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Abstract
Background

Mean corpuscular volume (MCV) has been linked to cardiovascular disease and mortality, but its relationship with renal function is not well established. We
examined the association of MCV quintiles with albuminuria and hyperfiltration in non-anemic Korean adults.

Methods

This cross-sectional study analyzed 57,908 non-anemic adults aged 19 years or older who underwent health screening from 2005 to 2025 at Seoul National
University Hospital. Subjects were divided into age- and sex-specific MCV quintiles. Multivariable logistic regression evaluated the association of MCV
quintile with albuminuria (urine dipstick = 1+) and hyperfiltration (estimated glomerular filtration rate [eGFR] above the age- and sex-specific 97.5th
percentile), and a generalized linear model evaluated its association with eGFR. All models were adjusted for age, body mass index, hypertension, diabetes,
red cell distribution width (RDW), hemoglobin, and lifestyle factors; the albuminuria model was additionally adjusted for eGFR. Missing covariates were
imputed using chained equations.

Results

In women, the lowest MCV quintile showed higher odds ratios of albuminuria (OR 1.21, 95% CI 1.06—1.38) and hyperfiltration (OR 1.54, 95% Cl 1.24-1.92)
versus the third quintile. When stratified by age, the albuminuria association was prominent in elderly women, while hyperfiltration was seen in both age
groups. Similar trends were not observed in men. After adjustment for age and metabolic risk factors, a negative MCV-eGFR association was observed in all
subgroups of both sexes.

Conclusion

In non-anemic adults, low MCV was associated with albuminuria and hyperfiltration, particularly in women, whereas higher MCV was associated with lower
eGFR. These findings suggest that MCV reflects the systemic metabolic stress and biological aging underlying early kidney damage.

Background

Mean corpuscular volume (MCV), one of the indices reported on a complete blood count (CBC), has traditionally been used in the differential diagnosis of
anemia. MCV is known to vary with nutritional status, age, alcohol intake, and smoking [1]. More recently, it has also been reported that MCV predicts survival
and coronary events in patients with chronic kidney disease [2, 3], influences prognosis after percutaneous coronary intervention [4], and is related to
outcomes in several malignancies [5-8]. Even in the general population, MCV has been linked to cardiovascular disease [9, 10], all-cause mortality, and liver
cancer mortality [11]. These findings suggest that MCV may reflect aspects of systemic health more than just the hematological parameters.

Chronic kidney disease (CKD) places a heavy burden on health care because of its high prevalence and its strong association with cardiovascular events and
premature death [12]. Albuminuria is an early sign of microvascular injury, and a decreased estimated glomerular filtration rate (eGFR) reflects loss of renal
function. Both are well known as the predictors of cardiovascular disease and mortality and widely used for CKD screening and prognosis [13, 14].
Glomerular hyperfiltration is another early marker of kidney damage, defined as an abnormally elevated glomerular filtration rate. It is known to result from
metabolic burden such as metabolic syndrome, insulin resistance, and obesity [15], and it has been reported to be associated with albuminuria in the general
population [16]. Furthermore, hyperfiltration has been reported as an independent precursor of subsequent proteinuria in a large longitudinal study [17], and it
is considered to reflect an early stage of renal injury that progresses from glomerular hemodynamic overload to structural damage.

Given the observed links between MCV and cardiovascular outcomes in diverse populations, and the role of albuminuria and eGFR as core markers of
cardiovascular risk, it is reasonable to ask whether MCV is also associated to renal indices. However, the independent relationship of MCV with eGFR and
albuminuria has not yet been examined. The present study was therefore designed to evaluate the association of MCV with eGFR and albuminuria in non-
anemic adults aged 19 years or older.

Methods
Participants

From January 1, 2005 to May 22, 2025, 161,293 health check-ups were performed at the Seoul National University Health Promotion Center. After keeping
only the first visit for each individual, we identified 67,728 participants for initial inclusion. Then we applied the following exclusion criteria in order. 6,428
subjects with missing values for any of the key analytic variables—MCYV, urine albumin, blood urea nitrogen (BUN), or creatinine—were excluded. Next, 72
subjects younger than 19 years were excluded and to avoid confounding from anemia-related MCV changes, 3,320 subjects with hemoglobin (Hb) below 13
g/dL in men or 12 g/dL in women were excluded. A total of 57,908 participants (29,279 men and 28,629 women) were included in the final analysis (Fig. 1).

Covariates
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Information on comorbidities such as hypertension, diabetes mellitus, and dyslipidemia, as well as medication use, smoking history, alcohol intake, and
exercise habits, was collected through a self-completed questionnaire and trained nurses reviewed it. Smoking status was classified as current, former, or
never smoker. Subjects who consumed at least one drink per week were categorized as regular drinkers. Regular exercise was defined as at least 150
minutes of moderate-intensity or 75 minutes of vigorous-intensity aerobic activity per week.

Hypertension was defined as systolic blood pressure = 140 mmHg or diastolic blood pressure = 90 mmHg, or self-report of a physician diagnosis or current
use of antihypertensive medication. Diabetes mellitus was defined as fasting plasma glucose = 126 mg/dL or HbA1c = 6.5%, or self-report of a physician
diagnosis or current use of antidiabetic medication.

Height, weight, blood pressure, and all blood and urine tests were obtained after an overnight fasting of at least 12 hours.

Exposure variable

MCV was calculated automatically by the analyzer using the formula Hematocrit (%) / red blood cell(RBC) count (10%/uL). Subjects were divided into quintiles
of MCV within each sex- and age-specific subgroup (younger or older than the median age of 53 years for men and 54 years for women). The quintile cutoffs
(20th, 40th, 60th, and 80th percentiles in fL) were 88.5, 90.6, 92.5, and 94.9 in young men; 90.2, 92.4, 94.3, and 96.7 in elderly men; 88.9,91.2,93.1, and 95.3
in young women; and 90.0, 92.0, 93.8, and 96.0 in elderly women.

Outcome

A first morning urine sample collected after 12 hours of fasting underwent dipstick analysis, which was graded as negative, trace, 1+, 2+, 3+, or 4+. According
to previous literature, 1+ or higher indicated albuminuria [18]. Renal function was estimated by eGFR calculated with the Modification of Diet in Renal
Disease (MDRD) equation [19]. For sensitivity analysis, eGFR was additionally calculated using the Chronic Kidney Disease Epidemiology Collaboration (CKD-
EPI) equation [20].

Because there is no universally accepted definition of glomerular hyperfiltration, we defined it here as an eGFR above the age- and sex-specific 97.5th
percentile. Subjects were classified as younger or elderly using the median age in each sex, which was 53 years for men and 54 years for women. (Young
Men = 53 years: 116.85 mL/min/1.73 m?; Elderly Men > 53 years: 108.63 mL/min/1.73 m? Young Women < 54 years: 123.02 mL/min/1.73 m? Elderly Women
> 54 years: 109.92 mL/min/1.73 m2.)

Statistical analysis

Participants were assigned to one of four sex- and age-specific subgroups and then distributed into quintiles according to their MCV. For continuous
variables, a linear trend across MCV quintiles was tested using linear regression with the quintile as an ordinal predictor (P for trend). For categorical
variables, differences in distribution across MCV quintiles were tested using Pearson's chi-squared test. The effect of MCV quintile on albuminuria and
hyperfiltration was examined by multivariable logistic regression. For albuminuria, the model was adjusted for age, BMI, eGFR, hypertension, diabetes
mellitus, RDW, hemoglobin, smoking status, alcohol use, and exercise. For hyperfiltration, the same set of covariates was used except for eGFR, since
hyperfiltration was defined based on eGFR. The effect of MCV quintile on eGFR was evaluated using a generalized linear model with the same set of
covariates (excluding eGFR itself).

To improve statistical efficiency, we applied multiple imputation to handle missing data. Missingness in the covariates (BMI, RDW, hypertension, diabetes
mellitus, smoking status, alcohol use, and exercise) was assumed to be missing at random, and imputation was performed using multivariate imputation by
chained equations. The imputation model included all variables without missing values that were used in the main analysis (age, sex, hemoglobin, MCV
quintile, eGFR, albuminuria, and hyperfiltration). Fifty complete datasets were generated. Each dataset was analyzed separately, and the 50 sets of results
were then pooled to produce the final estimates and standard errors. All analyses were performed using STATA MP 18.0 (StataCorp, College Station, TX,
USA) and a two-sided P < 0.05 was considered statistically significant.

Results

The distribution of clinical variables across MCV quintiles is summarized in Table 1 and Supplementary Table S1. Mean MCV was higher in men than women,
and the overall quintile cut-off values were also higher in men. Most variables differed significantly across the quintiles. In both sexes, mean age rose with
increasing MCV. BMI, systolic blood pressure (SBP), fasting glucose, and HbA1c moved in the opposite direction, and the prevalence of hypertension (HTN)
and diabetes mellitus (DM) followed the negative trend. The proportion of current smokers and regular drinkers was higher in the higher MCV quintiles in
both sexes, but so was the proportion of those who exercised regularly.
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Table 1
Baseline characteristics according to MCV quintiles in men and women.

Baseline Characteristics (Men) Baseline Characteristics (Women)
MCV_quintile MCV_quintile
1 2 3 4 5 Total P 1 2 3 4 5 Total
N 5,959 5,908 5,768 5,934 5,710 29,279 5,846 5771 5,740 5,663 5,609 28,629
(20.4%) (20.2%) (19.7%) (20.3%) (19.5%) (100%) (20.4%) (20.2%) (20.0%) (19.8%) (19.6%) (100%)
Age 49.5 50.7 51.4 52.0 53.4 51.4 < 51.8 51.8 52.1 53.1 53.7 52.5
(13.6) (13.3) (13.1) (12.6) (12.1) (13.0) 0.001 (12.7) (12.7) (12.7) (12.5) (13.1) (12.8)
BMI 25.3 24.8 24.5 24.4 24.0 24.6 < 23.5 23.1 22.8 22.6 22.2 229
(3.4) (3.2) (3.1) (3.1) (3.0) (3.2) 0.001 (3.7) (3.4) (3.4) (3.2) (3.2) (3.4)
Hb 15.6 15.6 15.5 15.5 15.5 15.5 < 13.5 13.6 13.6 13.5 13.5 13.5
(1.1) (1.0) (1.0) (1.0) 1.1) (1.1) 0.001 (0.9) (0.8) (0.8) (0.8) (0.8) (0.8)
RDW 12.8 12.7 12.7 12.7 12.7 12.7 < 13.0 12.7 12.6 12.6 12.6 12.7
(0.8) (0.6) (0.6) (0.6) 0.8) (0.7) 0.001 (1.0 0.7) (0.7) 0.7) (0.7) (0.8)
HTN(yes)? 1,076 1,011 922 842 732 4,583 < 786 686 633 591 581 3,277
(18.2) (17.2) (16.1) (14.2) (12.9) (15.7) 0.001 (13.6) (12.0) (11.2) (10.6) (10.5) (11.6)
b 572 462 415 374 315 2,138 < 352 247 250 209 213 1,271
DM(yes) (7.3)  0.001 (4.4)
(9.6) (7.8) (7.2) (6.3) (5.5) (6.0) (4.3) (4.9) (3.7) (3.8)
Smoking 1,239 1,038 813 755 455 4,300 2,761 2,776 2,778 2,676 2,535 13,526
(34.4) (30.9) (26.3) (25.4) (19.4) (28.0) (92.8) (92.3) (90.9) (91.3) (88.0) (91.1)
(never)
Smoking 1,622 1,503 1,401 1,257 946 6,729 < 137 154 159 140 164 754
&) (45.1) (44.7) (45.4) (42.2) (40.2) (43.8) 0.001 (4.6) (5.1) (5.2) (4.8) (5.7) (5.1)
Ex-
Smoking 736 821 872 964 950 4,343 77 78 119 114 181 569
(20.5) (24.4) (28.3) (32.4) (40.4) (28.3) (2.6) (2.6) (3.9) (3.9 (6.3) (3.8)
(Current)
Alcohol(yes) 2,339 2,324 2,195 2,243 1,833 10934 < 1,049 1,148 1,242 1,166 1,234 5,839
(65.6) (69.6) (71.6) (75.4) (79.0) (71.6) 0.001 (34.9) (38.0) (40.4) (39.6) (42.6) (39.1)
Exercised(yes) 1,561 1,533 1,496 1,549 1,209 7,348 < 1,100 1,109 1,248 1,236 1,249 5,942
(44.0) (45.9) (48.5) (51.7) (51.4) (48.0) 0.001 (35.8) (36.0) (39.5) (40.5) (41.6) (38.7)
eGFR-MDRD 83.6 82.4 82.0 81.5 80.4 82.0 < 84.8 83.6 83.5 81.9 80.8 82.9
(15.6) (14.9) (15.2) (14.4) (14.9) (15.1) 0.001 (16.8) (16.2) (15.7) (15.5) (15.5) (16.0)
Albuminuria® 748 703 687 660 689 3,487 0.2 570 521 454 421 460 2,426
(12.6) (11.9) (11.9) (11.1) (12.1) (11.9) (9.8) (9.0) (7.9) (7.4) (8.2) (8.5)
ionf 171 134 149 138 140 732 0.231 222 143 139 112 97 713
Hyperfilration” 0y (53)  (26)  (23) (25 (2.5 38 (25 (24 (20 (17 (25
Values are presented as mean (standard deviation) or number (%). P for trend was calculated by linear regression for continuous variables and Pearson’s ch
test for categorical variables, with MCV quintile as an ordinal variable.
Abbreviations: MCV, mean corpuscular volume; BMI, body mass index; eGFR-MDRD, estimated glomerular filtration rate by Modification of Diet in Renal Dise
equation; Hb, hemoglobin; RDW, red cell distribution width; HTN, hypertension; DM, diabetes mellitus.
2 Hypertension, blood pressure = 140/90 mmHg or on antihypertensive medication. ® Diabetes, fasting glucose = 126 mg/dL, HbA1c = 6.5%, or on antidiabeti
medication. ¢ Regular drinker, = 1 drink/week. ¢ Regular exercise, = 150 min moderate or = 75 min vigorous aerobic activity/week. & Albuminuria, urine dipstic
Hyperfiltration, eGFR above the age- and sex-specific 97.5th percentile. Full definitions are provided in the Methods.

For the main renal endpoints, the prevalence of albuminuria did not differ across MCV quintiles in men, but in women it tended to fall as MCV rose (total
cases: 3,487 men, 2,426 women). eGFR declined with rising MCV in both sexes; mean eGFR was 82.0 + 15.1 mL/min/1.73 m? in men and 82.9 + 16.0
mL/min/1.73 m2 in women. Hyperfiltration was identified in 732 men and 713 women.

After adjusting for age, BMI, hypertension, diabetes mellitus, RDW, Hb, smoking status, alcohol use, and exercise, the estimated mean eGFR had negative
relationships with MCV quintile in all subgroups, and this trend was more prominent in young men, young women, and elderly women (Fig. 2).

Compared with the third MCV quintile, the adjusted odds ratio (OR) for albuminuria was significantly higher in the first MCV quintile among women (OR 1.21,
95% CI 1.06-1.38; P-trend = 0.004). On age-stratified analysis, this association was significant only in elderly women in the first quintile (OR 1.37,95% ClI
1.10-1.70; P-trend = 0.034) (Table 2). A reduced odds ratio of albuminuria was seen in the fourth quintile of elderly men, but this was not kept in the fifth
quintile, and no consistent pattern was found.

Page 4/11



Table 2

The association between albuminuria and quintiles of mean corpuscular volume(MCV)&P¢

Men Women

Young® Elderly® Total Young® Elderly® Total
Ptrendd 0.541 0.102 0.206 0.018 0.034 0.004
MCV
1st Quintile 1.06 (0.90-1.24)  1.04(0.88-1.23) 1.04(0.93-1.17)  1.13(0.95-1.34)  1.37(1.10-1.70) 1.21 (1.06-1.38)
2nd Quintile 1.02(0.87-1.19)  0.98 (0.83-1.16) 1.00(0.89-1.12)  1.11(0.94-1.31)  1.18 (0.94-1.47) 1.12 (0.99-1.29)
3rd Quintile - - - - - -
4th Quintile 1.00 (0.86-1.17) 0.83 (0.70-0.99) 0.92 (0.82-1.03) 0.93(0.78-1.11) 0.97 (0.77-1.23) 0.95(0.82-1.09)
5th Quintile 1.01(0.86-1.18)  0.96 (0.80-1.14) 0.99 (0.88-1.12)  0.96 (0.81-1.15)  1.17(0.93-1.47) 1.05(0.92-1.21)

@ Analyzed by multivariate logistic regression, adjusted for age, body mass index (BMI), estimated glomerular filtration rate (eGFR), hypertension,
diabetes, red cell distribution width (RDW), hemoglobin, smoking status, alcohol intake, and regular exercise.

b Missing data for covariates (BMI, RDW, hypertension, diabetes, smoking status, alcohol intake, and regular exercise) were handled using multiple
imputation by chained equations.

¢ I?ata are presented as odds ratios (ORs) with 95% confidence intervals (Cls) compared with the 3rd quintile of mean corpuscular volume (MCV) as the
reference group.

9 Pyreng Was calculated by treating the mean corpuscular volume(MCV) quintiles as a continuous variable in the model to evaluate linear trends.

€ Young group was defined as younger than or equal to the median age (53 year for men and 54 year for women) and the elderly group was defined as
older than the median age in each sex.

For hyperfiltration, again with the third MCV quintile as reference, the OR was significantly higher in the first MCV quintile among women (OR 1.54, 95% Cl
1.24-1.92; P-trend < 0.001). The result was also significant in the first quintile of both young women (OR 1.52, 95% Cl 1.13-2.06; P-trend < 0.001) and elderly
women (OR 1.50, 95% Cl 1.08-2.09; P-trend < 0.001). A reduced risk was also observed in the highest quintile of total women (OR 0.73, 95% Cl 0.56—0.95), in
line with the negative association between MCV and eGFR (Table 3). No significant association was found in men.

Table 3
The risk of hyperfiltration® according to the quintiles of mean corpuscular volume(MCV)&be
Men Women
Youngf Elderlyf Total Young' Elderlyf Total
Pyend® 0.737 0.062 0.848 <0.001 <0.001 <0.001
MCV
1st Quintile 0.97 (0.71-1.32) 0.94 (0.67-1.34) 1.06 (0.84-1.33) 1.52 (1.13-2.06) 1.50 (1.08-2.09) 1.54 (1.24-1.92)
2nd Quintile 0.84 (0.61-1.16) 0.80 (0.56-1.15) 0.86 (0.68-1.10) 0.74 (0.52-1.04) 1.35(0.96-1.89) 1.01 (0.80-1.28)
3rd Quintile - - - - - -
4th Quintile 0.89 (0.63-1.25) 1.09 (0.78-1.52) 0.93(0.73-1.18) 0.83(0.58-1.18) 0.90 (0.62-1.30) 0.83(0.65-1.07)
5th Quintile 1.04 (0.72-1.48) 1.18 (0.85-1.64) 1.01 (0.79-1.28) 0.72 (0.50-1.05) 0.78 (0.53-1.15) 0.73(0.56-0.95)

@ Analyzed by multivariate logistic regression, adjusted for age, body mass index (BMI), hypertension, diabetes mellitus, red cell distribution width (RDW),
hemoglobin, smoking status, alcohol intake, and regular exercise.

b Missing data for covariates (BMI, RDW, hypertension, diabetes mellitus, smoking status, alcohol intake, and regular exercise) were handled using
multiple imputation by chained equations.

¢ Data are presented as odds ratios (ORs) with 95% confidence intervals (Cls) compared with the 3rd quintile of mean corpuscular volume (MCV) as the
reference group.

94 Pyeng Was calculated by treating the MCV quintiles as a continuous variable in the model to evaluate linear trends.

€ Hyperfiltration was defined as an eGFR above the age- and sex-specific 97.5th percentile (> 116.85 mL/min/1.73m? for young men, > 108.63
mL/min/1.73m?2 for elderly men, >123.02 mL/min/1.73m? for young women, and > 109.92 mL/min/1.73m? for elderly women).

fThe young group was defined as younger than or equal to the median age (53 year for men and 54 year for women), and the elderly group was defined
as older than the median age in each sex.
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In the sensitivity analysis using eGFR calculated by the 2021 CKD-EPI equation, the overall direction of the associations was consistent with the main results.
The increased odds ratio of albuminuria in the lowest MCV quintile among women remained significant, especially in elderly women (Supplementary Table
S2). For hyperfiltration, the significant association in women persisted in the overall analysis (OR 1.38,95% CI 1.10—1.72) and the reduced odds ratio in the
highest quintile was further strengthened (OR 0.60, 95% CI 0.46—0.80) (Supplementary Table S3). A borderline significant association in total men also
emerged (OR 1.26, 95% Cl 1.00-1.58; P-trend < 0.001), which was not observed in the main analysis. The negative association between MCV quintile and
adjusted eGFR was observed across all sex and age subgroups in the sensitivity analysis as well (Supplementary Figure S1).

Discussion

In this study of non-anemic adults, MCV was independently associated with albuminuria and hyperfiltration, which are both early markers of kidney damage.
These associations were kept significant after adjustment for conventional metabolic risk factors, and they differed by sex. In women, low MCV was related
to higher risk of both hyperfiltration and albuminuria, but such pattern was not observed in men. In addition, a higher MCV was associated with a lower eGFR,
and this inverse association was consistent across all sex and age subgroups.

Baseline characteristics of study participants (Table 1) showed that the low-MCV group in both sexes had significantly higher BMI, SBP, fasting glucose,
HbA1c, triglycerides, and prevalence of hypertension and diabetes mellitus, as well as higher hs-CRP, a marker of systemic inflammation, than the high-MCV
group. This suggests that low MCV is more than a hematologic finding—it reflects a metabolically unhealthy state regardless of sex. This result is consistent
with the previous study showing that lower MCV is associated with higher prevalence of metabolic syndrome in both men and women [21]. Tanaka et al.
suggested that both insulin resistance and metabolic syndrome are accompanied by increased inflammation and oxidative stress, which can reduce RBC
volume—oxidative stress promotes erythrocyte shrinkage, and chronic inflammation is itself a known cause of microcytosis [21]. The higher high-sensitivity
C-reactive protein (hs-CRP) in our low-MCV group supports this inflammatory pathway.

Hyperfiltration is considered as a key hemodynamic step that links metabolic stress to albuminuria. Insulin resistance and low-grade inflammation caused by
metabolic overload induce abnormal dilatation of the afferent arteriole and raise intraglomerular pressure [22]. Large cohort studies have shown that
hyperfiltration is a strong and independent predictor of subsequent proteinuria [17]. The concept that this kind of hemodynamic overload from metabolic
stress is the starting point of renal dysfunction is well established [23]. Albuminuria is not only a sign of kidney injury but also reflects systemic vascular
health [24]. Under metabolic stress, systemic inflammation and insulin resistance damage the glycocalyx of glomerular endothelial cells and increase the
permeability of filtration barrier, which results in true vascular injury [25]. A large meta-analysis already established the link between systemic metabolic
abnormalities and albuminuria [26].

The finding that low MCV was independently associated with both albuminuria and hyperfiltration in women after adjustment for multiple confounders
suggests that MCV seems to capture the underlying systemic metabolic stress which drives functional and structural injury of the kidney.

The lack of similar pattern in men is interesting. Men in this cohort had much higher proportion of current smokers (28.3%) and regular drinkers (71.6%) than
women (Table 1). Both behaviors were most common in the highest MCV quintile. Alcohol and tobacco are strong risk factors for renal endothelial
dysfunction through cytotoxic and oxidative stress pathways, and they are also well-known causes of macrocytosis [27-29]. Therefore, in men, the high
frequency of drinking and smoking may raise the risk of kidney damage in the high-MCV group, and this could offset or mask the metabolic-injury signal
carried by low MCV. In women, who are less exposed to these behaviors, the relationship between metabolic factors and renal markers may appear more
clearly.

In the stratified analysis, the association with albuminuria was most clear in elderly women. This is likely due to the combined effects of hormonal change
and shifts in body composition with aging. Before menopause, estrogen suppresses the renin-angiotensin-aldosterone system and protects glomerular
endothelial cells and podocytes from oxidative stress [30, 31]. After menopause, estrogen falls, and inherently lower skeletal muscle mass and slower
metabolic rate make older women especially prone to sarcopenic obesity and visceral fat accumulation [32]. Once visceral fat exceeds a certain threshold,
adipocyte hypertrophy and local hypoxia develop, and adipose tissue acts as an endocrine organ that releases pro-inflammatory cytokines such as TNF-a
and IL-6 [33]. The resulting systemic inflammation and worsening insulin resistance then act directly on the glomerular filtration barrier, which already lost its
post-menopausal protection. This sequence helps to explain why the cumulative metabolic stress—reflected in low MCV—appears as structural injury in the
form of albuminuria in elderly women.

Another interesting observation in this study was that a rise in MCV was independently associated with a fall in eGFR. Two main mechanisms may explain
this inverse relationship.

First, from the standpoint of microcirculatory hemodynamics, higher MCV may physically reduce glomerular filtration pressure. Glomerular capillaries are
extremely narrow, so red blood cells must deform to pass through them. As MCV increases and the cell volume grows, the surface-area-to-volume ratio
shifts, and red blood cell deformability declines [34]. These enlarged cells raise flow resistance within the glomerular capillaries and slow microvascular flow,
which in turn lowers the effective filtration pressure and eGFR [35]. Since the kidney is highly sensitive to small changes in microcirculation, higher MCV may
serve as an indicator of hemodynamic dysfunction in the renal microvasculature.

Second, the association between high MCV and lower eGFR can also be considered as a marker of biological aging. In our multivariable analysis, the link
between the two was kept after adjustment for chronological age. With aging, the hematopoietic system gradually produces larger red cells, and the kidney
undergoes structural aging with a fall in eGFR [36, 37]. Therefore, a rising MCV is considered as a sign of biological aging. Even within the same
chronological age, individuals can differ in how fast they age biologically, and this difference cannot be fully captured by statistical models. The persistent
inverse relationship between higher MCV and lower eGFR after age adjustment is likely to reflect this acceleration of biological aging.
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However, in our study, the high-MCV group had lower prevalence of obesity, hypertension, diabetes mellitus, and dyslipidemia than the low-MCV group. This
suggests that pathophysiologic mechanisms other than insulin resistance and obesity-related inflammation may be involved in the link between high MCV
and decreased eGFR.

A related point is that the relationship between MCV and eGFR was less clear in the elderly men subgroup. This may be because age-related structural
changes in the kidney are already widespread in older adults, so the additional sensitivity of a single variable like MCV to changes in eGFR becomes
statistically underestimated.

These findings were robust in the sensitivity analysis using the 2021 CKD-EPI equation, in which the main associations in women remained significant
(Supplementary Tables S2 and S3, Supplementary Figure S1).

Several limitations of this study should be acknowledged. First, the cross-sectional design with single MCV measurement does not allow firm conclusion
about causality between changes in MCV and development of renal injury markers. Second, since participants came from the health screening center of a
single university hospital, they may have higher level of health awareness and socioeconomic status than the general population, so the findings should be
generalized with caution. Third, although subjects with anemia were excluded, detailed iron-metabolism markers such as serum ferritin and transferrin
saturation as well as detailed nutritional status were not available in our database, so we could not clearly distinguish whether low MCV reflected true iron
deficiency or functional iron sequestration due to chronic inflammation. Fourth, renal function was based on a single time point, so acute kidney injury and
transient fluctuations cannot be entirely ruled out. Prospective longitudinal studies including direct iron-metabolism markers and long-term follow-up will be
needed to address these issues.

Conclusion

Low MCYV, as a downstream effect of metabolic syndrome and systemic inflammation, was particularly sensitive in women in capturing the continuum from
glomerular hemodynamic overload (hyperfiltration) to structural injury (albuminuria). Even a rise in MCV within normal range was associated with lower
eGFR, which likely reflects reduced red cell deformability, impaired microcirculation, and biological aging. These findings suggest that MCV, which can be
obtained from a routine and widely accessible CBC test, reflects the underlying systemic metabolic stress and biological aging that drive early kidney
damage in non-anemic adults.
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Total health check-ups at SNU Health Promotion
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Unique individuals assessed for eligibility
(n =67,728)
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Age <19 years (n=72)

Anemia: Hb < 13 g/dL (men) or
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Men: n =29,279; Women: n = 28,629

Figure 1

Flow diagram of the study population. SNU, Seoul National University; MCV, mean corpuscular volume; BUN, blood urea nitrogen; Hb, hemoglobin.
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Figure 2

Adjusted mean estimated glomerular filtration rate (eGFR) according to MCV quintile, adjusted for age, body mass index, hypertension, diabetes mellitus, red
cell distribution width, hemoglobin, smoking status, alcohol intake, and exercise. Data are presented as estimated mean eGFR and standard error of the
mean, with the P for trend provided for each group. Adjusted eGFR values were estimated from imputed datasets.
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