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Abstract
Objective
Studies that examine the broad allocation of resources, regardless of who bears the costs, should ideally estimate costs from a societal perspective. We have successfully integrated survival rates, employment ratios, and earnings to address the significant challenge of evaluating societal value through productivity assessments of patients with end-stage kidney disease (ESKD) in Taiwan.

Methods
Using a theoretical framework, we interconnected two nationwide databases: the Taiwan National Health Insurance (NHI) and the Taiwan Mortality Registry from 2000 to 2017. Due to the statutory retirement age of 65, we collected data on all patients (83,358) aged 25–64 years diagnosed with ESKD and undergoing maintenance dialysis. We estimated the lifetime survival function through a rolling extrapolation algorithm, which was then combined with the monthly employment ratio and wages to calculate the lifetime employment duration and productivity up to the legal retirement age of ESKD patients. These were compared with sex-, age-, and calendar year-matched referents to determine the loss of employment duration and productivity of ESKD patients.

Results
ESKD patients experienced a loss of approximately 25–56% in lifetime employment duration and a larger loss of about 32–66% in lifetime productivity after adjustments for different age, sex, and calendar year. The annual productivity loss per male (female) ESKD patient relative to that of the age-and calendar year-matched referent ranges from 75.5% to 82.1% (82.3% to 90.3%). During the periods when they are able to work (over the on-the-job duration) male ESKD patients lose between 34 and 56% of their income, and female ESKD patients lose between 39 and 68% of their income, compared to the age-and calendar year-matched referents. The loss of lifetime productivity is a combination of reduced lifetime employment duration, functional disability, absenteeism, and presenteeism at the workplace. The loss related to presenteeism is implied by the reduced wages.

Conclusions
In addition to the loss of employment duration, we have empirically demonstrated the lifetime loss of productivity in patients with ESKD, also indicating the “presenteeism” resulted from inability to perform their job with full capacity over long-term periods.

Supplementary Information
The online version contains supplementary material available at https://​doi.​org/​10.​1186/​s13561-024-00480-z.
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Background
Research that explores the comprehensive allocation of resources should ideally calculate costs from a societal viewpoint, irrespective of who incurs these costs [1–3]. The total productivity loss over a lifetime can be seen as an economic production loss, potentially exceeding the medical costs of diseases. A detailed analysis of how poor health impacts the employment duration and productivity of working patients could provide a more accurate measure of the remaining human capital for survivors of related medical conditions. As an increasing number of patients with chronic diseases and complications are living longer, this issue has economic implications and warrants attention. Patients with end stage kidney disease (ESKD), undergoing maintenance dialysis, serve as an example. They can still contribute to the labor market, as explored in a previous study [4], although their reduced productivity while on the job has not been investigated. The costs of productivity loss resulting from morbidity and mortality are typically assessed through two methods in health economics: the human capital method (HCM) and the friction cost method (FCM), see [5–7], respectively. HCM estimates potential productivity loss due to disease over the expected remaining working life, but does not consider the risk of death. FCM estimates costs during the so-called friction period, which is the time it takes for a firm or organization to restore its original production level after losing a worker [8]. Both methods may not accurately reflect the true monetary values [9].
Most studies on the loss of earnings due to illness have been limited by their use of observational data and short time periods [6, 10]. To improve the accuracy of the lifetime survival extrapolation of an index cohort, external data from a reference population that matches in terms of age, sex, and calendar year can be used [11–13]. In this study, we develop a novel method to estimate the lifetime employment duration and real monthly wages of ESKD patients in Taiwan. These estimates can be combined with the survival function for our research objective on lifetime productivity estimation. As workers’ wages are a good representation of their productivities [14], we use wages for productivity estimation in this research.
This study builds upon previous research conducted by Chang et al. [4] using the same sample group of patients with ESKD. However, this study takes two major steps forward in quantifying the human capital loss resulting from chronic illnesses. Firstly, the model for extrapolation of employment ratio now includes mortality risks, which were not considered earlier. Secondly, this study has quantified the lifetime loss of earnings resulting from presenteeism. This study improves upon earlier studies in three ways: (1) It extrapolates estimates beyond the observable follow-up period of real data; (2) It evaluates the reduced productivity resulting from a combination of premature mortality, increased functional disability, and presenteeism at work; (3) It empirically reports the potential societal cost of ESKD under maintenance dialysis over a lifetime.

Method
Terms definitions
Lifetime productivity refers to the total economic output or value that an individual can produce over their working life. Employed-to-population ratio (EMRATIO) was defined as the ratio of individuals employed to the total concerned population. Presenteeism refers to the situation where an employee is physically present at work, but is not able to perform their job at full capacity over long-term periods due to their illness. Abstenteeism refers to instances where an employee is absent from work entirely due to their illness.

The theoretical framework
Lifetime employment duration of an index cohort
In this study, we extend the method developed by Hwang et al. for estimating the lifetime medical costs of a specific study cohort [12]. Our extension allows us to estimate both lifetime employment duration and productivity, forming the basis of our theoretical model. We define [image: $${e}_{i}^{c}\left(t\right)$$] as a binary employment indicator for an individual [image: $$i$$] in cohort [image: $$c$$] at month [image: $$t$$] after diagnosis, moreover [image: $${a}_{i}$$] denotes the onset age in years. We consider an individual’s employment from the time of diagnosis until they reach 65 years of age. Therefore, we set [image: $${e}_{i}^{c}\left(t\right)=0$$] for [image: $$t&gt;\left(65-{a}_{i}\right)\times 12$$]. The age of 65 is the legal retirement age in Taiwan. Numerous factors can influence employment beyond this age. To simplify our model, we do not account for employment beyond the age of 65 for either cohorts (index and reference) when calculating productivity loss. We use L to represent the maximum possible duration in months that any individual within the index cohort could live post-diagnosis. An individual’s lifetime employment duration can then be expressed as [image: $${\sum }_{t=0}^{L}{e}_{i}^{c}\left(t\right)$$]. The expected lifetime employment duration (ELED) of the cohort is calculated upon this:[image: $${ELED}_{c}=\frac{1}{N}{\sum }_{i=1}^{N}{\sum }_{t=0}^{L}{e}_{i}^{c}(t)={\sum }_{t=0}^{L}\left\{\frac{1}{N}{\sum }_{i=1}^{N}{e}_{i}^{c}(t)\right\}={\sum }_{t=0}^{L}\left\{\frac{{M}_{t}}{N}\times \frac{1}{{M}_{t}}{\sum }_{i\in {G}_{t}}{e}_{i}^{c}\left(t\right) + \frac{1}{N}{\sum }_{i\notin {G}_{t}}{e}_{i}^{c}(t)\right\}={\sum }_{t=0}^{L}S(t|c)\times E(t|c)$$]

 (1)



In which [image: $$N$$] is the size of the cohort, [image: $${G}_{t}$$] is the subset of individuals still alive at month [image: $$t$$], [image: $${M}_{t}$$] is the size of the subset, [image: $$S\left(t|c\right)={M}_{t}/N$$] is the function of survival rate of cohort c at month t, [image: $$E\left(t|c\right)={\sum }_{i\in {G}_{t}}{e}_{i}^{c}\left(t\right)/{M}_{t}$$] represents the employment rate relative to the cohort. [image: $$E\left(t|c\right)$$] is called the conditional EMRATIO function. The product of the survival function [image: $$S\left(t|c\right)$$] and the conditional EMRATIO function [image: $$E\left(t|c\right)$$] of an index cohort c is referred to as the survival weighted EMRATIO function of the cohort. This measure is used to estimate the expected lifetime employment duration (ELED) of the cohort. The lifetime survival function [image: $$S\left(t|i\right)$$] can be estimated using the method of survival extrapolation, which has been effectively used for estimating medical costs and quality of life in medical statistics [11, 12]. The conditional EMRATIO [image: $$E\left(t|i\right)$$] of the index cohort beyond the follow-up can be extrapolated using the employment statuses of age-, sex-, and calendar year-matched referents from the general population.

Estimating the conditional EMRATIO function for the reference population
This study involved establishing the conditional EMRATIO function for the reference population through the use of real data from the National Health Insurance (NHI) registry in Taiwan. This was achieved by creating conditional employment tables of EMRATIO for each calendar year, y, years of age a, and sex s, which were denoted as [image: $$e\left(y,a,s\right)$$]. As mentioned earlier, we let [image: $$e\left(y,a,s\right)$$] = 0 for [image: $$a&gt;$$] 65. To determine the life expectancy [image: $${T}_{i}$$] for a referent corresponding to the individual i. of age [image: $${a}_{i}$$] years, sex [image: $${s}_{i}$$], diagnosed year [image: $${y}_{i}$$] of the index cohort, life tables in Taiwan [15] were utilized. The expected employment status over time for the ith referent was obtained as:[image: $$e_{it}\left(y,a,s\right)=e\left(y_i+\left\lfloor\frac t{12}\right\rfloor,a_i+\left\lfloor\frac t{12}\right\rfloor,s_i\right)\;\mathrm{for}\;0\leq t\leq T_i,$$]

 (2)


where the floor bracket [image: $$\lfloor u\rfloor$$] denotes the largest integer that does not exceed u. The lifetime conditional EMRATIO function [image: $$\widehat{E}\left(t|r\right)$$] given the reference cohort r was calculated by the average of the expected employment statuses of all the generated referents alive at time t, following [16]:[image: $$\widehat E\left(t\vert r\right)=\frac{\sum_ie_{it}\left(y,a,s\right)}{\sum_i\#\left\{i:{t\leq T}_i\right\}}\;\mathrm{for}\;0\leq t\leq L$$]

 (3)




Extrapolating the conditional EMRATIO function for the index cohort
The methodology used in this work to calculate the conditional EMRATIO function [image: $$E\left(t|i\right)$$] for the index cohort involves direct computations up to the end of the follow-up period. To extrapolate [image: $$E\left(t|i\right)$$] beyond the follow-up period, the lifetime survival function and the lifetime conditional EMRATIO function of the referents are utilized. When expressing the hazard function [image: $$h\left(t|c\right)$$] of a cohort c using the Cox proportional model, factors such as employment status, age, and sex are taken into account. These factors are assumed to be associated with the hazard of death within the cohort as:[image: $$h\left(t|c\right)={h}_{0}\left(t\right)\times exp\left[{\mu }_{c}+{\alpha }_{1}g\left(E\left(t|c\right)\right)+{\alpha }_{2}\left(A\left(t|c\right)\right)+{\alpha }_{3}\left(M\left(t|c\right)\right)\right]$$]

 (4)


in which [image: $${h}_{0}\left(t\right)$$] is the baseline hazard function; [image: $$g\left(\cdot\right)$$] is a transformation function; [image: $$E\left(t|c\right)$$] denotes the conditional EMRATIO function of the cohort c; [image: $$A\left(t|c\right)$$] represents the average age at time t in the cohort; [image: $$M\left(t|c\right)$$] stands for the proportion of males at time t in the cohort. The hazard ratio between the index and reference groups equals [image: $$HR\left(t\right)=h\left(t|i\right)/h(t|r)$$]. After taking the log of [image: $$HR\left(t\right)$$], we obtained:[image: $$log\left(HR\left(t\right)\right)={\mu }_{d}+{\alpha }_{1}{E}_{d}\left(t\right)+{\alpha }_{2}{A}_{d}\left(t\right)+{\alpha }_{3}{M}_{d}\left(t\right)$$]

 (5)


where [image: $${E}_{d}\left(t\right)=g\left(E\left(t|i\right)\right)-g\left(E\left(t|r\right)\right)$$] and the variables Ad and Md were defined similarly. Using Eq. (5), we can rewrite the relationship between [image: $$HR\left(t\right)$$] and [image: $${E}_{d}\left(t\right)$$] into a simple linear regression form:[image: $${E}_{d}\left(t\right)={\beta }_{0}+{\beta }_{1}log\left(HR\left(t\right)\right)+{\varepsilon }_{t}$$]

 (6)



In order to estimate the conditional EMATIO of the index group, we utilize the logit transformation [image: $$g\left(p\right)=\text{log (}p/\left(1-p\right)\text{)}$$] on the interval (0, 1). The logit function is the inverse of the logistic function. Since the values of EMRATIO are between 0 and 1, the logit transformation allows these probabilities to be modeled on the whole real line. This involves using the lifetime estimate [image: $$\widehat{HR}\left(t\right)$$] of hazard ratio, the lifetime estimate [image: $$\widehat{E}\left(t|r\right)$$], and the estimate [image: $$\widehat{E}\left(t|i\right)$$] for time t from some time a to the end of follow-up F to determine the regression model’s intercept and slope. Finally, we extrapolate the conditional EMATRIO of the index group:[image: $$\widehat E\left(t\vert i\right)=\frac{\text{exp}\{\text{logit}(\widehat E(t\vert r))+{\widehat\beta}_0+{\widehat\beta}_1\text{log}(\widehat{HR}(t))\}}{1+\text{exp}\{\text{logit}(\widehat E(t\vert r))+{\widehat\beta}_0+{\widehat\beta}_1\text{log}(\widehat{HR}(t))\}}\;\mathrm{for}\;t&gt;F$$]

 (7)



The expected lifetime loss of employment duration (LLED) can then be estimated as:[image: $$\widehat{LLED}={\sum }_{0}^{L}[\widehat{S}(t|r)\times \widehat{E}(t|r)-\widehat{S}\left(t|i\right)\times \widehat{E}\left(t|i\right)]$$]

 (8)




Estimating the lifetime loss of earnings for an index cohort
We can derive a formula similar to Eq. (1) for calculating the expected lifetime earnings (ELN) of the index cohort:[image: $${ELN}_{c}={\sum }_{t=0}^{L}S\left(t|c\right)\times N\left(t|c\right)$$]

 (9)


where the function N [image: $$\left(t|c\right)$$] represents the conditional average earnings of the individuals still alive in the index cohort at time t. By applying the same procedures outlines in Eqs. (2) through (6), and using the new transformation function [image: $$g\left(p\right)=log\left(p\right)$$], we can extrapolate the conditional average earnings of the index group as follows:[image: $$\widehat N\left(t\vert i\right)=\exp\{\log(\widehat N\left(t\vert r\right))+{\widehat\beta}_0+{\widehat\beta}_1\log(\widehat{HR}(t))\}\;\mathrm{for}\;t&gt;F$$]

 (10)


where the function  [image: $$\widehat{N}\left(t|r\right)$$] represents the conditional average earnings for the reference group. The expected lifetime loss of productivity (LLEP) for the index cohort can then be estimated as:[image: $$\widehat{LLEP}={\sum }_{0}^{L}[\widehat{S}(t|r)\times \widehat{N}(t|r)-\widehat{S}\left(t|i\right)\times \widehat{N}\left(t|i\right)]$$]

 (11)



Equation (11) serves as a predictive model for the anticipated loss of productivity over the lifetime of a patient suffering from a major catastrophic illness, even while they continue to work. This equation takes into account the dynamic fluctuations in wages, which can serve as a significant indicator of presenteeism. In the context of patients with major catastrophic illness, even though they may still be employed, their productivity or contribution to the labor market is negatively affected by their health condition. This impact is often reflected in the changes of their wages.


Data and statistical analysis
This research was initiated following the receipt of grant support from the National Science and Technology Council (Grant numbers: NSTC 111–2627-M-006–003, 112–2627-M-006–002, 112–2410-H-006–105-). This study was also approved by the Institutional Review Board of National Cheng Kung University Hospital in Taiwan (Approval Number: IRBB-ER-105–386). It should be noted that no participant received compensation or was offered any incentive for their participation in this study.
In order to conduct a comprehensive analysis, we combined data from two large-scale databases in Taiwan: The National Health Insurance (NHI) and the Mortality Registry. The NHI database includes demographic information, reimbursement records for clinical diagnoses, and premium collections based on the monthly salary of various types of workers: civil servants, private sector employees, employers, unemployed individuals, and dependents. The Mortality Registry, on the other hand, contains data on the cause of death and date of death. To ensure privacy, the personal identification codes were encrypted. We also utilized the national life tables from Taiwan’s vital statistics to determine the survival time of the reference group over their lifetime.
We established our index cohort of patients with ESKD by identifying individuals from the NHI research database. These patients began receiving treatment with maintenance dialysis therapy [coded as ICD-9-CM) 585 or (ICD-CM-10) N18.6] at a time between 2000 and 2017. They were between 25 and 64 years of age. Given that our extrapolation method requires a large sample size for accuracy, we stratified age groups into 10-year intervals for those under 35, and 5-year intervals for those older. We simplified the analysis by assuming that all individuals over 65 were retired, thereby excluding them from the employment duration and productivity analysis outlined in Eqs. (1)–(11). The EMRATIOs of individuals aged ≥ 65 were assumed to be 0. We implemented the extrapolation algorithm to estimate the lifetime survival function and life expectancy of index cohort using the R package iSQol2, available at http://​sites.​stat.​sinica.​edu.​tw/​isqol/​.
Our research involved data collection from the catastrophic registry for patients diagnosed with ESKD between 2000 and 2017 (186,335). We excluded patients with missing sex data (282), missing birth date (308), outside the age range of 25 to 64 (97,044), cases where the date of death preceded the diagnosis date (176), and patients with cancer (4,802) or who received a kidney transplant before dialysis (365). This left us with 83,358 eligible patients for the study. To ensure the reliability of our analysis, we excluded data points for any month where the employment ratio was based on fewer than 50 patients in the study group [4]. This helped us minimize the impact of outliers that could skew our results due to a small sample size at the end of the follow-up period. The insurance premiums for the employed were calculated according to monthly earnings, which excluded year-end bonuses. We found a cap of USD 6070 in 2017. The average exchange rate over the period from 2000 to 2017 was Taiwan New Dollars (TWD) 31.95 to 1 USD. Utilizing the longitudinal database of vital statistics and the hazard functions from life tables for calendar years in Taiwan, we constructed the lifetime survival functions for the reference group, which were matched according to age, sex, and calendar year. By applying similar methods, we found that the estimated life expectancy for the seven age strata of the male (female) reference groups were generally greater than those of the corresponding index cohorts.


Results
Table 1 provides a demographic overview of the index cohort of ESKD patients diagnosed at the beginning of follow-up. In the labor market, individuals under 15 years of age are not permitted to work. In Taiwan, individuals graduate from colleges around the age of 22, and many continue to graduate school before entering the workforce, remaining employed until the legal retirement age of 65. In this study, over the period from 2000 to 2017, the EMRATIOs of the index cohort for males and females increased with age, peaking at approximately 0.82 and 0.75, respectively, for the 51–55 age group. After this peak, the EMRATIO decreased with age until 64, dropping to around 0.5 for males and 0.4 for females.
Table 1Demographic characteristics of the index cohort with end stage kidney disease (ESKD) at the beginning of maintenance dialysis (83,358)


	 	Male (47,622)
	Female (35,736)

	Age
	25–34
	35–40
	41–45
	46–50
	51–55
	56–60
	61–64
	25–34
	35–40
	41–45
	46–50
	51–55
	56–60
	61–64

	Total
	2,548
	3,365
	4,520
	7,202
	9,953
	11,092
	8,942
	2,142
	2,518
	3,384
	5,150
	6,607
	8,162
	7,773

	Employment status, N (%)

	 Employed
	1,501 (59)
	2,117 (63)
	2,889 (64)
	4,750 (66)
	6,176 (62)
	5,973 (54)
	3,968 (44)
	1,181 (55)
	1,554 (62)
	2,174 (64)
	3,380 (66)
	4,127 (62)
	3,831 (47)
	2,962 (38)

	 Unemployed
	1,047 (41)
	1,248 (37)
	1,631 (36)
	2,452 (34)
	3,777 (38)
	5,119 (46)
	4,974 (56)
	961 (45)
	964 (38)
	1,210 (36)
	1,770 (34)
	2,480 (38)
	4,331 (53)
	4,811 (62)

	Monthly working salary in baseline (USD)a

	 ESKD patients
	490
	602
	616
	638
	606
	536
	410
	424
	493
	514
	519
	500
	388
	296

	 Reference
	796
	954
	963
	957
	921
	799
	587
	669
	703
	693
	699
	668
	531
	366


aBased on the mean exchange rate over the period from 2000 to 2017: 1 USD = 31.95 TWD



As shown in Table 1, the monthly earnings for reference males and females increased with age, peaking at USD 1333 and USD 1000 at ages 44 and 50, respectively. After this peak, the earnings decreased with age, reaching a low of USD 334 for males and USD 200 for females at age 64. For all age groups, the earnings of the reference individuals were consistently higher than those of the ESKD patients. The EMRATIO function and the average salary stratified by sex, age, and calendar year for the reference group are presented in Supplementary Figures 1 and 2.
Estimation of lifetime employment duration
Equation (1) was used to calculate the lifetime employment duration for seven different age groups of male and female patients in the index group. This was achieved by multiplying the lifetime survival function by the extrapolation of EMRATIO. Table 2 displays the life expectancies, the lifetime employment duration, and the relative loss of LED for patients with end stage kidney disease (Index) and their corresponding age-, sex-, and calendar year-matched referents across seven age groups. Interestingly, it appears that younger patients have longer average lifetime employment duration. However, these younger patients also seem to experience a loss in lifetime employment duration when compared to their corresponding referents. The relative loss of lifetime employment duration, expressed in percentages, is as follows for the different age groups: 52% (54%), 55% (44%), 56% (42%), 53% (38%), 48% (36%), 43% (34%), and 32% (25%). The first figure in each pair refers to male patients, while the second figure refers to female patients. Figure 1 visually represents these findings. It shows the differences in the expected lifetime employment duration between male and female ESKD patients and their corresponding male and female referents. These differences are indicated by the light-gray area in the figure.
Table 2The life expectancy (LE), the lifetime employment duration (LED), and the relative loss of LED for patients with end stage kidney disease (Index) and their corresponding age-, sex-, and calendar year-matched referents (Reference)


	Group
	Life expectancy (year)
	LED (year)
	Relative loss

	Index
	Reference
	Loss of LE
	Index
	Reference
	Loss of LED
	Loss of LED/Reference

	Male

	 Aged 25–34
	28.7 (21.9–33.4)
	47.9 (47.7–48.0)
	19.2 (14.1–25.7)
	11.6 (9.8–12.2)
	24.0 (23.8–24.0)
	12.4 (11.6–14.0)
	52% (48–59%)

	 35–40
	19.7 (15.2–21.3)
	40.9 (40.7–41.0)
	21.2 (19.2–25.4)
	8.1 (7.3–8.4)
	18.1 (18.1–18.2)
	10.0 (9.6–10.8)
	55% (53–60%)

	 41–45
	14.7 (12.7–15.0)
	35.8 (35.8–36.0)
	21.1 (20.8–23.1)
	6.2 (5.8–6.3)
	14.0 (14.0–14.0)
	7.8 (7.7–8.2)
	56% (55–59%)

	 46–50
	11.3 (10.4–11.3)
	31.7 (31.3–31.7)
	20.4 (20.3–21.0)
	4.9 (4.7–4.9)
	10.4 (10.3–10.4)
	5.5 (5.4–5.7)
	53% (52–55%)

	 51–55
	9.6 (8.9–9.7)
	27.5 (27.5–27.6)
	17.9 (17.8–18.6)
	3.6 (3.4–3.6)
	6.9 (6.8–6.9)
	3.3 (3.2–3.4)
	48% (47–50%)

	 56–60
	7.9 (7.5–7.9)
	23.5 (23.2–23.5)
	15.6 (15.5–15.9)
	2.0 (1.9–2.1)
	3.5 (3.5–3.6)
	1.5 (1.5–1.6)
	43% (41–45%)

	 61–64
	7.0 (6.7–7.1)
	19.9 (19.8–20.0)
	12.9 (12.8–13.2)
	0.7 (0.7–0.7)
	1.0 (1.0–1.1)
	0.3 (0.3–0.4)
	32% (29–34%)

	Female

	 Aged 25–34
	31.5 (21.4–36.5)
	54.0 (53.8–54.1)
	22.5 (17.1–31.5)
	10.7 (9.2–11.1)
	23.5 (23.4–23.6)
	12.8 (12.4–14.2)
	54% (52–61%)

	 35–40
	25.1 (19.2–28.1)
	46.6 (46.4–46.6)
	21.5 (16.4–27.0)
	9.8 (8.9–10.2)
	17.6 (17.5–17.6)
	7.8 (7.4–8.6)
	44% (42–49%)

	 41–45
	19.1 (16.6–20.4)
	41.4 (41.3–41.5)
	22.3 (18.9–24.8)
	7.8 (7.4–8.0)
	13.5 (13.5–13.6)
	5.7 (5.5–6.2)
	42% (41–46%)

	 46–50
	16.0 (14.5–16.5)
	36.7 (36.6–36.8)
	20.7 (20.1–22.2)
	6.1 (5.7–6.1)
	9.8 (9.7–9.8)
	3.7 (3.6–4.0)
	38% (37–41%)

	 51–55
	12.1 (11.1–12.5)
	32.1 (32.0–32.2)
	20.0 (19.6–20.9)
	4.0 (3.8–4.1)
	6.2 (6.1–6.2)
	2.2 (2.1–2.4)
	36% (34–39%)

	 56–60
	9.6 (9.1–9.9)
	27.4 (27.4–27.5)
	17.8 (17.5–18.3)
	2.0 (1.9–2.0)
	3.0 (2.9–3.0)
	1.0 (0.9–1.1)
	34% (32–36%)

	 61–64
	7.6 (7.4–7.8)
	23.3 (23.2–23.4)
	15.7 (15.6–15.9)
	0.6 (0.6–0.6)
	0.8 (0.8–0.8)
	0.2 (0.2–0.2)
	25% (22–28%)



[image: ]
Fig. 1Expected lifetime employment duration of male ESKD patients and the corresponding age-sex-, and calendar year-matched referents, stratified by age



Estimation of lifetime productivity
By multiplying the lifetime survival function and the monthly salary of the index cohort, we can calculate the lifetime earnings or productivity in USD for each of the seven age groups. Table 3 presents the results of this calculation and reveals the relative loss of lifetime productivity, expressed as a percentage for each age group. The percentages were as follows: 61% (61%), 63% (53%), 66% (52%), 64% (49%), 60% (47%), 55% (42%), and 44% (32%) (Fig. 2).
Table 3The lifetime productivity (estimated by earnings) for patients with end stage kidney disease (ESKD) and their sex-, age-, and calendar year-matched referents, along with the relative loss of the index group


	Group
	Lifetime Productivity (in USD)
	Foregone earnings (in USD)
	Relative loss

	Index
	Reference
	Reference—Index
	Foregone earnings/Reference

	Male

	 Aged 25–34
	151,637 (123,093–163,971)
	387,970 (386,059–388,912)
	236,334 (222,645–263,113)
	61% (57–68%)

	 Aged 35–40
	109,220 (93,881–114,167)
	297,409 (296,215–298,148)
	188,189 (182,892–202,950)
	63% (61–69%)

	 Aged 41–45
	77,449 (70,523–79,523)
	225,214 (224,683–225,945)
	147,765 (145,748–154,131)
	66% (65–69%)

	 Aged 46–50
	58,314 (55,265–59,676)
	163,907 (163,176–164,086)
	105,593 (103,698–108,174)
	64% (63–66%)

	 Aged 51–55
	42,222 (40,145–43,191)
	106,023 (105,570–106,268)
	63,801 (62,555–65,445)
	60% (59–62%)

	 Aged 56–60
	23,188 (22,310–23,882)
	51,958 (51,721–52,201)
	28,771 (27,954–29,622)
	55% (54–57%)

	 Aged 61–64
	7,777 (7,468–8,110)
	13,949 (13,784–14,144)
	6,173 (5,829–6,425)
	44% (41–47%)

	Female

	 Aged 25–34
	120,035 (98,995–127,596)
	311,230 (309,814–312,478)
	191,195 (181,497–211,648)
	61% (58–68%)

	 Aged 35–40
	107,202 (96,897–110,424)
	230,081 (228,803–230,888)
	122,879 (119,230–132538)
	53% (52–58%)

	 Aged 41–45
	81,621 (76,597–84,070)
	171,502 (170,676–172,250)
	89,881 (87,120–94,302)
	52% (51–55%)

	 Aged 46–50
	61,464 (57,861–62,758)
	119,905 (119,329–120,319)
	58,442 (56,722–61,452)
	49% (47–51%)

	 Aged 51–55
	39,243 (37,521–40,410)
	73,917 (73,491–74,242)
	34,673 (33,449–36,263)
	47% (45–49%)

	 Aged 56–60
	19,361 (18,786–19,971)
	33,474 (33,256–33,711)
	14,113 (13,334–14,641)
	42% (40–44%)

	 Aged 61–64
	5,685 (5,457–5,901)
	8,391 (8,293–8,519)
	2,706 (2,441–2,865)
	32% (29–35%)



[image: ]
Fig. 2Expected lifetime productivity of male ESKD patients and corresponding age-sex-, and calendar year-matched referents, stratified by age


Figure 3 provides a visual representation of these findings, illustrating the differences in expected lifetime productivity between male and female ESKD patients and their corresponding male and female referents. The differences are indicated by the light-gray area in the figure.[image: ]
Fig. 3The ratio of average salaries between patients with ESKD (end stage kidney disease) and corresponding age-, sex-, and calendar year-matched referents for 3 years before and after dialysis stratified by sex and age


The decrease in lifetime productivity is a combined result of several obvious factors including: reduced lifetime employment duration, absenteeism, and presenteeism due to the underlying causes of increased premature mortality and functional disability. We used the data from Tables 2 and 3 to calculate the annual earnings (which is lifetime earnings divided by lifetime employment duration in years) as shown in Supplementary Table 1. We then directly compared these annual earnings for the ESKD cohort with those of the corresponding reference population. The ratio of the annual earnings of the index cohort to that of the corresponding referents is equivalent to the ratio of the patients’ relative lifetime productivity to their relative lifetime employment duration. The productivity of each male (female) ESKD patient, relative to that of the age-, sex-, and calendar year-matched referent, ranges from 75.5% to 82.1% (82.3% to 90.3%) across the seven age strata. However, during the on-the-job duration, these percentages are between 34 and 56% for male patients and between 39 and 68% for female patients. A consistent reduction in annual earnings was observed in each stratum as shown in Supplementary Table 1. This seems to capture the productivity loss due to presenteeism resulting from ESKD.


Discussions
This research investigates the hypothesis that individuals suffering from chronic catastrophic illnesses experience a lifetime loss of working productivity. Previous studies focused solely on temporary absence from work or mortality resulting from illness [5, 7]. We considered a combination of factors including premature death, temporary absence from work, and presenteeism at work. Using real-world data, we estimated the losses in both lifetime employment duration and earnings. While we identified negative correlation between illness and earnings, this does not necessarily indicate that productivity loss is solely caused by illness or presenteeism. Various pieces of evidence support our hypothesis. Firstly, we compared the average salaries of male and female ESKD patients with those of the general population (matched for age, sex, and calendar year) for three consecutive years before and after dialysis. Employed patients with chronic kidney failure had lower average wages than their corresponding referents even before dialysis. This suggests a chronic loss of productivity, with this effect being more pronounced in males and younger age groups (males under 50 and females under 40) [17]. Secondly, there was a downward trend in earnings compared to the corresponding referents after patients began dialysis at the end stage. We can even conclude that presenteeism may predict a lifetime productivity loss at the workplace due to a bad state of health. However, this trend appears to have been less severe among middle-aged and older patients.
Researchers have been focusing on presenteeism and its association with various chronic illnesses [18]. However, there is currently no universally accepted method for measuring presenteeism [19, 20]. FCM and HCM are used to estimate productivity loss due to short- and long-term employee absenteeism, respectively. However, there is a lack of evidence on their validity in evaluating lifetime productivity loss due to illness. This study addresses this gap by the lifetime survival function of ESKD patients up to the age of 65, their employment status, and income.
Patients with Chronic Kidney Disease (CKD) or End Stage Kidney Disease (ESKD) commonly experience protein-energy wasting, cardiovascular and cerebrovascular diseases [21–23]. These factors contribute in a cumulative manner to physical and mental disabilities that impair productivity at the workplace. The implementation of CKD preventive strategies in clinical practice has potential economic benefits as evidenced by studies. These studies estimate that a 10% reduction in CKD patients could result in a saving of USD 1.1 billion in gross domestic product over a ten-year period in Australia [24]. Similarly, a 10% decrease in the glomerular filtration rate decline in CKD patients could lead to a saving of USD 18.56 billion in direct healthcare expenditure over 10 years in the United States [25]. Therefore, these studies and ours all highlight the substantial benefit to integrating the CKD preventive strategies into clinical practice, which would save both the potential productivity loss and healthcare expenditure related to CKD.
The previous studies assumed that human capital depreciated at a constant rate over time [26–28]. Our study proposed a novel depreciation mechanism for the human capital over time. Different illnesses bring about varying degrees of presenteeism and labor-market participation rates, hence prevention strategies could be varied. More accurate estimations of such effects would enhance the incentive for prevention investment and proper allocations of healthcare resources [29, 30].
Limitation of this study
This study has following limitations: Firstly, the insurance premium collected by the Taiwan NHI is based on the monthly salary, excluding bonuses and other forms of compensation. This could lead to an underestimation of the real income for both the index cohort and referents [31]. Bonuses, often linked to productivity can exceed monthly salaries [32, 33]. Lower salaries are typically associated with lower bonuses [34]. Even though, the healthy referents have higher wages and bonus, but are also required to pay higher tax than ESKD patients. Therefore, we estimated the relative loss of lifetime productivity. Secondly, in non-competitive labor markets, productivity is likely to exceed wages. Even in a perfectly competitive market, wages would only equate to marginal productivity, not average productivity [35]. As there were 83,358 eligible ESKD patients with different wages included in this study and many of them were out-of-job, or no salary, this study tried to quantify the lifetime productivity loss of a representative individual. Therefore, we chose to use the average productivity instead of marginal productivity in order to avoid making extreme inferences based on higher or lower marginal productivity [36]. Fortunately, from the societal perspective, the summation of all patients’ marginal productivities could be equivalent to that of average productivities [37]. Thirdly, though non-market output plays a significant role in estimating productivity loss, this study did not consider this factor due to limited data availability. This research did underestimate the productivity loss but filled in the void of previous studies through estimating the lifetime productivity loss of patients with chronic diseases from a societal perspective.


Conclusions and policy implications
This research delved into the impact of end stage kidney disease on an individual’s productivity. Specifically, we discovered a loss of about 25–56% in lifetime employment duration and a more significant loss of about 32–66% in lifetime productivity after accounting for variations in age, sex, and calendar years. The authors suggest that their approach, which integrates survival, employment ratios, and earnings, provides a more comprehensive way to evaluate the societal value of health interventions. They encourage further research to apply this approach to other serious illnesses.
Traditionally, health economists have focused on the costs of healthcare, particularly as these costs have been rising rapidly since the 1960s. However, this study argues that it is also important to consider the impact of health on productivity, particularly for people who live with serious illnesses like end stage kidney disease. The authors propose a “positive feedback loop” between individual engagement in the labor market and societal benefits [38]. In other words, when individuals with health issues are able to continue working, this is not only benefits them personally through income, a sense of purpose, etc., but also benefits society as a whole by contributing to overall productivity and economic output.
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