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ABSTRACT

Objectives This study aimed to examine the relationship
between measures of kidney function and impaired lung
function in individuals with diabetes and to assess all-
cause mortality risk associated with having chronic kidney
disease (CKD) and or impaired lung function.

Design Cross-sectional and retrospective cohort study.
Setting The National Health and Nutrition Examination
Survey 2007-2012.

Participants A total of 10 809 participants aged over

20 years were included in this study: 9503 with normal
spirometry, 951 with preserved ratio impaired spirometry
(PRISm) and 355 with variable obstruction (VO).
Exposure and outcome measures Kidney function
measures, including estimated glomerular filtration rate
(eGFR) and urinary albumin to creatinine ratio (UACR),
were considered exposure variables. PRISm and VO

were outcome variables. PRISm was defined as a forced
expiratory volume in 1 s (FEV1)<80% predicted and an
FEV1/forced vital capacity (FVC) ratio=0.7, while VO was
defined as an FEV1/FVC ratio <0.7 prebronchodilator and
>(.7 postbronchodilator. In the cross-sectional analysis,
multivariate logistic regression models were used to
assess the relationship between kidney function measures
and spirometry findings. In the retrospective cohort
analysis, Cox proportional hazards models were employed
to evaluate the impact of having PRISm or VO, combined
with CKD, on all-cause mortality.

Results An increase in UACR was significantly associated
with higher odds of PRISm (OR (95% Cl)=1.10 (1.01,
1.21), p=0.03). Additionally, eGFR <60 was associated
with the odds of variable obstructive lung function (OR
(95% Cl)=1.72 (1.07, 2.74), p=0.03) compared with
eGFR >60. After adjustments, an increase in UACR was
associated with higher odds of PRISm in individuals with
diabetes (OR (95% Cl)=1.21 (1.08, 1.36), p=0.002), and
UACR =300 mg/g significantly increased odds of having
PRISm in idividuals with diabetes (OR (95% Cl)=2.34
(1.23, 4.47), p=0.01). During a mean follow-up of 12.3
years, 10500 deaths occurred. In the diabetic group,
compared with normal spirometry without CKD, those
with both PRISm and CKD had a significantly increased
risk of all-cause mortality (HR (95% Cl)=3.46 (1.94, 6.16),
p<0.0001).

Conclusion An elevated UACR and albuminuria were
linked to a higher risk of PRISm. Our study emphasises
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STRENGTHS AND LIMITATIONS OF THIS STUDY

= This study used a large nationally representative
sample of the US population.

= The study explored associations between measures
of kidney function and impaired lung function.

= This study assessed all cause-mortality risk asso-
ciated with having both chronic kidney disease and
impaired lung function.

= The study’s cross-sectional nature meant that caus-
al relationships could not be proven.

= The results of this study cannot be generalised to
populations outside of the USA.

that kidney and lung function are correlated. Further
research is necessary to confirm our findings.

INTRODUCTION
Preserved ratio impaired spirometry (PRISm)
is defined as a forced expiratory volume in
1's (FEV)) less than 80% of predicted value
and an FEV /forced vital capacity (FVC) ratio
of 0.7 or greater, with a global prevalence
reported between 3% and 20%."™* PRISm is
a prevalent and unstable condition that can
lead to cardiopulmonary diseases' ™ and all-
cause mortality in middle-aged to old-aged
adults.'” "' Moreover, lung dysfunction is also
linked to recurrent hospitalisation'® ' and
decreased quality of life.'"* There is a lack
of conclusive evidence on whether diabetes
causes PRISm, but an inverse relationship
between type 2 diabetes and pulmonary func-
tion is reported,'”™® pointing to the lungs as a
potential target for diabetes-related complica-
tions, while some suggest that PRISm is associ-
ated with the risk of developing diabetes.'” !
Variable obstruction (VO) is characterised
by prebronchodilator FEV1/FVC ratio <0.7
and a postbronchodilator FEV1/FVC ratio
20.7, also termed as ‘bronchodilator respon-
siveness’. The Global Initiative on Obstructive
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Lung Disease uses post-BD FEV, /FVC ratio <0.7 to define
COPD. Recent literature debates this as it does not use
the lower limit of normal values of FEV, and FVC. Buhr et
al® found that VO poses a significant risk of developing
COPD in future. Thus, this study used VO—a new pulmo-
nary phenotype—as it reflects the early stage of COPD.

Chronic kidney disease (CKD) is a widespread problem
affecting a large portion of the adult population around
the world,”" including 18% of adults in the USA* and
10% of adults in China.”> Research has shown that
factors like decreased estimated glomerular filtration rate
(eGFR) and albuminuria are linked to a higher risk of
death due to heart and blood vessel problems in people
with diabetes.”* Apart from restrictive and obstructive
lung function, studies analysing associations between
PRISm and kidney are not available. A study conducted
using data from the National Health and Nutrition
Examination Survey (NHANES) found that one in four
adults in the USA with CKD also had impaired lung func-
tion.” They also revealed that restrictive lung function is
common in people with CKD, and that increased levels of
urinary albumin were associated with both restrictive and
obstructive lung function.

Diabetes is a prevalent cause of CKD. Recent studies
have established a connection between hypoxia and right
ventricular dysfunction in CKD, with the latter being
potentially linked to impaired lung function.* The associ-
ations between kidney function measures and pulmonary
dysfunction, however, have not been extensively investi-
gated, particularly in the diabetes population. Thus, we
aimed to examine the relationship between measures of
kidney function (eGFR and urinary albumin to creati-
nine ratio (UACR)) and impaired lung function (PRISm
and variable obstructive lung function) in those with
diabetes. Furthermore, we sought to determine the all-
cause mortality risk associated with CKD and/or various
spirometry categories. Our study used a large, nationally
representative sample of US adults to provide a compre-
hensive understanding of the association between kidney
and lung function.

METHODS

Study design and participants

This was a cross-sectional and retrospective cohort
study using the NHANES, a national survey of chil-
dren and adults in the USA conducted by the National
Center for Health Statistics (NCHS) of the Centers for
Disease Control and Prevention.”” Data were obtained
by in-person interviews and medical examinations. The
interviews collected self-reported information on demo-
graphics, socioeconomic status and health conditions,
while the medical examinations included a range of physi-
ological measurements and laboratory tests performed by
highly trained medical staff. The complex and multistage
probability design of NHANES ensured a representative
sample of the US population.”® Moreover, NHANES data
have been used in many studies, proving its validity and

quality.” **~*! Data used in this study were obtained from
three consecutive 2-year survey cycles (2007-2012), for
spirometry data were measured in these year cycles only.

This study included participants aged 20 years or older
(n=17713). We excluded those with missing height
data (n=45); missing or unacceptable spirometry data
(n=4823); postbronchodilator FEV1/FVC<0.7 (n=492);
undefined spirometry (n=788); missing renal function-
related data (n=740) and missing mortality data (n=16).
Consequently, a total of 10809 participants were included
in the cross-sectional and retrospective cohort anal-
yses (figure 1). In addition, this study complies with the
guidelines for reporting cross-sectional studies as speci-
fied in the Strengthening the Reporting of Observational
Studies in Epidemiology guidelines (online supplemental
table 1).%

Assessment of kidney function

The eGFR was calculated using the CKD Epidemiology
Collaboration equation.”> The UACR was determined
from a spot urine sample and then divided into two cate-
gories: less than 30mg/g and equal to or greater than
30mg/g. CKD was defined as either an eGFR of less than
60mL/min/1.73 m? or a UACR of 30 mg/g or more. The
UACR was further categorised into three groups based on
the standard cutoffs: normal (less than 30 mg/g), moder-
ately increased albuminuria (30-300mg/g) and severely
increased albuminuria (300 mg/g or more).* The eGFR
was also divided into two categories: less than 60mL/
min/1.78 m? and greater than 60 mL/min/1.73 mZ. We
could not use standard eGFR categories (G1-Gb5) due to
insufficient data.*

Assessment of pulmonary function

In the period between 2007 and 2012, the NHANES
conducted pulmonary function tests on all adult partici-
pants, except for those experiencing chest pain, difficul-
ties with forceful expiration, use of supplemental oxygen,
recent surgeries on the eye, chest, or abdomen, recent
heart attack, stroke, tuberculosis exposure, coughing
up of blood, or a history of a detached retina, collapsed
lung, or aneurysm were excluded from the study.” Ohio
822/827 dry-rolling seal volume spirometers were used
to measure pulmonary function during all three survey
cycles. NHANES classified the spirometry data based on
the quality of data collection, with ‘A’ being the highest
quality and exceeding American Thoracic Society stan-
dards,” ‘B’ meeting the standards (ie, adequate technical
quality and reproducibility), ‘C’ being potentially usable
but not meeting all the standards (ie, some technical
issues or lack of reproducibility), ‘D’ being questionable
result and ‘F’, invalid. We only used FEV1 and FVC quality
grades A, B and C. Quality of the spirometry has been
described elsewhere.”’

Normal spirometry was defined as an FEV1 280%
predicted and an FEV1/FVC ratio 20.7. PRISm was
defined as a <80% predicted and a FEV, /FVC ratio >0.7.
The presence of variable obstructive lung function was
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Kidney function

eGFR (per unit increase)
eGFR (>60, <60)

UACR (per unit increase)

UACR (<30, 30-300, >300)

Cross-sectional

Normal spirometry
n=9503

PRISm
n=951

Vo
n =355

Spirometry findings
Normal spirometry
PRISm
VO

Normal spirometry+ CKD
n=1023

Longitudinal

PRISm + CKD
n=207

VO + CKD
n =56

Figure 1

End time: last known alive or December 31, 2019

All-cause mortality
Start time: date of the interview

Study flow chart. National Health and Nutrition Examination Survey 2007-2012. CKD, chronic kidney disease; eGFR,

estimated glomerular filtration rate (mL/min per 1.73m?); FEV1, forced expiratory volume in 1 s; FVC, forced vital capacity;
PRISm, preserved ratio impaired spirometry; UACR, urinary albumin to creatinine ratio; VO, variable obstruction.

determined by a prebronchodilator FEV, /FVC ratio less
than <0.7 and a postbronchodilator FEV /FVC ratio >0.7.

Ascertainment of mortality status

The NCHS has linked data from NHANES and other
surveys with death certificate records from the National
Death Index (NDI) and made available the public-use
linked mortality files.”® Mortality status for NHANES
participants was ascertained primarily through probabi-
listic record matching with the NDI through 31 December
2019 using a unique study identifier. More details about
the matching methods are available from NCHS.*

Assessment of confounders

In this study, demographic and health information, such
as age, sex, race/ethnicity, education, annual household
income, smoking status, drinking status and cardio-
vascular disease (CVD), was self-reported during the

household interview. Participants were categorised as
current smokers if they had smoked 100 or more ciga-
rettes in their lifetime and reported smoking currently,
former smokers if they had smoked 100 or more cigarettes
but had quit, and never-smokers if they had not smoked
100 or more cigarettes in their lifetime."” Body mass
index (BMI) was calculated using the participant’s weight
in kilograms divided by their height in metres squared.
Diabetes was diagnosed using criteria such as the use
of insulin or oral hypoglycaemic agents, fasting plasma
glucose (FPG) levels of 126 mg/dL or higher, or glycated
haemoglobin levels of 6.5% or higher. In a mobile exam-
ination centre, three consecutive blood pressure readings
were taken. The average of the readings was used in this
study. Participants were considered hypertensive if they
had a systolic blood pressure of 140 mm Hg or higher and
diastolic blood pressure of 90 mm Hg or higher or if they
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were using antihypertensive medication. The 140/90 mm
Hg threshold is based on the International Society of
Hypertension guidelines,41 which are commonly applied
in clinical practice.

Statistical analysis

In line with the instructions for using NHANES data,
we used the sample weights, clustering and stratification
whenever feasible to account for the complex survey
design using the ‘survey’ R package (V.4.1-2). This
approach allows the final sample to be representative
of the US population, despite exclusions. Participant
data were downloaded from the NHANES website in
November 2022 by the first author.””

We compared baseline characteristics according to
spirometry groups by using the analysis of variance for
continuous variables and the y” test for categorical vari-
ables. In the cross-sectional analysis, we employed multivar-
iate logistic regression models to evaluate the association
between kidney function indicators—including eGFR
(per unit increase) and log-transformed UACR—and
spirometry outcomes, specifically PRISm and VO. UACR
was log-transformed to address skewness and to meet the
assumptions of the logistic regression model. Further-
more, categorical analyses were carried out in three cate-
gories of UACR (<30, 30-300 and >300mg/g) and two
categories of eGFR (>60and <60mL/min per 1.73 m2),
where the UACR <30mg/g and eGFR >60 mL/min per
1.73 m* categories were used as the reference groups for
comparison.

In the retrospective cohort analysis, we defined base-
line as the time when participants had their interview. We
used person-months, which were counted from baseline
to the date of death, loss to follow-up, or 31 December
2019, whichever came first. We used Cox proportional
hazards models to calculate the HRs and corresponding
95% ClIs for all-cause mortality associated with PRISm
and VO. Furthermore, we examined all-cause mortality
risk in six groups: (1) normal spirometry without CKD
(reference group); (2) normal spirometry with CKD;
(3) PRISm without CKD; (4) PRISm with CKD; (5) VO
without CKD and (6) VO with CKD. We examined the
proportional hazards assumption using Schoenfeld resid-
uals; assumptions were satisfied in all models (global
p>0.05).

In all analyses, we adjusted for demographic variables
such as age, sex, ethnicity, education and annual house-
hold income in model 1. We further adjusted for BMI,
hypertension, smoking, CVD and diabetes mellitus (DM)
in model 2. In regression models, we checked multicol-
linearity using vif() function of ‘car’ package (V.3.1-2) in
R, where the variance inflation factor was below 2, indi-
cating very low multicollinearity. The statistical analysis
was conducted by using R V.4.2.1, and a p<0.05 was estab-
lished as the threshold for statistical significance in all
analyses.

27 28

Participants and public involvement
Participants were not involved in the design, conduct,
reporting or dissemination plans of our research.

RESULTS

Baseline characteristics

This study included 10809 participants. Baseline charac-
teristics of the included participants are shown in table 1.
The average age of the study participants was 43.43(SE,
0.35) years, and 51.7% of participants were female. Among
the included participants, 951 were found to have PRISm
and 355 had variable obstructive spirometry (table 1). A
noteworthy observation was that the variable obstructive
group had a higher mean age (49.6 years) and a higher
proportion of male participants (61.9%). The majority
of the participants across all spirometry categories had
middle/high school education or higher. Additionally,
the PRISm group had a lower proportion of individuals
earning an annual income of 2US$65 000 compared with
other categories (35.6% vs 64.4%).

In comparison to those with normal spirometry, individ-
uals with PRISm demonstrated elevated levels of various
markers of inflammation and metabolic dysfunction,
including higher white cell count, BMI, waist circum-
ference, homeostatic model assessment of insulin resis-
tance, FPG, haemoglobin Alc, C reactive protein and
longer duration of DM. This pattern was not observed in
the variable obstructive spirometry group. Furthermore,
individuals with PRISm were more likely to suffer from
comorbidities such as DM, CKD, CVD and hypertension
compared with those with normal spirometry. Both PRISm
and variable obstructive groups were primarily composed
of neversmokers (53.7% and 42.0%, respectively) and
current drinkers (65.0% and 83.0%, respectively).

In terms of pulmonary and renal function, individuals
with PRISm exhibited lower pulmonary function indices,
including FVC, FEV and peak expiratory flow, as well as
reduced kidney function as indicated by elevated UACR
and decreased eGFR. Furthermore, in categorising UACR
by clinical thresholds, those with PRISm were more likely
to have UACR >30mg/g (13.1% vs 6.1% for normal
spirometry and 13.1% vs 8.0% for variable obstructive
spirometry, respectively).

Associations between measures of kidney function and
spirometry categories
Entire cohort
Compared with normal spirometry, a significant associa-
tion between an increase in UACR and odds of PRISm
(OR 1.10 (95% CI 1.01 to 1.21), p=0.03) was observed.
This association remained significant even after full
adjustment for potential confounders. In contrast, no
significant association was found between a decrease in
eGFR and PRISm (table 2).

Both moderately and severely increased albuminuria
significantly increased the odds of PRISm (OR 1.80 (95%
CI 1.42 to 2.29), p<0.0001 and 3.01 (95% CI 1.68 to 5.41),
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Table 1 Baseline characteristics stratified by spirometry categories, NHANES 2007-2012, n=10809

Variable
Variable Entire cohort Normal PRISm* obstructiont
n 10809 9503 951 355
Age 43.43 (0.35) 42.80 (0.35) 47.87 (0.71) 49.57 (1.28)
Sex
Female (%) 5588 (561.7) 4966 (52.26) 487 (52.55) 135 (38.10)
Male (%) 5221 (48.3) 4537 (47.74) 464 (47.45) 220 (61.90)
Ethnicity
Mexican American (%) 1869 (17.29) 1728 (9.63) 103 (6.00) 38 (3.98)
Non-Hispanic Black (%) 2234 (20.67) 1964 (10.71) 216 (13.05) 54(5.71)
Non-Hispanic White (%) 519 (41.81) 3978 (67.59) 324 (56.51) 217 (82.93)
Other Hispanic (%) 231 (11.39) 1096 (6.06) 108 (6.44) 27 (2.70)
Others(multiracial) (%) 956 (8.84) 737 (6.01) 200 (18.00) 19 (4.69)
Education
College and above (%) 5800 (53.7) 5146 (63.21) 465 (52.79) 189 (63.10)
Middle and high school (%) 3974 (36.79) 3447 (31.83) 392 (41.31) 135 (34.06)
Primary school and less (%) 1027 (9.51) 903 (4.96) 93 (5.90) 31 (2.85)
Annual Household Income
<US$65000 (%) 6970 (67.17) 6079 (55.03) 671 (64.43) 220 (50.88)
>US$65000 (%) 3406 (32.83) 3040 (44.97) 242 (35.57) 124 (49.12)
WCC 7.10 (0.04) 7.06 (0.04) 7.58 (0.11) 7.20 (0.15)
Neutrophils% 58.25 (0.17) 58.23 (0.17) 58.42 (0.45) 58.53 (0.52)
BMI 28.78 (0.11) 28.66 (0.12) 31.39 (0.38) 26.82 (0.41)
Waist circumference 97.84 (0.31) 97.39 (0.30) 104.77 (0.83) 95.36 (1.12)
HOMA_IR 3.60 (0.09) 3.50 (0.09) 5.17 (0.34) 2.90 (0.25)
FPG (mg/dL) 104.38 (0.67) 103.44 (0.66) 115.52 (2.67) 103.94 (2.18)
HbA1c 5.56 (0.01) 5.52 (0.01) 5.99 (0.06) 5.63 (0.06)
CRP 0.35 (0.01) 0.34 (0.01) 0.53 (0.07) 0.28 (0.03)
Diabetes duration 10.54 (0.52) 10.39 (0.61) 11.33 (1.03) 9.78 (1.19)
Pulmonary function
FVC (mL) 4160.42 (15.08) 4236.20 (14.81) 3100.05 (36.40) 4385.11 (69.68)
FEV,(mL) 3313.75 (13.37) 3403.04 (12.51) 2395.07 (27.64) 2968.83 (47.53)
FEV,/FVC 0.80 (0.00) 0.80 (0.00) 0.78 (0.00) 0.68 (0.00)
PEF (mL) 8545.97 (37.18) 8713.33 (35.71) 6848.72 (88.19) 7854.04 (139.94)
Postbronchodilator
FEV, 3299.94 (39.50) 3614.85 (66.78) 3077.69 3184.70 (48.17)
(110.17)
FvVC 4421.16 (55.19) 4673.57 (90.89) 3980.77 4346.15 (69.27)
(138.21)
FEV,/FVC 0.75 (0.00) 0.78 (0.00) 0.77 (0.01) 0.73 (0.00)
PEF 8513.87 (101.23) 8722.72 (173.26) 8035.92 8459.33 (126.06)
(344.23)
Prebronchodilator
FEV,% 0.98 (0.00) 1.00 (0.00) 0.74 (0.00) 0.86 (0.01)
FVC% 0.99 (0.00) 1.01 (0.00) 0.76 (0.00) 0.99 (0.01)
Pre-FEV,/FVC% 0.99 (0.00) 0.99 (0.00) 0.97 (0.00) 0.86 (0.00)
Pre-PEF% 1.06 (0.00) 1.08 (0.00) 0.88 (0.01) 0.94 (0.01)
Continued
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Table 1 Continued

Variable

Variable Entire cohort Normal PRISm* obstructiont
Difference (post—pre)

FEV, 0.25 (0.02) 0.35 (0.01) -0.79 (0.03) —-0.14 (0.05)

FVC 0.23 (0.01) 0.30 (0.01) -0.77 (0.03) 0.44 (0.07)

FEV,/FVC 0.12 (0.02) 0.22 (0.02) —-0.17 (0.03) -1.49 (0.02)

PEF 0.20 (0.02) 0.27 (0.02) —0.58 (0.04) —-0.12 (0.06)
Kidney function

UACR 21.09 (1.68) 19.66 (1.89) 41.86 (6.74) 15.51 (2.52)

eGFR 98.34 (0.49) 98.90 (0.50) 95.61 (0.73) 90.70 (1.72)

UACR (continuous) 1.98 (0.02) 1.96 (0.02) 2.26 (0.06) 1.94 (0.05)
UACR (categorical)

<30mg/g 9858 (91.2) 8758 (93.88) 780 (86.91) 320 (91.99)

>300mg/g 151 (1.4) 111 (0.69) 36 (2.45) 4(1.18)

30-300mg/g 800 (7.4) 634 (5.43) 135 (10.64) 31 (6.83)
Diabetes mellitus

No (%) 9049 (84.74) 8094 (90.46) 655 (72.56) 300 (88.07)

Yes (%) 1629 (15.26) 1284 (9.54) 290 (27.44) 55 (11.93)
Chronic kidney disease

No (%) 9523 (88.1) 8480 (91.44) 744 (83.12) 299 (85.24)

Yes (%) 1286 (11.9) 1023 (8.56) 207 (16.88) 56 (14.76)
Cardiovascular disease

No (%) 10156 (93.98) 9008 (96.00) 821 (87.88) 327 (92.45)

Yes (%) 651 (6.02) 494 (4.00) 130 (12.12) 27 (7.55)
Smoking

Former (%) 2302 (21.31) 1981 (21.79) 217 (22.73) 104 (28.25)

Never (%) 6273 (58.07) 5620 (59.53) 501 (53.69) 152 (42.02)

Current (%) 2228 (20.62) 1897 (18.68) 232 (23.58) 99 (29.73)
Alcohol

Drinker (%) 1588 (15.74) 1352 (12.94) 181 (20.11) 55 (10.79)

Never (%) 1241 (12.3) 1061 (9.16) 154 (14.86) 26 (6.25)

Current (%) 7261 (71.96) 6456 (77.90) 551 (65.03) 254 (82.95)
Hypertension

No (%) 7059 (65.31) 6357 (70.86) 485 (54.57) 217 (64.55)

Yes (%) 3750 (34.69) 3146 (29.14) 466 (45.43) 138 (35.45)

Values are means (SE) or percentages.
*PRISm was defined as FEV,<80% predicted and FEV,/FVC>0.7.

tVariable obstruction was defined as prebronchodialator FEV,/FVC<0.7 and postbronchodialator FEV,/FVC>0.7.

BMI, body mass index; CRP, C reactive protein; eGFR, estimated glomerular filtration rate; FEV,, forced expiratory volume in 1 s; FVC, forced
vital capacity; HbA1c, haemoglobin A1c; HOME-IR, homeostatic model assessment of insulin resistance; NHANES, National Health and
Nutrition Examination Survey; PEF, peak expiratory flow; PRISm, preserved ratio impaired spirometry; UACR, urinary albumin to creatinine

ratio; WCC, white cell count.

p<0.001, respectively) after controlling for demographic
variables such as age, sex, ethnicity, education and
annual household income. No significant association was
observed in the variable obstructive group. Additionally,
individuals with eGFR <60 mL/min/1.73 m? had signifi-
cantly increased odds of VO compared with those with

eGFR >60mL/min/1.73 m* (OR 1.72 (95% CI 1.07 to
2.74), p=0.03).

Additional analysis (online supplemental table 2)
revealed a significant association between CKD and an
increased odds of both PRISm and variable obstructive

lung function after full adjustment (OR 1.29 (95% CI 1.02
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Table 2 0Odds of PRISm and variable obstruction based on eGFR and urinary albumin-creatinine ratio (UACR) in the entire

cohort

PRISm* Variable obstructiont

Model 1 Model 2 Model 1 Model 2

OR (95% CI) Pvalue OR (95%Cl) P value OR (95% Cl) P value OR (95% Cl) P value
eGFRt 1.00 (1.00,1.01) 0.30 1.00 (1.00,1.01) 0.28 1.00 (0.99,1.00) 0.31 0.99 (0.98,1.00) 0.11
UACR%t 1.24 (1.14,1.36) <0.0001 1.10(1.01,1.21) 0.03 0.97 (0.84,1.12) 0.70 0.95 (0.81,1.12) 0.55
UACR<30 reference
UACR 30-300 1.80 (1.42,2.29) <0.0001 1.33(1.01,1.76) 0.05 1.21 (0.79,1.85) 0.36 1.23 (0.79,1.91) 0.35
UACR>300 3.01 (1.68,5.41) <0.001 1.86 (1.01,3.42) 0.05 1.83(0.47,7.16) 0.37 1.94 (0.47,8.03) 0.35
eGFR>60 reference
eGFR<60 1.23 (0.85,1.79) 0.26 1.11(0.78,1.58) 0.56 1.62 (1.03,2.56) 0.04 1.72 (1.07,2.74) 0.03

Model 1: adjusted by age, sex, ethnicity, education, annual household income; Model 2: adjusted by model 1+BMI, hypertension, smoking,

cardiovascular disease.
Bold values denote statistical significance (p < 0.05)
*PRISm was defined as FEV,<80% predicted and FEV,/FVC>0.7.

tVariable obstruction was defined as prebronchodialator FEV,/FVC<0.7 and postbronchodialator FEV,/FVC>0.7.

FAs continuous variable.

BMI, body mass index; eGFR, estimated glomerular filtration rate; FEV,, forced expiratory volume in 1 s; FVC, forced vital capacity; PRISm, preserved

ratio impaired spirometry.

to 1.64), p=0.03and 1.53 (95% CI 1.08 to 2.16), p=0.02,
respectively). Furthermore, individuals with both CKD
and DM had increased odds of having PRISm; however,
this association lost significance after full adjustment.

Participants with diabetes

Compared with normal spirometry, an increase in UACR
was associated with higher odds of PRISm in individuals
with diabetes (OR 1.21 (95% CI 1.08 to 1.36), p=0.002)
after full adjustment. Similar to the overall cohort,
an increase in UACR was not associated with variable
obstructive lung function in individuals with diabetes (as
shown in table 3).

Compared with normal UACR, those with severely
increased albuminuria had significantly higher odds of
having PRISm (OR 2.34 (95% CI 1.23 to 4.47), p=0.01).
Although a higher risk of VO was observed for individ-
uals with diabetes and eGFR<60 mL,/min/1.73m? it was
statistically insignificant (OR 2.43 (95% CI 0.65 to 9.09),
p=0.18).

Mortality risk associated with spirometry categories and CKD

Among 10809 participants, 634 deaths occurred during
a mean follow-up of 9.8 years (105737.5 person-years).
After controlling potential confounding variables, PRISm
was associated with elevated risk for all-cause mortality

Table 3 0Odds of PRISm and variable obstruction based on eGFR and urinary albumin-creatinine ratio (UACR) among

individuals with diabetes

PRISm* Variable obstructiont

Model 1 Model 2 Model 1 Model 2

OR (95% Cl) P value OR (95% Cl) P value OR (95% Cl) P value OR (95%Cl) P value
eGFRt 1.00 (0.99, 1.01)  0.59 1.00 (0.99, 1.01)  0.93 0.99 (0.96,1.02) 0.44 0.99 (0.96,1.01) 0.39
UACR% 1.27 (1.13,1.43) <0.001 1.21(1.08,1.36) 0.002 0.94 (0.71,1.24) 0.66 0.90 (0.68,1.18) 0.43
UACR<30 Reference
UACR 30-300 1.59 (1.12,2.26) 0.01 1.33(0.89,1.99) 0.16 1.08 (0.33,3.52) 0.89 0.99 (0.35,2.81) 0.99
UACR>300 2.78 (1.47,5.26) 0.002 2.34 (1.23,4.47) 0.01 1.01 (0.12,8.43) 0.99 1.00 (0.15,6.81)  1.00
eGFR>60 Reference
eGFR<60 1.07 (0.71,1.61) 0.74 1.05 (0.69, 1.61)  0.81 2.56 (0.74,8.87) 0.13 2.43 (0.65,9.09) 0.18

Model 1: adjusted by age, sex, ethnicity, education, annual household income; Model 2: adjusted by model 1+BMI, hypertension,
smoking, cardiovascular disease.
Bold values denote statistical significance (p < 0.05)

*PRISm was defined as FEV,<80% predicted and FEV./FVC>0.7.
tVariable obstruction was defined as prebronchodialator FEV,/FVC<0.7 and postbronchodialator FEV,/FVC>0.7.
1As continuous variable.
BMI, body mass index; eGFR, estimated glomerular filtration rate; FEV,, forced expiratory volume in 1 s; FVC, forced vital capacity;
PRISm, preserved ratio impaired spirometry.
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Table 4 All-cause mortality risk associated with PRISm and variable obstruction among the entire cohort and individuals with

diabetes
Entire cohort Diabetes*
HR (95% Cl) P value HR (95% CI) P value
Normal function Reference Reference
PRISmT
Model 1 2.03 (1.49, 2.76) <0.0001 1.64 (1.10, 2.45) 0.02
Model 2 1.61 (1.21, 2.13) <0.001 1.47 (0.98, 2.21) 0.06
Variable obstructiont
Model1 1.27 (0.73, 2.22) 0.39 0.73 (0.20, 2.67) 0.63
Model2 1.17 (0.68, 2.02) 0.57 0.59 (0.15, 2.26) 0.44

Model 1: adjusted by age, sex, ethnicity, education, annual household income; Model 2: adjusted by model1+BMI, hypertension,

smoking, cardiovascular disease, diabetes mellitus.
Bold values denote statistical significance (p < 0.05)

*Diabetes was defined based on the use of insulin or oral hypoglycaemic agents, fasting plasma glucose >126 mg/dL or glycated

haemoglobin >6.5%.
TPRISm was defined as FEV,<80% predicted and FEV./FVC>0.7.

FVariable obstruction was defined as prebronchodialator FEV,/FVC<0.7 and postbronchodialator FEV,/FVC>0.7.
BMI, body mass index; FEV,, forced expiratory volume in 1 s; FVC, forced vital capacity; PRISm, preserved ratio impaired spirometry.

(HR 1.61 (95% CI 1.21 to 2.13), p<0.001) (table 4). A
similar trend was observed in those with diabetes, but
it was not statistically significant after full adjustment.
However, those with PRISm still had a relatively high
risk of mortality (HR 1.47 (95% CI 0.98, 2.21), p=0.06).
Unadjusted analysis indicated that the all-cause mortality
risk associated with variable obstructive lung function was
significantly higher, but the significance diminished after
adjustment for confounders.

In the diabetic group, compared with normal spirom-
etry without CKD, individuals with PRISm and CKD
had an increased all-cause mortality risk (online supple-
mental table 3). Although a similar trend was observed
for participants with normal lung function and CKD, the
fully adjusted HR was relatively higher (HR 3.46 (95% CI
1.94 to 6.16), p<0.0001) for those with PRISm and CKD.
When compared with PRISm without CKD, those with
CKD and PRISm had a significantly increased risk of all-
cause mortality (online supplemental table 4). No signif-
icant associations were found between all-cause mortality
risk and PRISm without CKD, VO with CKD and VO
without CKD.

DISCUSSION
In a representative sample of US adults, we found that
elevated UACR was associated with higher odds of PRISm.
Furthermore, severely increased albuminuria (UACR
>300mg/g) increases the risk of PRISm in individuals
with diabetes. We also observed that having PRISm and
CKD together was associated with a significantly higher
risk of all-cause mortality. To our knowledge, this is the
first study to investigate the risk of PRISm associated with
measures of kidney function.

Albuminuria® and CKD* increase the risk of restric-
tive lung function, defined by FVC <80% predicted and

FEV1/FVC ratio >0.7. Navaneethan et al also observed
that a decrease in eGFR was associated with higher odds
of obstructive lung function.”” Atherosclerosis Risk in
Communities study with a 25-year follow-up revealed
that lower FVC (%predict) and restrictive spirometry
increase the risk of end-stage renal disease (ESRD).* In
contrast, lower lung function indices such as FEV1 and
FVC correlate with incident CKD, suggesting a potential
bidirectional relationship.44 * Interestingly, Kirkman et
al*® used cardiopulmonary exercise test data and found
that individuals with CKD had reduced peak oxygen
uptake (VO, max) compared with healthy participants.
Furthermore, a study of Japanese patients showed that
proteinuria and decreased eGFR were associated with
reduced DLCO." Most of the evidence studied associa-
tions between kidney function and restrictive spirometry.
However, our study focused on PRISm, defined by FEV,
<80% predicted and FEV /FVC ratio >0.7. We found
that an increase in UACR and albuminuria increases the
risk of PRISm. Recently, PRISm has been proposed as
an early phase of chronic obstructive pulmonary disease
(COPD) as PRISm can transition to COPD*; albuminuria
was found to reduce lung function and increase incident
coprD.* Overall, our findings, with previous evidence,
point out that kidney dysfunction contributes to lung
function impairment. However, this association is still
an area of research in diabetes despite diabetes being a
leading cause of CKD. This study revealed that individuals
with diabetes and albuminuria were at a higher risk of
restrictive lung disease (OR 8.57 (95% CI 3.4 to 21.9)).”
Moreover, those with diabetes and albuminuria were
reported to have lower FVC, FEV , and higher dyspnoea
scores.”! Similarly, we observed a higher risk of PRISm
in those with severe albuminuria and diabetes. Albumin-
uria and eGFR may be predictors of ESRD attributed to
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diabetes as severely increased albuminuria was linked with
an increased risk of ESRD incidence, and incorporating
eGFR values with albuminuria improved the prediction
of ESRD incidence.”” We found that those with PRISm
and CKD were at higher risk of all-cause death compared
with those without, emphasising the need to evaluate not
only kidney function but also lung function in patients
with diabetes.

The mechanisms underlying the interplay between
kidney and lung remain to be elucidated. Kidneys are
responsible for fluid homoeostasis, acid-base balance
and vascular tone. Changes in these might lead to lung
dysfunction. Hypoxia has been shown to cause renal
vasoconstriction, leading to impaired renal perfusion,
as well as increased inflammation and oxidative stress,
which can contribute to the development of albumin-
uria.”® Systemic inflammation, commonly seen in CKD,
may cause lung function impairment.”* The relationship
between kidney function and lung function is further
complicated by factors such as central venous pressure
and endothelial dysfunction,”” both of which have been
linked to impaired renal and lung function.”®®” Metabolic
syndrome components have been linked to kidney” and
lung function,” suggesting a potential mediation. The
pathophysiology between these two organs is likely multi-
factorial and requires further investigation.

More and more people, especially older people, are
suffering from multimorbidity, characterised as having
two or more chronic diseases simultaneously. We found
that diabetic individuals with impaired lung function
and CKD are at high risk of all-cause death, suggesting
that early monitoring of kidney function in individuals
with pulmonary dysfunction could help identify those at
risk. Our findings underscore the critical importance of
addressing both CKD and lung dysfunction, especially
in patients with diabetes. However, further research is
needed to clarify and confirm this association, elucidate
the underlying mechanisms, identify high-risk popula-
tions and develop interventions to prevent or treat lung
dysfunction in patients with CKD.

Our study had several strengths; we used a large and
nationally representative sample, including partici-
pants from NHANES 2007 to 2012% survey cycles with
high-quality spirometry data. Additionally, we also anal-
ysed associations between measures of kidney func-
tion, spirometry types and mortality in individuals with
diabetes. Research in this direction mostly uses a fixed
ratio of FEV1/FVC <0.70 (COPD), which may lead to
underdiagnosis of COPD in younger individuals and
overdiagnosis in older individuals. Following Buhr et al,*’
we included those with VO, also known as bronchodilator
responsiveness, defined by prebronchodilator FEV1/FVC
ratio <0.7 and a postbronchodilator FEV1/FVC ratio 20.7.
However, present study results should be interpreted with
caution as they are subject to a few limitations. Due to the
cross-sectional nature of this study, the causality of asso-
ciations cannot be proven. Additionally, our study only
included US population, so our findings may not apply

to other populations. Considering the study sample size,
participants with diabetes were relatively less. Moreover,
the odds of PRISm and mortality risk were not compared
with those without diabetes. Therefore, our findings need
further validation through additional research with larger
samples. Furthermore, some covariates used in the study
depended on the self-report by the participant, which may
produce biases such as recall and social desirability bias.
Unfortunately, we could only use two clinical categories
of eGFR (<60and >60) due to limited data, while eGFR
from 60 to 89 may also represent kidney damage. Future
studies should use more clinical categories and analyse
their impact on the lungs. Although we controlled for
potential risk factors, residual confounding cannot be
ruled out entirely due to the complex pathophysiology
between kidney disease and lung function. For example,
in polycystic kidney disease, cysts may develop in the liver,
which may hinder the expansion of the thoracic cavity,
potentially impacting lung function. Moreover, we could
not conduct the planned sensitivity analysis to exclude
participants with lung cancer due to high non-response
rates. However, we did assess the robustness of our find-
ings by analysing all-cause mortality risk with alterna-
tive reference categories (online supplemental table 4).
From a statistical point of view, some limitations should
also be acknowledged. In logistic regression models, we
did not conduct formal assessments of validity, variable
selection or goodness of fit. This may influence our find-
ings’ robustness and generalisability, leading to potential
biases. However, this method has been used in similar
NHANES studies.” In Cox regression, we only tested the
fundamental assumption of proportional hazard (online
supplemental table 5 and 6). Violations of other assump-
tions could lead to biased estimates and affect the validity
of findings. Finally, we did not apply multiple testing
corrections, which may impact the interpretability of find-
ings. As our analysis was exploratory, we presented uncor-
rected p values, aligning with our study objectives. Future
studies should compare the risk for PRISm and death in
individuals with and without diabetes. It would be inter-
esting to see whether pulmonary function indices (FEV1,
FVC, etc) are related with eGFR and/or UACR.

CONCLUSION

Our study found that an increased UACR was associated
with a higher risk of PRISm and having CKD and PRISm
together increases the risk of all-cause mortality. Our
study emphasises the need to evaluate lung function in
patients with CKD and highlights the intricate relation-
ship between the two organs. Future large-scale prospec-
tive studies are necessary to clarify the associations. The
underlying mechanisms are unclear and warrant further
research.
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