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Abstract

Background: Typical thermoregulatory responses to elevated temperatures among healthy
individuals include reduced blood pressure and perspiration. Individuals with end-stage kidney
disease (ESKD) are susceptible to systemic fluctuations caused by ambient temperature changes
that may increase morbidity and mortality. We investigated whether pre-dialysis systolic

blood pressure (preSBP) and interdialytic weight gain (IDWG) can independently mediate the
association between ambient temperature, all-cause hospital admissions (ACHA), and all-cause
mortality (ACM).

Methods: The study population consisted of ESKD patients receiving hemodialysis treatments

at Fresenius Medical Care facilities in Philadelphia County, PA, from 2011 to 2019 (n = 1981).
Within a time-to-event framework, we estimated the association between daily maximum dry-bulb
temperature (TMAX) and, as separate models, ACHA and ACM during warmer calendar months.
Clinically measured preSBP and IDWG responses to temperature increases were estimated using
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linear mixed effect models. We employed the difference (c-c¢’) method to decompose total effect
models for ACHA and ACM using preSBP and IDWG as time-dependent mediators. Covariate
adjustments for exposure-mediator and total and direct effect models include age, race, ethnicity,
blood pressure medication use, treatment location, preSBP, and IDWG. We considered lags up to
two days for exposure and 1-day lag for mediator variables (Lag 2-Lag 1) to assure temporality
between exposure-outcome models. Sensitivity analyses for 2-day (Lag 2-only) and 1-day (Lag
1-only) lag structures were also conducted.

Results: Based on Lag 2- Lag 1 temporal ordering, 1 °C increase in daily TMAX was
associated with increased hazard of ACHA by 1.4% (adjusted hazard ratio (HR), 1.014; 95%
confidence interval, 1.007—-1.021) and ACM 7.5% (adjusted HR, 1.075, 1.050—1.100). Short-term
lag exposures to 1 °C increase in temperature predicted mean reductions in IDWG and preSBP
by 0.013-0.015% and 0.168—0.229 mmHg, respectively. Mediation analysis for ACHA identified
significant indirect effects for all three studied pathways (preSBP, IDWG, and preSBP + IDWG)
and significant indirect effects for IDWG and conjoined preSBP + IDWG pathways for ACM.

Of note, only 1.03% of the association between temperature and ACM was mediated through
preSBP. The mechanistic path for IDWG. independent of preSBP, demonstrated inconsistent
mediation and, consequently, potential suppression effects in ACHA (15.5%) and ACM (6.3%)
based on combined pathway models. Proportion mediated estimates from preSBP + IDWG
pathways achieved 2.2% and 0.3% in combined pathway analysis for ACHA and ACM outcomes,
respectively. Lag 2 discrete-time ACM mediation models exhibited consistent mediation for all
three pathways suggesting that 2-day lag in IDWG and preSBP responses can explain 2.11% and
4.41% of total effect association between temperature and mortality, respectively.

Conclusion: We corroborated the previously reported association between ambient temperature,
ACHA and ACM. Our results foster the understanding of potential physiological linkages that
may explain or suppress temperature-driven hospital admissions and mortality risks. Of note,
concomitant changes in preSBP and IDWG may have little intermediary effect when analyzed in
combined pathway models. These findings advance our assessment of candidate interventions to
reduce the impact of outdoor temperature change on ESKD patients.

Keywords

End-stage kidney disease; Dry-bulb temperature; Mediation analysis; Blood pressure; Inter-
dialytic weight gain; Suppression effects

Introduction

Warming ambient temperatures can influence physiological changes within the general
population. More specifically, renal-related health effects, such as acute kidney failure,
heatstroke, as well as fluid and electrolyte imbalances, are typical causes of hospital
admissions and mortality among older adults exposed to heatwaves (Bobb et al., 2014;
Borg et al., 2017; Hansen et al., 2008). Such symptoms are frequent sequelae of heat
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stress and dehydration during periods of extreme heat (Borg et al., 2017). At the proximal
level, typical thermoregulatory responses to elevated ambient temperature among healthy

individuals can include reduced blood pressure and loss of extracellular fluid through

perspiration and dehydration (Wang et al., 2017). As such, projected elevated temperature
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and increased frequency of extreme heat related to climate change can pose a substantive
public health threat to individuals with chronic renal dysfunction such as end-stage kidney
disease (ESKD).

ESKD management includes frequent dialysis treatments to prevent the accumulation

of harmful levels of electrolytes, wastes, and fluids (National Institute of Diabetes and
Digestive and Kidney Diseases, 2018). As an added health care safety concern, ESKD
patients are susceptible to life-threatening complications resulting from fluctuations in
weight and blood pressure (Iseki et al., 1997; Klassen et al., 2002; Port et al., 1999). Blood
pressure stability is critical to improving survival, irrespective of initial blood pressure levels
(Raimann et al., 2012). Increased fluid-based weight gains between hemodialysis (HD)
treatments, measured by inter-dialytic weight gain (IDWG), can increase fluid overload
complications resulting in hospitalization or death (Wong et al., 2017). The accumulation
of fluids between treatments is known to cause increased blood pressure. As such, dialysis
patients can develop hypertension and other cardiovascular-related complications. Clinical
studies have shown that increased IDWG changes is associated with higher pre-dialysis
blood pressure (Inrig et al., 2007). Also, sudden changes in blood pressure can compromise
physiological stability among ESKD patients (Lertdumrongluk et al., 2015; Raimann et al.,
2012).

Previously, we observed increased risks of all-cause hospitalization and mortality during
extreme heat events for ESKD patients residing in selected northeastern American cities
(Remigio et al., 2019). From unpublished work, we found that extreme heat events can, on
average, reduce systolic blood pressure (1.6 mmHg; 95% CI: 1.8, 1.4) and IDWG percentage
decline (0.14%; 95% CI: 0.21%, 0.18%) when compared to non-extreme heat events
(Remigio et al., 2018). IDWG is the percentage of weight gain, usually fluid accumulation,
between two consecutive HD treatments. These observations present an interesting paradox
for ESKD patients where both reduced blood pressure and weight changes can co-occur
during extreme heat days (Kalantar-Zadeh et al., 2009a; Kalantar-Zadeh et al., 2009b;

Wong et al., 2017). Concomitant changes in IDWG and preSBP might have opposing

effects in heat-related adverse risks in mortality and hospitalization. Changes in IDWG

due to temperature changes could increase blood pressure variability among ESKD patients
and subsequently enhance complications and result in hospitalization and premature death
(Iseki et al., 1997; Klassen et al., 2002; Port et al., 1999; Wong et al., 2017). Between
decreasing IDWG and reduced blood pressure from heat exposure, the primary uncertainty is
determining whether concomitant changes in blood pressure and IDWG may have a reduced
or enhanced influence on the total effect. Underlying pathways for temperature-related
effects is relatively unclear for the ESKD population. Investigating the role of blood pressure
and interdialytic weight gain as mediators between warmer temperature exposures and
mortality and hospitalization endpoints could potentially identify plausible interventions to
protect ESKD patients from heat exposures.

This study aims to understand the role of intermediate effects due to ambient temperature
exposures during warmer calendar months between May to September (MJJAS) within
Philadelphia county-a mostly continuously urbanized area-with a high chronic renal
disease prevalence (Boyle et al., 2020). By leveraging individual-level repeated clinical
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measurements, preSBP (mmHg), and IDWG change (%), we can begin to describe
mechanistic linkages to heat-related hospital and mortality events among ESKD patients.
This work also linked discrete-time temperature exposures to individual-level time-varying
intermediate responses using repeated clinical measurements from HD patients. To attain
this objective, we tested the working hypothesis that preSBP and IDWG change, when
modeled together as mediators, can each independently mediate the association between
ambient temperature exposure and hospitalization and mortality outcomes (Bellavia and
Valeri, 2018). Through mediation analysis, we can better understand the extent of
physiological mediators on temperature exposure-response pathways. Operating through
these mediators, we also estimated its independent and conjoined effects on ESKD patients.
The findings from this research could inform potential interventions to minimize the impact
of extreme heat among ESKD patients.

2. Methods
2.1. Study area and participants

We conducted a retrospective cohort study that included ESKD patients undergoing
hemodialysis treatment at Fresenius Medical Care-North American (FMC-NA) clinics in
Philadelphia County, PA, USA, from 2011 to 2019 (n = 1981). Philadelphia, located in
southeastern Pennsylvania, has a subtropical climate that consists of wet and hot summers
and mild winters (NOAA National Centers for Environmental Information, 2020). During
MJJAS months from 2000 to 2021, Philadelphia can achieve up to 30 C averaged monthly
maximum temperature (Supplemental Fig. 1). Average monthly relative humidity ranges
from 64.9% to 69.2%, and averaged total monthly rainfall is most pronounced between June
and August. Monthly summaries for maximum daily dry-bulb temperature, averaged daily
relative humidity, and total precipitation are shown in supplemental materials.

Philadelphia includes one of the largest county-wide ESKD populations within the
northeastern United States serviced by FMC. Patient information on socio-demographic
and medical information pertaining to sex, race, ethnicity, age, clinic site, and history

of prescribed cardioprotective drugs, along with routine clinical anthropometric clinical
treatment measurements were included. The study used deidentified information and was
determined exempt by the University of Maryland Institutional Review Board (1337900-2).

2.2. Meteorological data

Dry-bulb temperature is typically known as air temperature and is not influenced by
moisture. Often, temperature-related epidemiological studies use dry-bulb temperature

for shared exposure observations for a given population (NOAA National Centers for
Environmental Information, 2020). For this work, archived dry-bulb temperature data

was extracted using the R interface package rmooa through the National Climatic Data
Center at the National Oceanic and Atmospheric Agency (NOAA) (Chamberlain, 2020).

We identified two meteorological stations at Philadelphia International Airport (39.87327°,
75.22678°) and Northeast Philadelphia Airport (40.07892°, 75.01341°) as local data sources.
Observations were aggregated at the county-level and expressed as daily maximum air
temperatures (TMAX) during warmer calendar months, May to September (MJJAS), from
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2011 to 2019. We elected to use maximum daily dry bulb temperature to capture the
strongest temperature-mortality and temperature-hospital admissions signals specific for
Philadelphia (Davis et al., 2016). Also, we initially adjusted for air moisture measures
like relative humidity but found that its inclusion did not result in model improvement
and did not provide any additional information that might explain exposure-outcome and
exposure-mediator relationships. Consequently, related variables were not included in our
analysis.

2.3. Outcome measures

We obtained all-cause hospital admission (ACHA) and all-cause mortality (ACM) medical
records among HD patients from the Renal Research Institute (RRI). Patient medical records
for ACHA and ACM events are considered highly accurate since records were tracked
through FMC-NA billing and payment requirements and subject to Centers for Medicare &
Medicaid (CMS) reporting. ACHA includes first and recurrent visits for each patient from
the study population.

2.4. Blood pressure, inter-dialytic weight gain mediators

Blood pressure (BP) and fluid balance measures are routine diagnostics for determining
clinical decisions for fluid volume removal during a dialysis session. We used preSBP

as a proxy for blood pressure. Measurements were made using an oscillometric method
when a patient is in a sitting position after 5 min (Raimann et al., 2012). To avoid

concerns with collinearity, we did not include diastolic blood pressure in the analysis
(Mange, 2004). The IDWG change is the difference between current pre-dialysis weight and
previous post-dialysis weight divided by the patient’s dry weight expressed as a percentage.
Clinical studies have shown that higher IDWG change is associated with higher pre-dialysis
blood pressure (Hiagg-Holmberg et al., 2019; Mange, 2004). More often, dialysis patients
can develop hypertension and other cardiovascular-related complications due to IDWG-
related fluid overloading (Kalantar-Zadeh, Regidor, Kovesdy, Van Wyck, Bunnapradist,
Horwich and Fonarow, 2009b). We also adjusted for prescribed anti-hypertensive medication
(Yes/No) as a confounder, given the expected higher prevalence of cardiovascular-related
co-morbidities among patients (Gronlund et al., 2018).

We specified potential confounders as race and ethnicity (Asian, Hispanic, non-Hispanic
Black, non-Hispanic White, Other/Did Not Specify), sex (Male or Female), treatment
facility site (27 identified HD treatment locations within Philadelphia), and age (continuous)
into models. The selection of covariates was made a priori based on research and clinical
findings that suggested potential confounding between exposure and outcome, and mediator
and outcome pathways.

2.5. Analytical approach

Given the lack of reported temperature effects among ESKD patients for blood pressure and
IDWG, we estimated temperature-responses using the sample population. Random-intercept
linear mixed-effects models were used to calculate mean patient responses for preSBP and
IDWG change measures. Crude and adjusted models for lag structure specifications were
explored.
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We assessed whether TMAX could acutely affect ACM and ACHA outcomes by using time-
to-event methods. Discrete-time Cox proportional hazards regression models with time-
dependent covariates were used to estimate temperature effects by generating hazard ratios
(HR) based on specified lag periods for exposure and mediators. Despite the historically
favored case-crossover design for characterizing short-term effects, a cohort design approach
allows for studying subject-level effects such as physiological responses to temperature
using subject-specific characteristics associated with hospitalization and mortality. This
approach also increases our statistical power by including right-censored patients that may
generally not be included in case-crossover studies (Peters et al., 2006).

Cox models were generated for ACHA and ACM outcomes. Since hospital admissions are
recurrent events, generalized Cox models that account for within-person correlation and
differently timed event occurrences are required (Amorim and Cai, 2015). In this work, we
specified Prentice, Williams, and Peterson modeling with a gap time (PWP-GT) measuring
scaled times between sequential recurrent events. PWP-GT assumes that within-subject
recurrent events are related and that baseline hazards vary from event to event (Amorim
and Cai, 2015; Mills, 2010). Studies related to ESKD and HD research typically often
apply Andersen-Gill models when using ACHA outcomes (Chan et al., 2009; Go et al.,
2004; Harel et al., 2015). However, using stratified PWP-GT is preferable since the effect
of time-varying covariates can result in different risk intervals in subsequent events for each
participant. For ACM, we selected unshared frailty modeling to account for unmeasured
heterogeneity not explained by selected covariates (Mills, 2010; Ratcliffe et al., 2004). This
approach accounts for individuals with higher failure predispositions by including random
effects to account for their individual-specific vulnerabilities. We specified a Gaussian
distribution for the frailty and used a restricted maximum likelihood (REML) approximation
(Balan and Putter, 2020).

Through sequential model building, we estimated TMAX effects (crude total effect),
followed by the inclusion of baseline covariates (adjusted total effect), and then finally
time-varying mediators (adjusted direct effect) for each outcome. Robust standard errors for
all model specifications were calculated. All statistical tests were two-tailed and based on
an alpha of 0.05. All analyses were conducted using R statistical software version 3.6.1 (R
Core Team, 2019). Statistical software for Cox modeling and extensions are available from
the survival R package through CRAN (Therneau, 2020). Lastly, we assessed proportional
hazards assumption through Schoenfeld hypothesis testing and through plotting scaled
Schoenfeld residuals for ACM models. We note that holding the assumption for recurrent
events generally may not hold for traditional PH Cox models given the extended period

for time at risk (Twisk, 2005). However, the specification of PWP-GT stratified models
does address the violation of a common baseline hazard for all events by allowing different
baselines for each event by stratifying by event and defining event-specific baselines (Kelly
and Lim, 2000).

2.6. Mediation analysis

To quantify the extent of the total effect of TMAX exposure on ACHA or ACM operating
through preSBP and IDWG, we tested preSBP and IDWG (separate and combined) as
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selected mediators using the difference method (c-¢”) to estimate indirect effects (IE)
(Burgos Ochoa et al., 2020; VanderWeele, 2016). Indirect effects for these analyses represent
the change in daily maximum temperature  coefficients between adjusted total effect (c, no
mediator) and adjusted direct effect (c¢’, with mediator(s)) regression models. We calculated
IEs for preSBP, IDWG, and both preSBP and IDWG as concomitant mediators.

We used IEs to characterize proportions of the total effect contributed by preSBP, IDWG,
and preSBP and IDWG combined, as shown in Fig. 1 (Burgos Ochoa et al., 2020;
VanderWeele, 2016). The proportion mediated statistic gives insight on the relative effect
of exposure on the outcome that works through a mediator or mediators (MacKinnon et al.,
2000). Pathway proportions were assessed through preSBP, IDWG, and preSBP and IDWG
as individually separate mediated pathways and as combined pathways. Bootstrapping at
1000 repetitions was used to generate 95% confidence intervals for indirect associations.
Regression analysis quantifying mediator-outcome associations were also conducted.

2.7. Lag structures

The study considered lag structures for exposures and mediator variables for up to two

days (two-day lag [Lag 2]) before ACHA or ACM events. This parameterization aided

in characterizing potential delayed effects associated with temperature. To assure temporal
precedence, we focused on two-day lagged TMAX exposure and one-day lagged mediator
(Lag 2-Lag 1) models to explore direct and indirect effects between our exposure, mediators,
and outcomes (Fig. 1). Additional discrete-time lagged models (Lag 2-only and Lag 1-only,
Fig. S4) are explored as associational models for sensitivity analysis.

2.8. Missing data

While there were no missing data for baseline measurements, we noted up to 30%
missingness for preSBP and IDWG change values for subsequent visits. Through aggregated
mean comparisons between missing and not missing data, we determined that physiological
data were missing at random (Supplemental Table 1). Missing covariate data were imputed
by using multivariate imputation by chain equations (MICE) as recommended (Carroll et al.,
2020; Marshall et al., 2010; Murad et al., 2020; Tan et al., 2018). We generated 5 imputed
data sets using 5 iterations for each imputed data set and used predictive mean matching. All
model coefficients and standard errors were pooled from imputed data sets by using the mice
package in R (Van Buuren and Groothuis-Oudshoorn, 2011).

3. Results

Study participants (n = 1981) contributed approximately a total of 4764 person-years. We
estimated a median value of 518 days for person-time contributions with an interquartile
range (IQR) of 1095 days by each participant. During the study period, the overall median
daily maximum air temperature was 28.3 °C (IQR = 6.1 °C) with a range of 11.7 °C—
38.9 °C. Among the 1981 HD patients treated within Philadelphia (Table 1), we studied
934 patients with recurrent hospital admissions (1+ hospital admissions) followed by 439
patients who reported one hospital admission visit. The remainder reported no hospital
admissions during MJJAS months. Among cases with recurrent ACHAs, non-Hispanic
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(NH) Black (59%) and male (55%) patients made up most of the ACHA-based cohort.

Mean preSBP (148 mm Hg, SD =25 mm Hg) and IDWG percentage (3.05%, SD =

1.89%) measures also exhibit non-significant elevated mean levels for patients with recurrent
hospital admissions compared to patients with no reported hospital admission visits. There
were 276 cases of death (13.9%) within the sample population. Similar to the ACHA cohort,
NH-Black (59%) and male (57%) patients were over-represented. The mean levels of blood
pressure (146 mm Hg, SD =27.1) and IDWG (3.11%, SD = 1.93) were slightly different
among ACM cases when compared to censored patients (preSBP = 147.0 mm Hg, SD =
23.9; IDWG = 2.85%, SD = 1.81).

As depicted in Table 2, individual-level clinical measures (preSBP, IDWG) were negatively
associated with increasing TMAX. Decreases in mean pre-SBP responses ranged between
2.33 mmHg and 1.68 mmHg across lag models in fully adjusted models. Likewise, the mean
reduction in IDWG ranged between 0.19% and 0.13% for each 10 °C increase in dry-bulb
temperature. Mediator-outcome analyses are provided in supplemental tables (Tables S10—
S13).

Based on unadjusted total temperature association models (Model 1), 1 °C increase in daily
maximum temperature was associated with 7.5% greater ACHA risk (Table 3) and 6.9%
greater ACM risk (Table 4). In this work, risk is defined as hazards. Slight incremental
changes in coefficient estimates occurred across partially adjusted (confounders-only, Model
2; confounders and one mediator, Models 3 &4) and fully adjusted (confounders and
mediators, Model 5) models. One percent increase in IDWG change resulted in an 8%
increase in the risk of hospital admission (HR, 1.082, 95%CI: 1.050-1.115) and 19%
increase in the risk of mortality (HR, 1.193, 95%CI: 1.106—1.287) in fully adjusted direct
effect models (Model 5). A one-unit increase in preSBP resulted in small but significant
protection against hospital admissions risk (HR, 0.998, 95%CI: 0.997-0.999) shown in
Model 3. Compared to Non-Hispanic Black and female patients, Hispanic (HR, 1.371,
95%CI: 1.090-1.724) and male (HR, 0.866, 95%CI: 0.773-0.970) patients appear to have
a higher risk of hospital admissions. Whereas non-Hispanic White (HR, 1.515, 95%CT:
1.137-2.018) patients and age (HR, 1.034, 95%CI: 1.025-1.044) are positively associated
with increased mortality risk. On average, patients prescribed blood pressure medication
exhibit approximately 49% protective effects from death (HR, 0.514, 95%CI: 0.396-0.667)
as shown in Model 5 (Table 4). Associational estimates for Lag 2 and Lag 1 lag model
structures are consistent with the main results (Supplemental Tables 2-5). Also, we note
all ACM models did not violate assumptions for proportional hazards based on global
tests. And, as expected, all ACHA models suggested non-proportionality for hazards
corresponding to recurrent outcomes.

In Lag 2-Lagl single mediator models, pathways through IDWG-only and preSBP +
IDWG mediators for hospital admission and mortality were statistically significant as
observed by respective estimated indirect effects (Tables 5 and 6). We found that 15.46%
of the association between TMAX and ACHA path was mediated through preSBP and
approximately 6.26% between TMAX and mortality. Negative indirect effect estimates
suggest inconsistent mediation. As a result, negative proportions mediated between total
and direct effect models imply potential suppression effects for temperature and outcome
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variables. We note that the IDWG and preSBP + IDWG pathways in Lag 2-only (Table S6)
and Lag 1-only (Table S8) ACHA models also demonstrated negative proportion mediated
estimates.

In combined pathway analysis, the total association between ambient temperature with
ACHA (Fig. 2) and ACM (Fig. 3) outcomes is explained by the preSBP + IDWG pathway
(independent of preSBP and IDWG pathways) at 15.71% and 0.30%, respectively. There

is a notable change when comparing proportion mediated for preSBP + IDWG as a single
pathway (Table 5, Model 4)to a combined (Fig. 2) pathway. Tables S5-S8 provide mediation
results for Lag 2 and Lag 1 discrete time-dependent models. Inconsistent mediation was
observed in ACHA models. In comparison, Lag 2-ACM models demonstrated consistent
mediation for all single pathways. In combined pathway models (Figs. S5-S8), we noted
that the preSBP, independent of IDWG, pathway in Lag 2 explained about 4.41% of the
total effect between temperature and mortality (Fig. S6). Whereas Lag 1 models for IDWG,
independent of preSBP, pathway yielded 5.54% and 4.51% for ACHA (Fig. S7) and ACM
(Fig. S8) outcomes, respectively.

4. Discussion

Among ESKD patients (n = 1981) treated in Philadelphia County, PA from 2011 to 2019,
our study confirmed that increased ambient temperature exposure is associated with an
increased risk of mortality and hospital admission. Our study also found significant mean
changes in blood pressure and IDWG responses inversely related to temperature, suggesting
plausible proximate physiological responses. We found evidence of significant pathways for
all three (preSBP, IDWG, and preSBP + IDWG) and two of the three (IDWG and preSBP

+ IDWG) studied pathways for ACM and ACHA event outcomes, respectively. However,
indirect effect estimates demonstrated inconsistent mediation and suggested suppression
effects for certain mechanistic pathways.

The association between TMAX and increased risk of ACHA and ACM rates are consistent
with other work related to ambient temperature exposure (Borg et al., 2017; Lavados et

al., 2018; Tasian et al., 2014; Weinberger et al., 2019; Zhang et al., 2014). One study
devoted to ESKD population found that seasonal changes can influence physiological
responses and mortality, particularly in more temperate regions where climatic fluctuations
are most pronounced (Usvyat et al., 2012). A recent case-crossover study found consistent
and significant increased mortality and hospital admissions rates associated with two-day
cumulative exposure of extreme heat events in Boston and New York, and non-significant
positive associations in Philadelphia (Remigio et al., 2019). The results observed in this
study relates to the use of a climate-based dichotomous exposure metric for an upper
percentile threshold a continuous meteorological measure.

In this work, we measured the extent of thermoregulatory responses (IDWG, preSBP) as
mediators for hospital admissions and death events and explored the interesting paradox
of both reduced blood pressure and IDWG changes co-occurring in ESKD patients.

Our findings offer insight into the total effect decomposition between exposure-outcome
relationships by estimating indirect effects through intermediated physiological responses.
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Our results found significant indirect effects for most IDWG (independent of preSBP)

and IDWG + preSBP pathways. Proportion mediated estimates for individual mediators
ranged from 15.71% to 0.86% and 6.26%—5.97% for ACHA and ACM outcomes. We

found evidence of indirect mediation resulting from negative indirect effects between total
effects and direct effects models. For many direct effect models, mediators yielded increased
temperature B-coefficient magnitudes (Tables 4-5 & S2—S5) and confirmed a third variable
effect known as suppression (MacKinnon et al., 2000; Shrout and Bolger, 2002). As such,
pathways between exposure and outcome variables displayed a combination of consistent
and inconsistent mediation effects.

Despite the relatively lower estimates of a proportion mediated, several significant pathways
exhibited potential suppression effects. In the case of the IDWG pathway, independent of
preSBP, we note that indirect effects operating through IDWG had an opposite effect with
respect to total effect (Figs. 2 and 3). This Lag 2- Lag 1 pathway also yielded the most
dominant indirect effect among studied lag structures. For example, exposure to increased
TMAX one-day before an ACM event may have had a slightly protective effect. This
inverse relationship was confirmed in the exposure-mediator analysis, where one-day lag
exposure to increased TMAX can reduce IDWG. Deductively, if increased IDWG can result
in ESKD complications, we could infer that IDWG could act as a modest suppressor from
temperature-related health risks. Though, a serial mediation pathway between IDWG and
blood pressure needs to be included. And more broadly, for Lag2-Lag 1 ACM mediation
studied pathways (Fig. 2), there was approximately 5% suppression of the overall effect
between temperature and mortality when considering all three pathways. It appears that

in this causal structure, using IDWG, preSBP, and combined IDWG + preSBP pathways
may not adequately explain the total effect of temperature on mortality. This is similar for
hospital admissions, where the three combined pathways demonstrate approximately 16%
suppression.

As shown previously, mean preSBP and IDWG percent changes inversely respond to
increased ambient temperatures. This an expected observation as typical thermoregulatory
responses to elevated temperature among healthy individuals include reduced blood pressure
(Wang et al., 2017). Physiologically, fluid loss due to increased perspiration and restricted
fluid replacement is plausibly attributed to reduced IDWG percent changes among the
ESKD population. Though, such changes from increased temperatures do pose unintended
health concerns. The literature on ESKD patient health found that blood pressure changes
can enhance complications and result in hospitalization and premature death (Iseki et al.,
1997; Klassen et al., 2002; Port et al., 1999; Wong et al., 2017). Also, increased fluid-based
weight gains between HD treatments can increase fluid overflow complications resulting

in hospitalization or death (Wong et al., 2017). In sequence, increased changes to IDWG
can raise blood pressure, and any sudden changes in blood pressure can compromise
physiological stability (Raimann et al., 2012). The minor reduction in IDWG needs to

be explored further as a potential independent protective pathway and as an antecedent
mediator before blood pressure.

Concerning clinical implications, we found that blood pressure and interdialytic weight
gain, while mechanistically significant, may not have substantive mediation effects. Instead,
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proportion mediated estimates were found to be minor, and pathways mostly demonstrated
suppression effects. The goal of determining an explanation of the observed relationship
between TMAX and mortality/hospital admissions for potential clinical interventions was
not necessarily achieved. However, considering additional passive heat responses related to
electrolyte disorders is worth pursuing. Also, since patients using hypertension medication
had nearly 50% reduction in all-cause mortality and all-cause hospital admission events in
TMAX-adjusted models (Tables 2, S2, S4), a stratified analysis might provide enhanced
statistical insight on the role of blood pressure medication in reducing mortality risk.

A major strength of this study includes statistical robustness from using a longitudinal
study design. As a study novelty, we inferred physiological responses using high-density
patient-level health records specific to ESKD patients. Using repeated measurements of
individual-level time-varying covariates, we established temporal precedence with mediator
and outcome responses by considering two-day lag TMAX as the exposure and one-

day lag preSBP and IDWG as proximal mediators. This time-varying approach assured

a one-day separation between each time-dependent variable. We adjusted for multiple
explanatory factors that are traditionally associated with increased risks of mortality and
hospital admissions. Also, we considered seasonality by restricting our analyses to warmer
calendar months (May through September, MJJAS) as part of our exposure assessment.
This approach effectively captured heat-related exposures, and by extension, potential
temperature increases that are warmer season-appropriate. Long-term trends to account for
climate, population, health care practices changes were not considered.

More notably, we incorporated hypertension prescription use to account for patients with
high blood pressure. Lastly, we applied a practical mediation analysis approach as an
exploratory method to understand the role of environmental exposures such as temperature.

There are some limitations to this work. First, this study was based on a simplified causal
path model that included only two measured mediators. Testing additional physiological
responses as candidate mediators is needed to understand temperature-related causes of
mortality and morbidity. Though, for now, it was a crucial step to establish and confirm
potential pathways driven by regularly recorded clinical measures before dialysis treatments.
We did not consider a U-shaped relationship between blood pressure and mortality among
HD patients (Zager et al., 1998) since traditional mediation methods assume linearity. In a
re-analysis, dichotomizing clinical mediators using clinically meaningful or individual-based
thresholds or trends could be explored (Raimann et al., 2012) and may inform candidate
mechanistic responses (e.g., suppression). In the current analysis, we assumed independent,
parallel pathways with preSBP and IDWG mediators. IDWG might be considered as both
an intermediate confounder that precedes blood pressure and a mediator since changes in
IDWG could also influence blood pressure. Also, since we restricted exposure and outcome
events to warmer months, we did not capture cold-temperature-related effects. Similarly, In
this work, we acknowledge that built environment features within Philadelphia can influence
the urban heat island effect (UHIE) while increasing temperature variability due to climate
change can also compound neighborhood-level heat intensity and duration. But due to data
privacy concerns, our study could not apply more localized shared exposure estimates for
patients. Additionally, we not did consider clinical measures on dialysis vintage (length of
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time on dialysis), estimated glomerular filtration rate (¢GFR), and albumin to creatinine
ratio (ACR) in this work. Lastly, more advanced causal mediation approaches are needed

to capture more complex pathways among multiple mediators and intermediate confounders
while upholding rigorous assumptions to infer causal relationships (Pazzagli et al., 2018;
Tchetgen Tchetgen Eric, 2011).

5. Conclusions

This study found that increased ambient temperature is associated with reduced blood
pressure and IDWG and increased mortality and hospital admissions risks. When combined
in mediation analysis, we observed modest suppression effects operating through most
proximal pathways in defined lag model structures. Our findings suggest that, statistically,
blood pressure and IDWG may not fully explain the relationship between TMAX and
mortality/hospital admissions; instead, depending on selected lags, those responses could
exhibit protective effects. This suggests that causes of mortality and morbidity effects may
involve other time-varying and time-invariant risk factors, and more complex mechanistic
pathways to describe temperature effects specific to the ESKD population.
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Fig. 1.

Directed acyclic graph (DAG) depicting mechanistic pathways between time-dependent
daily maximum temperature exposures (TMAX), IDWG, preSBP, and all-cause mortality
(ACM) and all-cause hospital admission (ACHA) outcomes. The DAG represents Lag
2-Lagl specific pathways using two-lagged exposures (t_) and one-day lagged mediators
(t-1) that correspond to outcome events.
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Fig. 2.

C(%mbined pathway analysis of the association between daily maximum temperature and
all-cause hospital admissions (ACHA) and mediating paths for combined mediators based
on Lag 2- Lag 1 discrete-time model structure. For indirect paths: IDWG path is considered
independent of preSBP, and preSBP indirect effect is independent of IDWG, and IDWG +
preSBP path is independent of IDWG and preSBP indirect effects. Direct effects greater than
100% can occur when inconsistent mediation is present in one or more of the paths.
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Mortality
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Fig. 3.

1.03 %

Temp B =0.00091

Combined pathway analysis of the association between daily maximum temperature and

all-cause mortality (ACM) and mediating paths for combined mediators based on Lag 2- Lag

1 discrete-time model structure For indirect paths: IDWG path is considered independent
of preSBP, and preSBP indirect effect is independent of IDWG, and IDWG + preSBP path
is independent of IDWG and preSBP indirect effects. Direct effects greater than 100% can

occur when inconsistent mediation is present in one or more of the paths.
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Table 1
Clinical and demographic characteristics of ESKD Philadelphia cohort stratified by hospital admissions and
mortality status.
Characteristics Total Hospital Admissions Mortality
None 1-only 1+ No Yes
Patients, n (%) 1981 608 (31) 439 (22) 934 (47) 1705 (86) 276 (14)
Age, mean (SD) 60.1 (14.1)  60.2(14.5) 60.5(143) 59.9(13.8) 59.5(143)  64.1(12.5)
Race/ethnicity, n (%)
Asian 30 (2) 9 (1) 8(2) 13 (1) 26 (2) 4(1)
Hispanic 142 (7) 33(5) 3909) 70 (7) 118 (7) 24 (9)
NH-Black 1079 (54) 307 (50) 221 (50) 551 (59) 916 (54) 163 (59)
NH-White 390 (2) 119 (20) 87 (20) 184 (20) 322(19) 68 (25)
Other, Not-reported 340 (17) 140 (23) 84 (19) 116 (12) 323 (19) 17 (6)
Blood Pressure Medication
Yes 739 (37%) 264 (43) 278 (63) 314 (34) 663 (39) 76 (28)
No 1242 (63%) 344 (57) 161 (37) 620 (66) 1042 (61) 200 (72)
Sex, n (%)
Female 828 (42%) 243 (40) 169 (38) 416 (45) 708 (42) 120 (43)
Male 1153 (58%) 365 (60) 270 (62) 518 (55) 997 (58) 156 (57)
Treatment clinics, n 27 24 22 25 27 19
Daily Maximum Temperature, median (IQR)  28.3 (6.1) 283 (6.1)  283(6.1) 28.3 (6.1) 28.3(6.1) 28.3(6.7)
preSBP, mean (SD) 147.0 24.3) 145(23.7) 147.0(23.7) 148.0(25.0) 147.0(23.9) 146(27.1)
IDWG %, mean (SD) 2.89(1.83) 2.68(1.73) 2.84(1.81) 3.05(1.89) 2.85(1.81)  3.11(1.93)
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Crude and adjusted IDWG and preSBP mean changes to 10 °C increase in maximum daily temperature
increase based on linear mixed effects regression. Crude models contain daily maximum temperature.

Table 2
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Adjusted models contain daily maximum temperature, age, race/ethnicity, treatment clinic, sex, and blood

pressure medication use covariates.

Crude

Adjusted

Clinic measure

IDWG

preSBP

Lag

Lag 2
Lag 1
Lag 0
Lag 2
Lag 1
Lag 0

mean effect
—0.145
—0.188
—0.138
—-1.693
-2.35
—2.381

Std Error
0.003
0.003
0.003
0.038
0.038
0.039

mean effect
—-0.149
—-0.189
—-0.13

—1.68
—2.337
—2.287

Std Error
0.003
0.003
0.003
0.038
0.038
0.038
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