-
Hubei region to 0.0828 for New York, were very much close to the actual CFRs (Table 2).
Our estimates of SMR suggested that the age-specific CFR in New York was 1.77 times of
Wuhan, which was the highest among all countries and regions. However, when compared
to the non-Hubei region, France was of the highest age-specific CFR, with an SMR of 7.23
(Table 3).

Figure 3 showed the ratio of CFR function between other regions andWuhan. The CFRs
of all age groups in non-Hubei and SouthKoreawere lower than that inWuhan. France sur-
passed Wuhan in CFR in middle and advanced age groups, while Italy, Germany, Canada,
Spain and the United States mainly exceeded Wuhan in older age groups. We also found
that the CFRs of infant and under 2-years old children in the United States were higher
than those in Wuhan.

The ratio of CFR function between other regions and non-Hubei region were shown in
Figure 4. For almost all age groups in Italy, Spain, France, New York, and the United States
and the middle and older age groups in Canada and Germany, the CFRs were higher than
that in non-Hubei. The CFRs in South Korea in older age groups were higher than those
in the non-Hubei region.

Phased-age-specific unascertained rate estimation

As mentioned above, the CFRs in the 10 countries or regions were quite different due
to different age and sociological characteristics, various detection levels and confirma-
tion definitions. However, the difference of CFR between Wuhan and non-Hubei, which
were both from China, could not be easily explained by the above reasons. We speculated
that the insufficient knowledge of the novel virus and limited testing capacity in Wuhan
at the early stage of the outbreak resulted in a large number of infected individuals going
unascertained. We assume that the age-specific CFR inWuhan was consistent with that of
non-Hubei and calculate age-specified unascertained rate.

As shown in Figure 3, there were two turning points of age at 46 and 84, in the com-
parison of age-specific CFR betweenWuhan and non-Hubei regions in China, fromwhich
the unascertained rates inWuhan were estimated to be 88.9% for ages 0–45, 76.0% for ages
46–84, and 48.1% for ages 85–99, respectively (Table 4). The total unascertained rate was
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Figure 2. CFR function estimates across different ages in different regions. (A) The age-specific CFR
estimates for each country or region combined. (B). The age-specific CFR estimates for each country
or region. The solid lines in black represent CFR of COVID-19 at different ages. The grey shadow is the
confidence interval of the function estimate.
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Table 2. The actual and estimated age-specific CFRs in different countries and regions.

Wuhan Non-Hubei Italy Spain Germany France Korea Canada United States New York

Act. CFR 0.0516 0.0092 0.1392 0.0827 0.0472 0.1886 0.0231 0.0811 0.0539 0.0836
Est. CFR 0.0517 0.0094 0.1382 0.0821 0.0464 0.1876 0.0223 0.0812 0.0536 0.0828

Table 3. The SMR calculation of CFRs function between Wuhan, non-Hubei and other regions.

Italy Spain Germany France Korea Canada United States New York Wuhan Non-Hubei

Wuhan 1.659 0.950 0.871 2.628 0.612 1.121 1.086 1.777 1.000 0.430
Non-Hubei 4.412 2.502 2.115 7.230 1.416 2.933 2.799 5.389 2.923 1.000

estimated to be 81.6%.We also estimated the total unascertained rate for New York City as
81.2%. The results were shown in Table 5.

Discussion

Compared with the previous discrete calculation method of SMR, the continuous method
was more accurate and more stable. For the age-specific CFR curve newly designed in this
study, it not only visually presented the effect of age on the fatality rate but also had a more
practical value in calculating SMR and estimating the unascertained rate at different ages.

Our research delineated the age-specific CFR of COVID-19 in three Asian regions, four
European regions, and three regions of the United States, which were mainly the worst-hit
regions in the early stages of the global pandemic. The results proved that there was a pre-
cise relationship between age and the CFR of COVID-19, especially a rapid growth over
the age of 65 in almost all regions in this study. Although the age-specific CFRs under 60
were similar in various regions, they become significant different in elderly people, which
means something that happened in these regions have caused a difference in the CFR
among the elderly people, particularly the age-specific CFRs over 76 were much higher
in France, New York, Wuhan, and Italy. This phenomenon meant something happened
in these regions that had caused a difference in the CFR among the elderly people there.
The regions researched in this study were facing varying degrees of population aging, for
instance, the population aged 65 years or older in Italy, France, and Wuhan is approxi-
mately 23%, 20%, and 15%, respectively. More than half of the SARS-CoV-2 infected cases
in Italy were the people aged 60 and above [9]. Although people were generally susceptible
to SARS-CoV-2, young people seemed to have mild symptoms or even be asymptomatic,
while older people might have significantly worse outcomes considering their pre-existing
health conditions [10].

Many scientific publications have evaluated the impact of comorbidities on the clini-
cal outcomes in patients with COVID-19 [11–15]. In Guan et al.’s study, they found that
patients with any comorbidity yielded poorer clinical outcomes than those without among
laboratory-confirmed cases of COVID-19 [16]. Among patients with COVID-19, circula-
tory diseases (including hypertension and coronary heart diseases) and endocrine diseases
such as diabetes remained the most common categories of comorbidity [16–18]. Our pre-
vious studies also echoed with recently published studies in terms of identifying the risk
factors of hypertension and diabetes in patients with COVID-19 [19,20].We have to admit
that the individual data on COVID-19 patient comorbidities status were not available in
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Figure 3. The ratio of CFR function between other areas andWuhan. We used CFRs at all ages inWuhan
as a baseline to compare with other regions, and the horizontal solid line is the base line equal to 1. The
CFR comparison between different regions and Wuhan at all ages can be reflected by the curved solid
line. Ages that lie above the baseline have a higher CFR thanWuhan and vice versa. We also showed the
turning points of age.
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Figure 4. The ratio of CFR function between other regions and non-Hubei region. Same as Figure 3 but
for non-Hubei region.
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Table 4. The estimation of the PUR in Wuhan.

Wuhan a–b (years) 0–45 46–84 85–99 0–99

PUR 0.888 0.760 0.481 0.816

Table 5. The estimation of the PUR in New York.

New York a–b (years) 0–24 25–36 37–45 46–68 69–99 0–99

PUR 0.857 0.806 0.839 0.844 0.334 0.812

the current study. Since the comorbidity are highly prevalent among elderly people and
the older age is also been regarded as one of the risk factors for severe outcomes among
patients with COVID-19, it is reasonable that higher CFR was found among elderly.

The CFR was still changing along with the ongoing pandemic, yet what we have learned
from available datamight help a lot in dealing with this complicated situation. In this study,
we provide a novel method to compare the CFRs in different regions after continuous stan-
dardized using the age of COVID-19 patients. According to the SMR calculation, we found
that the CFR in Italy, France, Canada, the United States, andNewYorkwas higher than that
in Wuhan, China, while other regions showed lower CFRs. But compared with the non-
Hubei in China, none of the nine regions was found lower CFRs. The age-specific CFRs
of France was the highest among the nine regions, most likely due to the lowest test rate
of less than 8000 per 1 million populations. The test rate was over 10,000 in South Korea,
the United States, and Spain, and 20,000 in German and Italy, 30,000 in New York [21].
Compared withWuhan, the top two countries with the SMR were France (2.628) and Italy
(1.659). The age-specific CFR was relatively higher at the age groups of 56–88 years with a
peak age of 69 in Italy, and at the age groups of 57–77with a peak age of 70 in France. There-
fore, these two countries should attach great importance to the diagnosis and treatment of
people over age of 55 who were infected with the COVID-19 and took timely measures to
avoid the deterioration of the disease and adverse outcomes. In addition, it is worth not-
ing that there was a peak of CFR in the age group of 80–85 of non-Hubei, South Korea,
France, and Germany, suggesting that these four regions should pay special attention to
the prognosis of infected persons in the older age groups.

Studies had shown that therewere 30–60% asymptomatic cases in SARS-CoV-2 infected
[22]. As the first epicenter of COVID-19, Wuhan encountered a shortage of both test kit
and manpower, which means only the cases with typical manifestation might have the
priority of laboratory examination. Although Wuhan had reported more than half of the
confirmed case in China, there might be still a significant portion of mild and asymp-
tomatic cases under detected. Given that the epidemic in China was nearing its end at the
time of data collection, the CFR was estimated to be relatively stable, we estimated the
unascertained rates of COVID-19 infected cases in Wuhan according to the CFR of non-
Hubei, China. The unascertained rate was the highest at the age group of 45 and below and
gradually decreases with age. This was in line with the epidemiological characteristics of
previous studies finding that most of the COVID-19 infections presentedmild and asymp-
tomatic symptoms among younger people [23–25]. Because the prevalence of comorbidity
was higher in the older age group, the symptoms after infection were more evident and
severe; the unascertained rate of people over 84 years old was lower. Our estimate of the
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unascertained rate inWuhan was slightly lower than Li et al.’s estimate of 86% [26]. Com-
pared to their method of estimation using the Susceptible-Exposed-Infected-Recovered
(SEIR) model, this study did not need to set parameters and could easily demonstrate the
relationship between unascertained phenomenon and age.

There are several limitations in our study. First, our cross-sectional study design could
not make an accurate estimation of the CFR with the time effect. Second, the prevalence of
comorbidity might be a confounding factor that affected the relationship between age and
the CFR. Lack of the individual-level information of age-specific comorbidity for COVID-
19 patients might remain uncertain in our estimates. Our estimate of the unascertained
rate still needs to be confirmed by further research such as field investigations and seroepi-
demiological studies. Third, the data we collected from mid-June had a varying degree of
impact on CFR in different regions as they were in different time spans during the ongoing
epidemic. Non-Hubei region of China, for instance, had a relatively stable CFR, because it
was in the middle and late stages of the epidemic. However, the United States was in the
early stages of the epidemic, which made the CFR uncertain. We also found that age was
a risk factor for death in patients with COVID-19, although there was no difference in the
risk of death across different epidemic stages.

In conclusion, our study provides a novel method for estimating the SMR and unascer-
tained rate. Moreover, it found an additional evidence that the risk of COVID-19 deaths
increases with age, and most of the deaths observed in different regions occurred in peo-
ple aged 65 and above. Younger people who infected SARS-CoV-2 might be undiagnosed,
due tomild and asymptomatic infections. However, they were essential factors of transmis-
sion and lack of treatment that might contribute to the deaths of older people. Therefore,
we should pay more attention to the mild and asymptomatic infections among young and
middle-aged people to avoid the spread to the older people who are more vulnerable.
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