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Abstract: As the most common cancer in men in the United States, risk factors for prostate cancer (PCa) need to
be identified. Serum prostate specific antigen (PSA) levels are used for the screening of prostate cancer due to its
association with the disease. Investigations have indicated that the risk of prostate cancer determined based on
PSA can be further stratified on the basis of total PSA (tPSA) and f/t PSA. Further, the red blood cell distribution
width-to-albumin ratio (RAR) has recently been identified as a novel biomarker for multiple inflammatory diseases.
The relationship between RAR and PSA remains unclear. Here, we intended to study the association between RAR
and PSA. National Health and Nutrition Examination Surveys (NHANES) represents a cross-sectional observational
study within the United States. We obtained clinical data throughout the 2003 - 2010 NHANES study period. In
41,156 NHANES men, we selected 5,992 men aged 40 years or older. Missing data were imputed using multiple
imputation. The association between RAR and PSA was assessed using multivariable adjusted linear regression
analysis. Variance inflation factor (VIF) values were also calculated to exclude collinearity of independent variables.
The association of the threshold effects was assessed using inflection points. The effect of RAR levels on PSA was
significant in 5,992 subjects after adjusting the confounders (B = 1.13, 95% Cl: 0.59-1.67). The notion of a thresh-
old level was supported by the presence of inflection point at RAR = 3.762. The effect of a 1 unit increase in the RAR
was a consistently increasing function of quartile of RAR. For instance, in the highest quartile of RAR, if RAR rises
by 1 unit, PSA rises by 1.36 (B = 1.36, 95% CI: 0.90-1.83), suggesting a non-linearity of the two. For example, when
RAR is below 3.762, higher RAR levels seem associated with higher PSA levels. This is important for understanding
the factors that may play an important role in the occurrence and development of prostate cancer. Future studies
must do assessments of prostate cancer incidence within the cohorts described.
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Introduction health. Prostate-specific antigen testing is key
in the diagnosis of PCa, but serum PSA is af-
fected by several variables, so finding determi-
nants of PSA variation is essential for the test’s
clinical use. When patients have a total PSA
(tPSA) > 10 ng/mL or a tPSA of 4-10 ng/mL
with a free/total PSA (f/t PSA) ratio of less than
or equal to 25%, they are PSA - based high - risk
group. The rest are classified as PSA - based
low - risk group [3-5].

Prostate cancer (PCa) is the most commonly
diagnosed cancer in American males and an
estimated 1.4 million new cancer cases were
diagnosed during 2020, with that number ris-
ing to 2.9 million in 2040 [1]. Genetic, environ-
mental, and lifestyle factors contribute to the
disease in that its etiology and pathogenesis
are poorly understood and are areas of ac-
tive prevention and treatment research [2].

Prostate-specific antigen (PSA), a glycoprotein
produced by prostatic ductal and acinar epi-
thelial cells, is crucial for maintaining prostate

Multiple studies have determined inflamma-
tion’s role in the development of prostate can-
cer [6]. Persistent tissue damage from chronic
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inflammation or dysregulated inflammatory
mechanisms promotes the release of inflam-
matory mediators, the recruitment of cyto-
kines, the expansion of leukocytes, and geno-
mic instability. PCa is associated with DNA
damage, including mutagenesis in epithelial
cells [7, 8], and inflammation-related markers
have been evaluated for their utility in PCa
screening.

The red blood cell distribution width (RDW),
which expresses the heterogeneity of red blood
cell volume, is associated with systemic inflam-
mation [9]. While most studies have looked at
the role of the RDW as predictor of cancer prog-
nosis (survival in pancreatic ductal adenocarci-
noma [10], breast cancer activity [11], and
hepatocellular carcinoma outcomes [12]), its
role in cancer risk is still to be determined.
However, prior meta-analyzes have found that
RDW is associated with an increased risk of
rectal cancer [13] and lung cancer [14]. One
potential mechanism is the inflammation-in-
duced erythropoietic dysfunction caused by
chronic inflammation. This combination is char-
acterized by (i) an elevated RDW as a result of
altered red blood cell maturation and (ii) the
induction of DNA injury and cancer by pro-
inflammatory cytokines such as IL-6 and TNF-«
[9, 15]. However, direct evidence of an asso-
ciation between RDW and the risk of prostate
cancer is limited and requires further in-
vestigation.

Albumin (ALB) is an important nutritional and
inflammatory marker with anti-inflammatory
and anti-oxidative properties [16, 17]. Accord-
ing to past research, albumin plays an impor-
tant prognostic role in metastatic castration-
resistant prostate cancer (NCRPC) patients
[18]. Low albumin levels are related to continu-
ous systemic inflammation and the body’s
nutritional state [19]. Because of their impor-
tant physiological roles and ease of testing,
RDW and albumin can help predict inflamma-
tory disorders by acting as a composite bio-
marker of chronic low-grade inflammation.

The red blood cell distribution width to albumin
ratio (RAR), defined as the RDW divided by albu-
min, is associated with several inflammatory
disorders, including diabetes mellitus and its
complications [20], rheumatism, sepsis, stroke
[21], and heart failure [22]. RAR is a novel
inflammatory marker [23]. However, no studies
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have explored the relationship between RAR
and PSA. Thus, the present study was conduct-
ed to assess the association between these
two variables, using data collected from the
2003-2010 NHANES, a nationally representa-
tive survey of the US population.

Materials and methods
Data availability

NHANES is a multistage, probability-based,
cross-sectional series of surveys, conducted
through the National Center for Health Statis-
tics (NCHS) [24], with the goal of obtaining
nationally representative data on the health
and nutritional status of the civilian in non-in-
stitutionalized United States population. Every
two years, interviews, physical examination,
home visits, and laboratory tests provide infor-
mation on a wide range of topics. The survey
collects data on a wide range of sociodemo-
graphic, dietary, and behavioral and risk fac-
tors to inform research and policy development.
NHANES is also conducted according to the
Declaration of Helsinki, and is governed by the
review of the NCHS Institutional Review Board
(IRB). All subjects give written informed con-
sent prior to enroliment. Information about the
surveys’ methodology and the data they collect
is available on the CDC’s website. https://www.
cdc.gov/nchs/nhanes.

Study population

The RAR and PSA analysis used four NHANES
cycles in a row: 2003-2004, 2005-2006, 2007-
2008, and 2009-2010. The NHANES study be-
gan with 41,156 subjects. For the purpose of
the present study, for ascertainment of the
association of RAR and PSA levels in the select-
ed cycles, and for the validity and accuracy of
the study results, we systematically excluded:
(1) persons under 40 years of age (n = 9,650),
(2) females (n = 20,785), (3) participants with
incomplete RAR measurements (n = 26), (4)
participants with missing PSA data (n = 4,703).
The final analytical sample consisted of 5,992
eligible participants (see Figure 1).

Calculation and stratification of RAR

RAR is defined as the red blood cell distribu-
tion width (RDW) divided by the serum albumin
(ALB). Baseline NHANES blood test data were
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Participants from NHANES
2003-2010(N=41,156)

tion (ng/ml) was determined
using a standardized immu-
noenzymatic sandwich assay,
and total PSA data were used
as outcome variables in our

Female(N=20,785)
< Age<40 years old(N=9650)

analysis.

Total PSA or tPSA and free-to-
total PSA ratio or f/tPSA are

Participants with men 40 years
and older(N=10,721)

PSA biomarkers that predict
prostate cancer risk. The PSA-
based high-risk and low-risk

A

Exclued incomplete date of
prostate-specific antigen
(N=4703) between 4 and 10 ng/mL and

groups have these definitions:
in the high-risk group the tPSA
exceeds 10 ng/mL, or tPSA is

f/tPSA ratio is below 25%. All

Participants with prostate-specific
antigen data(N=6818)

others were considered low-
risk [3-5].

Covariates

Exclued incomplete date of . .
RAR(N=26) status, poverty-income ratio

Race, age, education, marital

(PIR), body mass index (BMI),

Participants with prostate-specific
antigen data and RAR data
(N=5992)

Figure 1. Flowchart of the participant’s selection from NHANES 2003-2010.
RAR: red blood cell distribution width-to-albumin ratio; PSA: prostate spe-

cific antigen.

collected before prostate-specific diagnosis at
the first encounter. Peripheral blood RDW in
percentage was collected by a Coulter analyzer
at the MEC as a part of the NHANES survey.
Serum albumin (g/dL) levels were measured
using the bromocresol purple (BCP) method.
The RAR was calculated using the formula RAR
= RDW (%)/albumin (g/dL) [25]. Participants
were separated into quartiles according to the
RAR value inside of the study: Q1 (less than
2.81), Q2 (2.81 to 3.00), Q3 (3.00 to 3.23) and
Q4 (3.23 or more). The first quartile against
(Q1, RAR < 2.81) served as the reference group
against which others were compared.

Definition of PSA and PSA-based risk stratifica-
tion

Venous blood samples were collected from all
NHANES participants. Serum PSA concentra-
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history of drinking alcohol, dia-
betes, and hypertension are
potential confounders of PSA
as found by prior studies [26,
27]. Smoking is also a known
risk factor of many cancers
[28]. Prostate cancer is one of
these cancers. Total choles-
terol was a covariate because
prostate cancer studies indi-
cate cholesterol levels correlate to serum
PSA [29]. Self-reported race/ethnicity included
those identified as Mexican American, Other
Hispanic, Non-Hispanic White, Non-Hispanic
Black, and Other Races. Participants were ask-
ed to report data according to their educational
attainment (less than high school, high school
graduate, and college or above) and marital
status (unmarried, married/living with partner,
and divorced/widowed/separated). The pover-
ty income ratio defined socioeconomic status
in these categories: low, less than 1.3; medi-
um, 1.3 to 3.5; high, greater than 3.5. Body
mass index or BMI included these categories
for normal (< 25 kg/m?), overweight (25-30
kg/m?), and obese (= 30 kg/m?). Smoking sta-
tus was defined as current smoker which
means 100 or more lifetime cigarettes and
currently smoking, former smoker which means
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100 or more lifetime cigarettes but quit, or non-
smoker which means less than 100 lifetime
cigarettes [30]. Alcohol consumption was de-
fined as yes or no. Laboratory parameters were
serum albumin (g/dL), RDW (%), and TC (mg/
dL). Diabetes was defined as: a history of dia-
betes, use of insulin or antidiabetic medica-
tions, hemoglobin Alc > 6.5%, fasting plasma
glucose > 126 mg/dL, or 2-hour postprandial
glucose > 200 mg/dL [31]. Hypertension was
defined as a history of hypertension, systolic
blood pressure (SBP) > 140 mmHg, or diastolic
blood pressure (DBP) > 90 mmHg.

Statistical analysis

NHANES samples with multistage probability
methodology to provide a national representa-
tive sample. Therefore, in analyzes, we ac-
counted for primary sampling units, sampling
weights, and stratification using the “survey”
package in the R statistical software. The sta-
tistical packages accounted for sampling de-
sign and weights for national estimates and
made the results generalizable to the U.S.
non-institutionalized population and prevented
overestimation of statistical significance. To
ensure that small subpopulations were suffi-
ciently represented in the analyses, the sam-
pling weights from National Health and Nutri-
tion Examination Survey (NHANES) were app-
lied, and data were stratified according to RAR
quartile at baseline. Continuous variables were
expressed as weighted mean * standard de-
viation (SD), while categorical variables were
expressed as percentages (%). Analysis of vari-
ance (ANOVA) and chi-square test were used
for comparing between-group baseline charac-
teristics. Three multivariable-adjusted linear
regression models were employed to examine
the associations of RAR and PSA, and another
three multivariable-adjusted logistic regression
models compared the relationship between
RAR and the high-risk group based on PSA.
Additionally, trend tests were conducted to
determine linear trends after the continuous
RAR was converted into a categorical varia-
ble. The regression models adjusted for these
items: 1) unadjusted model, 2) model adjusted
for age and race, 3) model adjusted for age,
race, marital status, educational level, PIR,
BMI, hypertension, diabetes, smoking status,
alcohol intake, and total cholesterol. Resear-
chers assessed multicollinearity that co-linear-
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ity between independent variables caused
using the variance inflation factor (VIF). A va-
lue > 10 implies severe collinearity. We used
smooth curve fitting, generalized additive mod-
els (GAM), threshold effect analysis via two-
stage linear regression, and interaction tests
based on the RAR-PSA relationship to assess
the presence of nonlinear associations; and
used Restricted cubic spline (RCS) plots to visu-
alize data. We sought to corroborate the ro-
bustness of our findings of RAR and PSA as-
sociations using a priori defined subgroups to
evaluate effect modification. Covariate group-
ings were selected a priori based on prior find-
ings and frequently evaluated prostate cancer
risk factors: age [26], race [27], BMI, smoking
status, alcohol intake, chronic inflammatory
diseases (hypertension and diabetes) [32, 33],
and potential modifiers of social behavior
(marital status) [30]. Missing data were imput-
ed using the R “mice” package. Sensitivity anal-
yses evaluated result robustness via log trans-
formation of RAR, unweighted data analysis,
and by excluding individuals with missing data.
Statistical significance was set at P < 0.05.
Data were analyzed and plotted using the
Storm statistical system (Zstats software, ver-
sion 1.0 www.zstats.net) and R version 4.4.0
(24 Apr 2024).

Results

Weighted baseline characteristics of the re-
search population

In the case of the study population composed
of 5,992 men aged 40 years and over, age
(in years) was 59.67 + 0.18, RAR was 3.08 +
0.04, and mean tPSA was 1.87 ng/mL (stan-
dard deviation, 0.06). Of those patients,
54.76% were non - Hispanic white (Table 1).
RAR is divided into four groups (quartiles):
Q1 = RAR below 2.81, Q2 = 2.81 < RAR to
below 3.00, Q3 = 3.00 < RAR to below 3.23,
Q4 = RAR > 3.23. 3.00 is at most RAR which is
at most 3.23 and RAR is at least 3.23. As
shown in Table 1, age, race, education, marital
status, smoking, alcohol consumption, diabe-
tes, and hypertension did not differ in a sta-
tistically meaningful way between the RAR
quartiles (Q1, Q2, Q3, and Q4) (P > 0.05). When
comparing quartiles, only differences in BMI,
PIR, and total cholesterol had a statistically
meaningful P-value under 0.05. For example,
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Table 1. Baseline characteristics of the participants

Variable Q1(n=1512) Q2(n=1455) Q3 (n=1507) Q4 (n=1518) P_value
RAR, Mean (SE) 2.68 (0.00) 2.90 (0.00) 3.10 (0.00) 3.61 (0.01) <0.001
Age,years (SE) 55.95 (0.32) 55.92 (0.35) 56.00 (0.37) 55.29 (0.30) 0.244
Race/ethnicity, n (%) 0.331
Mexican American 276 (6.88) 246 (5.83) 243 (5.79) 269 (6.12)
Other Hispanic 95 (3.09) 101 (3.36) 95 (3.28) 96 (3.08)
Non-Hispanic White 810 (75.98) 814 (79.08) 818 (75.85) 798 (75.39)
Non-Hispanic Black 280 (9.54) 251 (7.93) 278 (8.81) 293 (9.88)
Other Races 51 (4.50) 43 (3.80) 73 (6.28) 62 (5.53)
Education level, n (%) 0.528
< High school 464 (18.97) 462 (18.07) 451 (18.27) 501 (19.61)
High school 360 (25.08) 325 (24.14) 378 (27.86) 346 (24.74)
> High school 688 (55.95) 668 (57.79) 678 (53.87) 671 (55.64)
Marital.status, n (%) 0.328
Married/Living with partner 1074 (74.92) 1057 (76.38) 1085 (74.87) 1110 (78.49)
Widowed/divorced/separated 333(18.33) 304 (18.06) 314 (18.69) 304 (15.24)
Never married 105 (6.75) 94 (5.56) 108 (6.44) 104 (6.28)
PIR, n (%) 0.004
<13 394 (16.00) 370 (15.23) 381 (14.93) 406 (14.92)
1.3-3.5 573 (34.18) 594 (34.26) 569 (33.72) 558 (32.26)
>3.5 545 (49.82) 491 (50.51) 557 (51.35) 554 (52.82)
BMI, n (%) <0.001
<25 394 (27.84) 330 (23.54) 318 (23.02) 375 (26.55)
25-30 730 (49.36) 652 (46.98) 620 (42.73) 512 (34.35)
>30 388 (22.80) 473 (29.48) 569 (34.25) 631 (39.10)
Smoking status, n (%) 0.950
Current smoker 594 (41.33) 519 (41.11) 576 (40.46) 588 (42.55)
Former smoker 582 (37.15) 592 (36.35) 597 (37.42) 575 (35.09)
Nonsmoker 336 (21.53) 344 (22.54) 334 (22.12) 355 (22.36)
Drink, n (%) 0.758
No 285 (17.32) 252 (15.61) 273 (16.48) 283 (17.27)
Yes 1227 (82.68) 1203 (84.39) 1234(83.52) 1235(82.73)
Diabetes, n (%) 0.833
No 1165 (81.88) 1114 (82.22) 1116 (80.67) 1153 (81.67)
Yes 347 (18.12) 341 (17.78) 391 (19.33) 365 (18.33)
High blood pressure, n (%) 0.594
No 736 (53.20) 708 (53.66) 727 (53.64) 766 (56.20)
Yes 776 (46.80) 747 (46.34) 780 (46.36) 752 (43.80)
PSA-Based Risk Category, n (%) <0.001
PSA-based low risk 1453 (95.45) 1363 (93.62) 1409 (92.03) 1341 (87.71)
PSA-based high risk 59 (4.55) 92 (6.38) 98 (7.97) 177 (12.29)
RDW, Mean (SE) 12.17 (0.01) 12.56 (0.02) 12.95 (0.02) 14.15 (0.06) < 0.001
ALB, Mean (SE) 4.55 (0.01) 4.33(0.01) 4.18 (0.01) 3.92(0.01) <0.001
TC (SE), mg/dL 208.99 (1.12) 201.19(1.39) 197.46(1.42) 184.32(1.33) <0.001
tPSA (SE), ng/ml 1.46 (0.05) 1.63 (0.07) 1.92 (0.09) 2.68 (0.19) <0.001
fPSA (SE), ng/ml 0.37 (0.01) 0.42 (0.02) 0.46 (0.02) 0.60 (0.03) <0.001
f/tPSA (SE), % 30.60 (0.39) 30.14 (0.39) 29.62 (0.41) 30.16 (0.46) 0.420

SE: standard error; RAR: red blood cell distribution width-to-albumin ratio; PSA: prostate specific antigen; tPSA: total prostate
specific antigen; fPSA: free prostate specific antigen; f/t PSA: free/total prostate specific antigen; ALB: Albumin; TC: total cho-
lesterol; PIR: poverty-income ratio; BMI: body mass index. Data for categorical variables are expressed as numbers (%).
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Table 2. Associations between RAR and PSA

Non-adjusted model

Incomplete adjusted model

Fully adjusted model

Exposure (model 1) (model 2) (model 3)
B (95% Cl) P-value B (95% Cl) P-value B (95% Cl) P-value

RAR 1.08 (0.56-1.60) < 0.001 1.08 (0.56-1.61) <0.001 1.13(0.59-1.67) < 0.001
RAR

Q1 0.00 (Reference) 0.00 (Reference) 0.00 (Reference)

Q2 0.16 (-0.04-0.35) 0.119 0.15 (-0.04-0.35) 0.125 0.19 (-0.01-0.38) 0.070

Q3 0.44 (0.24-0.64) <0.001 0.44 (0.24-0.64) < 0.001 0.51(0.31-0.71) < 0.001

Q4 1.27 (0.82-1.72) <0.001 1.28 (0.83-1.73) <0.001 1.36 (0.90-1.83) < 0.001
p for trend < 0.001 < 0.001 < 0.001

Cl: confidence interval; RAR: red blood cell distribution width-to-albumin ratio; PSA: prostate specific antigen. Model 1: Crude.
Model 2: Adjust: Age, Race. Model 3: Adjust: Age, Race, Education level, Marital. status, PIR, BMI, Smoking status, Alcohol

consumption, TC, High blood pressure, Diabetes.

20

[l

Serum PSA level
>

10 indicates a high likelihood
of covariate multicollinearity.
No multicollinearity was found
as all covariates had VIF < 10
(Table S1). To further corrobo-
rate this observation, RAR
was divided into quartiles. The
association was also seen
across these quartiles (P for
trend < 0.001). In the fully ad-
justed model, PSA was 1.36
ng/mL higher (95% CI: 0.90-
1.83) in the highest quartile
(Q4) compared with the lowest
RAR quartile (Q1). B coeffi-

RAR

Figure 2. The non-linear relationship between red blood cell distribution

8 cients of 0.19 (95% CI: -0.01 to
0.38), 0.51 (95% Cl: 0.37-0.71)
and 1.36 (95% Cl: 0.90-1.83)

width-to-albumin ratio (RAR) and prostate specific antigen (PSA). The blue existed in Q2, Q3 and Q4

dashed line shows the smooth curve fitting for these variables. The 95%
confidence intervals of this fit are indicated by the blue bands.

more participants in Q4 had BMI > 30 than in
Q1 (39.10% vs. 22.80%). MEAN of total choles-
terol was 184.32 mg/dL for Q4 and 208.99
mg/dL for Q1. Percent of people with PIR > 3.5
was also higher in Q4 than Q1.

The relationship between RAR and PSA, as
well as PSA-based risk stratification

The relationship between RAR and PSA is
shown in Table 2. In the fully adjusted linear
regression model, with every 1-unit increase in
the RAR, PSA increased by 1.13 ng/mL (95%
Cl: 0.59-1.67). Multicollinearity was evaluated
through variance inflation factor or VIF. VIF >
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respectively showing a dose-
response effect. This effect on
PSA however may not be linear.
The fully adjusted (see Table S2) logistic re-
gression model analysis showed that a 1-unit
increase in RAR was associated with a 1.87-
fold (95% ClI: 1.50-2.34) higher odds of being in
the PSA-based high-risk group. The odds of
being in the PSA-based high-risk group was
222% higher in Q4 compared to Q1 (OR = 3.22;
95% Cl: 2.17-4.78).

Nonlinear association of RAR with PSA

To evaluate the potential non-linear relation-
ship between RAR and PSA, we also employed
a smooth curve fitting (Figure 2). The piece-
wise linear regression model has better fithess
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Table 3. Analysis of the threshold effects of RAR on PSA using the two - segment linear regression

model
Outcome B (95% Cl) P_value
Fitting model by standard linear regression 0.98 (0.78-1.18) <0.001
Fitting model by two-piecewise linear regression
Inflection point 3.762

<3.762 1.48 (1.20-1.76) <0.001

>3.762 -0.55 (-1.82-0.72) 0.399
P for likelihood test <0.001

RAR: red blood cell distribution width-to-albumin ratio; PSA: prostate specific antigen; Cl: confidence interval. Covariates

involved in this model was the same as Adjust Il model presented.

P for overall: <.001
P for nonlinear: <.001

N

PSA B(95%Cl)

=== e e ==

Subgroup analysis

Subgroup analyzes from Table
S3 were conducted to deter-
mine if the RAR-PSA associa-
tions were modified by age, ra-
ce, marital status, BMI, smok-
ing status, alcohol use, hyper-
tension, and diabetes. RAR-
PSA associations did not in-
teract in a statistically mean-
ingful way for age, race, BMI,
smoking status, hypertension,
and diabetes (P for interaction
> 0.05) (Figure 4). The asso-
ciation of RAR and serum PSA

7
RAR

Figure 3. Dose-response relationship between red blood cell distribution
width-to-albumin ratio (RAR) and prostate specific antigen (PSA) (RCS Anal-

ysis).

than the customary linear regression model
based on model comparison tests (P < 0.001).
Using an iterative technique, we identified RAR
= 3.762 as the best inflection point threshold
(Table 3). Below this threshold, each 1 unit
increase of RAR was associated with a 1.48
ng/ml increase of PSA (B = 1.48 (95% Cl: 1.20-
1.76)). Once RAR was shown to be above
3.762, however, there was no statistically sig-
nificant association between RAR and PSA
(B =-0.55, 95% Cl: -1.82-0.72, P = 0.399). This
non-linearity of association can also be validat-
ed by the use of restricted cubic splines (Figure
3). Both overall association and non-linearity
mattered with statistical significance (P <
0.001). To summarize, these observations
support the idea that RAR and PSA relate non-
linearly and threshold-dependently to each
other.
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level was not modified by age,
ethnic group, marital status,
BMI, smoking, alcohol use, hy-
pertension, and diabetes. The
magnitude of the association
of RAR and serum PSA level
was consistent across the subgroups (coeffi-
cient B = 1.08; 95% confidence interval:
0.56-1.60).

Sensitivity analyses

Sensitivity analyses on log-transformed RAR
and weighted linear regression (Table S4)
showed similar findings. In Model 3, a log-trans-
formed RAR as a continuous variable was posi-
tively associated in value with PSA (B = 4.18,
95% CI: 2.37-5.99). Log-RAR’s second quartile
(B =0.17, 95% CI: -0.03-0.37), third quartile (B
= 0.53, 95% CI: 0.33-0.73), and highest quar-
tile (B = 1.36, 95% CI: 0.90-1.83) were associ-
ated linearly with PSA, while a weighted linear
regression excluded all missing values when it
did not impute for similar results (Table S5).
Model 3 also replicated the positive RAR asso-
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PSA B (95%Cl) P P for interaction
All patients 1.08 (0.56 ~ 1.60) B ey <. 001

Age i 0. 469
<60 0.90 (0.04 ~ 1.76) —— 0. 045

=60 1.32 (0.73 ~ 1.91) L= <. 001

Race ; 0. 540
Mexican American 1.61 (-0.65 ~ 3.88) p———=—— 0.168

Other Hispanic 0.49 (-0.42 ™ 1.40) —— 0. 295
Non-Hispanic White 111 (0.61 ~ 1.62) . <.001
Non-Hispanic Black 0.71 (0.12 = 1.30) = 0.021
Other Races 0.31 (-0.28 ~ 0.89) [ 0.308

Marital status § 0.198
Married/Living with partner 1.22 (0.56 ~ 1.89) = <.001
Widowed/divorced/separated 0.78 (0.19 ~ 1.38) = 0.012

Never married 0.33 (-0.14 ~ 0.79) = 0.171

BMI § 0.332
<25 1.34 (0.60 ~ 2.09) L <. 001
25-30 1.45 (0.23 ~ 2.66) I—'—I 0.023

= 0.65 (0.27 ~ 1.03) = 0. 001
Smoking status 5 0.524
Nonsmoker 1.09 (0.02 ~ 2.17) A 0. 050
Former smoker 1.37 (0.66 ~ 2.08) D <. 001
Current smoker 0.68 (0.10 ~ 1.26) —— 0.026
Alcohol consumption 0.951
No 1.04 (-0.49 ~ 2.57) F—— 0.186

Yes 1.09 (0.66 ~ 1.51) S <. 001
Diabetes ; 0. 231
No 1.22 (0.50 ~ 1.94) = 0.001

Yes ~ = 0.013

High blood pressure 0.64°(0.15 = 1.14) | 0.706
No 1.16 (0.29 " 2.04) e 0.011

Yes 0.99 (0.56 1.42) b <. 001

| \ \ \ \
3 -5 0 1.5 3

Worse better

Figure 4. Subgroup analysis of the relationship between red blood cell distribution width-to-albumin ratio (RAR)
and prostate specific antigen (PSA). B: regression coefficient; Cl: confidence interval; BMI: body mass index.

ciations (B = 1.17, 95% Cl: 0.68-1.65), within
the continuous model and within the increasing
PSA across RAR quartiles model (for Q2, B =
0.25, 95% CI: 0.05-0.45; for Q3, B = 0.49, 95%
Cl: 0.28-0.69; for Q4, B = 1.40, 95% ClI: 0.85-
1.96). Tables S6 and S7 show that linear regres-
sion analyses performed using unweighted
imputed data or after excluding extreme PSA
values (> 10 ng/mL) have repeatedly verified
the positive correlation between RAR and PSA
in Models 1, 2, and 3. In other words, positive
associations between RAR and PSA were still
meaningful in Model 3, which was a continuous
model (B = 1.17, 95% CI: 0.68-1.65), and in the
increasing PSA across RAR quartiles model. In
summary, we performed sensitivity analyses
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that showed a strong positive association
between RAR and the level of serum PSA.

Discussion

As a cross - sectional survey of 5,992 males
aged 40 years and above, it was shown in the
study that in men with RAR < 3.762, increase of
RAR will result in important increase of PSA. To
our knowledge, this is the first study to evalua-
te the association between RAR and PSA in
American men. A higher RAR has also been
linked to diabetes, a greater prevalence of
chronic kidney disease [23], an increased in-
hospital mortality after an acute exacerba-
tion of chronic obstructive pulmonary disease
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(COPD) [34], and a higher incidence of depres-
sion. Red blood cell distribution width (RDW)
measures variation in RBC volume. A high RDW
is indicative of systemic inflammation and a
poor prognosis for many diseases, including
cardiovascular and renal disease, diabetes,
hepatic transplantation, and other pulmonary
and chronic diseases in the general population
[9]. Albumin may bind to other pro inflammatory
mediators, reducing the body’s inflammatory
response capacity. It is also a marker of sys-
temic inflammatory disease [35]. Thus, a high
RAR may be related to a higher RDW, along with
a low level of albumin, and the RAR is believed
to be an indicator of inflammation [36]. The
RDW, along with the concentration of albu-
min, may be a better guide for determining
inflammation.

The inflammatory response is one of the more
salient factors to stimulate cancer. The first
person to document the connection between
inflammation and tumors was Rudolf Virchow
[15]. Previous studies have shown that inflam-
mation is associated with the following tumors:
gastric, colon, skin, liver, breast and lung can-
cer [32]. Simultaneously, chronic inflammation
is a fundamental factor in tumorigenesis [37].
Inflammatory molecules and signaling path-
ways can drive the onset and development of
various tumors through progression. Numerous
factors play a role including pro-inflammatory
cytokines like Interleukin (IL)-1, IL-6, IL-13, and
Tumor Necrosis Factor (TNF)-«, and transcrip-
tion factors such as Nuclear Factor kappa-light-
chain-enhancer of activated B-cells (NF-kB)
and Signal Transducer and Activator of Tran-
scription 3 (STAT3) [38-41]. IL-1, IL-6, necrosis
factor and acute - phase reactants stimulate
the leakage of albumin from capillaries and
govern albumin production in the liver [42, 43].
This reduction in albumin further intensifies
inflammation. Malnutrition also weakens the
immune system and increases the risk of can-
cer [44]. Also, the inflammatory process induc-
es the injury of endothelial cells and erythro-
cytes, which triggers the RDW increase [45].
On the opposite side, the dysfunction of ery-
throid cells generates inflammation and oxida-
tive stress [46, 47].

Inflammation is a major risk factor for prostate
cancer, and also has a deep influence on the
tumor microenvironment [33]. Chronic prostat-
ic inflammation can cause tumor-promoting
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events for affecting the microenvironment.
Events include cells that proliferate, survival,
immune evasion, remodel prostatic tissue, plus
angiogenic factor production, metastasize, and
resist therapy [48]. NF-kB, a pro-inflammatory
transcription factor, is activated via TNF-a in
response to injury/infection. In PCa, it is a pow-
erful promoter in tumorigenesis, chemoresis-
tance, and metastasis through regulation of
IL-6 and other factors that drive cancer pro-
gression and metastasis, such as VEGF and
IL-8 [49, 50]. Cytokines and reactive species
are secreted by inflammatory lymphocytes and
macrophages that cause DNA damage and
inflammatory cell reprogramming resulting in
prostatic carcinogenesis [51]. Additionally, mi-
gration and clonal amplification of inflammato-
ry cells give rise to DNA DSBs and activation of
the AR in prostatic epithelial cells. If the senes-
cence-associated secretory phenotype (SASP)
is activated, non-repairable oxidative stress
damage to DNA caused by free radicals induc-
es upregulation of DNA repair pathways and
activation of tumor suppressors in a cellular
DNA damage response, which causes the up-
regulation of mutagenic damage to DNA. Inhe-
rited mutations in DNA repair genes speed up
the process of carcinogenesis due to repair
deficiency [52]. Microorganisms, such as bacte-
ria and viruses, can promote prostatic inflam-
mation and PCa [53]. More recently, Doat et al.
reported that men treated with non-steroidal
anti-inflammatory drugs (NSAIDs) with strong
COX-2 inhibitory activity have lower risk of PCa
[54]. This further reinforces the relationship
between inflammation and PCa, and suggests
the regulation of inflammation as a possible
means of risk reduction against PCa deve-
lopment.

Because of the importance of PSA screening
in the diagnosis of prostate cancer but the
unclear relationship between RAR and PSA, a
secondary analysis of NHANES was done to fur-
ther describe this relationship. In the current
study a non - linear correlation between RAR
and PSA was noted for RAR values less than
3.762. It was found that with each 1 unit in-
crease in RAR, there was an increase of 1.48
ng/mlin the PSA (B = 1.48, 95% CI: 1.20-1.76).
Similar results were observed after stratifying
the risk of prostate cancer according to the
PSA, with RARs positively correlated with those
at a high risk of prostate cancer (OR = 1.87
(1.50, 2.34), when the RDW increased or the
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albumin decreased). Increasing RDW indicates
damaged vascular endothelial and red blood
cells by decreasing albumin levels which in turn
acts as a promoter for an inflammatory reac-
tion and oxidative imbalance. As shown by
Richter et al., a decrease in albumin levels
leads to a decrease in albumin - bound testos-
terone levels with an increase in free testoster-
one levels. Free testosterone is another impor-
tant risk factor in the pathogenesis of PCa [55],
and is also an important factor affecting the
serum level of PSA. Inflammation plays a great
role in the pathogenesis of cancer [56]. Thus,
as inflammatory marker, RAR may be involved
in the inflammatory processes that cause
the increase of PSA, and may also be a risk
factor in the pathogenesis and development of
PCa. As a composite indicator, it integrates
information related to inflammation, nutrition,
and hormone regulation. This multi-dimension-
al characteristic may provide ‘additional infor-
mation beyond inflammation’ for PSA-based
risk assessment. It may involve more complex
pathophysiological mechanisms that require
further dissection in subsequent studies. In our
study, the threshold effect of RAR and PSA
was found with an inflection point of 3.762.
However, the threshold effect can be explained
from the following two aspects. The first one is
the saturation effect within the biological
mechanism: the inflammation-driven effect on
tumors may have a “ceiling effect”. When RAR
reaches greater than 3.762, this may actually
be where the body does not have the capacity
to mount a large enough inflammatory res-
ponse. Beyond this point, inflammatory sys-
tems (i.e. NF-kB, IL-6/STAT3) can be activated
all the time and a greater RAR (inflammatory
marker) can no longer drive PSA elevation. In
addition, a high RAR may not always suggest
the involvement of RAR, but it may also reflect
the severity of the underlying disease. Other
studies have reported changes in androgens
and testosterone levels in patients with liver
cirrhosis, which may alter the generation and
metabolism of serum PSA and the chances of
developing prostate cancer [57]. On the other
hand, individuals with high RAR (> 3.762)
make up an extremely small proportion of the
population studied (15% of Q4 in this study).
Thus, differences in sample sizes for clinical
data could cause reduced statistical power
and wider confidence intervals for the associa-
tion of interest above the threshold.
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The strengths of the study include that the data
were drawn from NHANES, a nationally repre-
sentative dataset collected with standardized
protocols. Additionally, confounding variables
were controlled for, and stratified analyzes
were conducted, in which the association be-
tween RAR and PSA levels was assessed with-
in specific strata of the NHANES population.
However, there are some limitations to our
study that should be noted. First, since our
study is cross-sectional, we cannot draw any
causal inferences between RAR and PSA or risk
of PCa from our findings. Second, our study is
only generalizable to US population, as we only
performed analysis on the US population. Third,
covariates were adjusted during analyses but
residual confounding cannot be excluded due
to possible unmeasured confounders. Future
studies should consider how other potential
confounders, including dihydrotestosterone le-
vels, impact the relationship between RAR and
the risk of developing PCa. PSA is not specific
to prostate cancer. It may be raised in benign
prostatic hyperplasia and infection. Clinical
data can reflect biases. Random errors can
increase because sample sizes differ. Asse-
ssment of the association beyond the thresh-
old becomes difficult. In the future, studies
could integrate multiple databases, collect
data from clinics, and perform cross-validation
in potential studies for more precise predi-
ction.

Conclusion

Ultimately, a non-linear relationship between
RAR and serum PSA was observed for US ma-
les aged 40 years or older. A positive relation-
ship was noted between RAR and PSA levels
when RAR was less than 3.762. RAR may serve
as a background marker under inflammatory or
metabolic conditions, complementing PSA test-
ing. There is some evidence that high levels of
RAR increase susceptibility to prostate cancer
or the progression of existing prostate cancer
but these results require confirmation in pro-
spective studies of prostate cancer incidence.
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Table S1. Variance inflation factor (VIF) results

Variable VIF Value
Age (years) 1.150
Race/ethnicity 1.039
Education Level 1.089
Marital.status 1.025
PIR 1.075
BMI 1.010
Smoking Status 1.057
TC 1.022
Alcohol Consumption 1.038
High blood pressure 1.059
Diabetes 1.045

VIF (Variance Inflation Factor) values are used to check multicollinearity between covariates.

Table S2. Associations between RAR and PSA-based high risk

Non-adjusted model Incomplete adjusted model Fully adjusted model
Exposure (model 1) (model 2) (model 3)
OR (95% Cl) P-value OR (95% Cl) P-value OR (95% Cl) P-value

RAR 1.84 (1.50-2.26) <0.001 1.85 (1.50-2.27) <0.001 1.87 (1.50-2.34) < 0.001
RAR

Q1 1.00 (Reference) 1.00 (Reference) 1.00 (Reference)

Q2 1.43 (0.91-2.24) 0.128 1.42 (0.90-2.24) 0.138 1.49 (0.95-2.33) 0.091

Q3 1.81(1.31-2.52) <0.001 1.80 (1.29-2.51) < 0.001 1.92(1.38-2.67) <0.001

Q4 2.94 (2.00-4.32) <0.001 2.93(1.99-4.32) <0.001 3.22(2.17-4.78) <0.001

p for trend < 0.001 < 0.001 0.031

OR: Odds Ratio, Cl: Confidence Interval; RAR: red blood cell distribution width-to-albumin ratio; PSA: prostate specific antigen;
Cl: confidence interval. Model 1: Crude. Model 2: Adjust: Age, Race. Model 3: Adjust: Age, Race, Education level, Marital.
status, PIR, BMI, Smoking status, Alcohol consumption, TC, High blood pressure, Diabetes.

Table S3. Subgroup analysis of the association between RAR and PSA

Variables B (95% CI) P P for interaction
All patients 1.08 (0.56-1.60) <.001
Age 0.469
<60 0.90 (0.04-1.76) 0.045
>60 1.32(0.73-1.91) <.001
Race 0.540
Mexican American 1.61 (-0.65-3.88) 0.168
Other Hispanic 0.49 (-0.42-1.40) 0.295
Non-Hispanic White 1.11 (0.61-1.62) <.001
Non-Hispanic Black 0.71 (0.12-1.30) 0.021
Other Races 0.31 (-0.28-0.89) 0.308
Marital status 0.198
Married/Living with partner 1.22 (0.56-1.89) <.001
Widowed/divorced/separated 0.78 (0.19-1.38) 0.012
Never married 0.33 (-0.14-0.79) 0.171
BMI 0.332
<25 1.34 (0.60-2.09) <.001
25-30 1.45 (0.23-2.66) 0.023
>30 0.65 (0.27-1.03) 0.001
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Smoking status
Nonsmoker

Former smoker

Current smoker

Alcohol consumption

No
Yes
Diabetes
No
Yes

High blood pressure

No
Yes

1.09 (0.02-2.17)
1.37 (0.66-2.08)
0.68 (0.10-1.26)

1.04 (-0.49-2.57)
1.09 (0.66-1.51)

1.22 (0.50-1.94)
0.64 (0.15-1.14)

1.16 (0.29-2.04)
0.99 (0.56-1.42)

0.524

0.050
<.001
0.026

0.951

0.186
<.001

0.231

0.001
0.013

0.706

0.011
<.001

Table S4. Associations between IogRAR and PSA

Non-adjusted model

Incomplete adjusted model

Fully adjusted model

Exposure
B (95% Cl) P-value B (95% Cl) P-value B (95% Cl) P-value

logRAR 3.97 (2.22-5.72) <0.001  3.98(2.22-5.73) <0.001 4.18(2.37-5.99) <0.001
logRAR

Q1 0.00 (Reference) 0.00 (Reference) 0.00 (Reference)

Q2 0.14 (-0.05-0.33) 0.164 0.14 (-0.06-0.33) 0.171 0.17 (-0.03-0.37) 0.101

Q3 0.45 (0.25-0.65) < 0.001 0.45 (0.25-0.65) < 0.001 0.53(0.33-0.73) <0.001

Q4 1.27 (0.82-1.72) < 0.001 1.28 (0.83-1.73) < 0.001 1.36(0.90-1.83) < 0.001
p for trend < 0.001 <0.001 < 0.001

Cl: Confidence Interval; RAR: red blood cell distribution width-to-albumin ratio; PSA: prostate specific antigen; Cl: confidence
interval. Model 1: Crude. Model 2: Adjust: Age, Race. Model 3: Adjust: Age, Race, Education level, Marital.status, PIR, BMI,
Smoking status, Alcohol consumption, TC, High blood pressure, Diabetes.

Table S5. Associations between RAR and PSA

Non-adjusted model

Incomplete adjusted model

Fully adjusted model

Exposure
B (95% Cl) P-value B (95% Cl) P-value B (95% Cl) P-value

RAR 1.12 (0.74-1.49) <0.001 1.12 (0.74-1.49) < 0.001 1.17 (0.68-1.65) <0.001
RAR

Q1 0.00 (Reference) 0.00 (Reference) 0.00 (Reference)

Q2 0.25 (0.06-0.44) 0.012 0.26 (0.07-0.45) 0.011 0.25 (0.05-0.45) 0.020

Q3 0.48 (0.32-0.64) <0.001 0.48 (0.32-0.64) <0.001 0.49 (0.28-0.69) < 0.001

Q4 1.33 (0.95-1.72) <0.001 1.33(0.94-1.72) <0.001 1.40 (0.85-1.96) < 0.001
p for trend < 0.001 < 0.001 < 0.001

Cl: Confidence Interval; RAR: red blood cell distribution width-to-albumin ratio; PSA: prostate specific antigen; Cl: confidence
interval. Model 1: Crude. Model 2: Adjust: Age, Race. Model 3: Adjust: Age, Race, Education level, Marital.status, PIR, BMI,
Smoking status, Alcohol consumption, TC, High blood pressure, Diabetes.
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Table S6. Associations between RAR and PSA

Non-adjusted model

Incomplete adjusted model

Fully adjusted model

Exposure
B (95% Cl) P-value B (95% Cl) P-value B (95% Cl) P-value

RAR 0.94 (0.75-1.14) < 0.001 0.94 (0.75-1.14) < 0.001 0.98 (0.78-1.18) < 0.001
RAR

Q1 0.00 (Reference) 0.00 (Reference) 0.00 (Reference)

Q2 0.22 (-0.02-0.46) 0.077 0.21 (-0.03-0.45) 0.081 0.24 (0.01-0.48) 0.048

Q3 0.43 (0.19-0.67) <0.001 0.43 (0.19-0.67) <0.001 0.49 (0.25-0.73) <0.001

Q4 1.21 (0.97-1.44) <0.001 1.21 (0.97-1.45) <0.001 1.28 (1.03-1.52) < 0.001
p for trend < 0.001 < 0.001 <0.001

Cl: Confidence Interval; RAR: red blood cell distribution width-to-albumin ratio; PSA: prostate specific antigen; Cl: confidence
interval. Model 1: Crude. Model 2: Adjust: Age, Race. Model 3: Adjust: Age, Race, Education level, Marital.status, PIR, BMI,
Smoking status, Alcohol consumption, TC, High blood pressure, Diabetes.

Table S7. Associations between RAR and PSA

Non-adjusted model

Incomplete adjusted model

Fully adjusted model

Exposure
B (95% Cl) P-value B (95% Cl) P-value B (95% CI) P-value

RAR 0.34 (0.16-0.51) < 0.001 0.34(0.16-0.51) <0.001 0.33(0.15-0.50) <0.001
RAR

Q1 0.00 (Reference) 0.00 (Reference) 0.00 (Reference)

Q2 0.12 (-0.01-0.25) 0.080 0.12 (-0.01-0.25) 0.079 0.14 (0.01-0.27) 0.045

Q3 0.33(0.18-0.48) <0.001 0.33(0.18-0.48) < 0.001 0.35(0.21-0.50) < 0.001

Q4 0.46 (0.31-0.62) <0.001 0.47 (0.31-0.62) <0.001 0.48(0.32-0.63) <0.001
p for trend < 0.001 < 0.001 < 0.001

Cl: Confidence Interval; RAR: red blood cell distribution width-to-albumin ratio; PSA: prostate specific antigen; Cl: confidence
interval. Model 1: Crude. Model 2: Adjust: Age, Race. Model 3: Adjust: Age, Race, Education level, Marital.status, PIR, BMI,
Smoking status, Alcohol consumption, TC, High blood pressure, Diabetes.



