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Abstract

Introduction: Monoclonal gammopathy of undetermined significance
(MGUS) is a premalignant plasma cell disorder with increasing recognition
of its metabolic and inflammatory determinants. The triglyceride—glucose—
albumin (TyG-ALB) index, a composite marker integrating insulin resistance
and nutritional status, has been linked to cardiometabolic and inflammatory
conditions; however, its association with MGUS remains unclear.

Material and methods: This cross-sectional study included 12,796 adults
from the National Health and Nutrition Examination Survey (NHANES) IlI
(1988-1994) and continuous NHANES cycles (1999-2004). The TyG-ALB in-
dex was calculated as In [TG (mg/dl) x fasting blood glucose (mg/dl)/2] x
albumin (g/dl). MGUS was assessed using serum protein electrophoresis,
immunofixation, and free light chain assays. Survey-weighted logistic re-
gression models were applied to evaluate the association between TyG-ALB
and MGUS.

Results: Among the 12,796 participants, 330 were diagnosed with MGUS.
Higher TyG-ALB levels were associated with lower odds of MGUS. In fully
adjusted models, participants in the highest tertile of TyG-ALB had lower
odds of MGUS compared with those in the lowest tertile [odds ratio (OR) =
0.68, 95% confidence interval (Cl): 0.50-0.94]. When analysed as a contin-
uous variable, each one-unit increase in TyG-ALB was associated with 5%
lower odds of MGUS (OR = 0.95, 95% Cl: 0.92-0.98). Restricted cubic spline
analyses revealed a nonlinear inverse association, with an inflection point
at a TyG-ALB value of 36.0. Although this inverse association appears coun-
terintuitive because metabolic dysfunction is generally expected to increase
MGUS risk, it may be partly explained by the contribution of serum albumin,
which reflects better nutritional status and lower systemic inflammation.
Conclusions: In this cross-sectional NHANES analysis, higher TyG-ALB was
associated with lower odds of prevalent MGUS; however, temporality and
causality cannot be inferred. These findings should be interpreted as hy-
pothesis-generating rather than confirmatory. Independent prospective
cohorts are needed to validate the association, establish temporality, and
clarify the underlying mechanisms.
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Introduction

Monoclonal gammopathy of undetermined
significance (MGUS) is an asymptomatic pre-
malignant plasma cell disorder characterised by
the presence of a serum monoclonal (M) protein
concentration < 30 g/l, bone marrow plasma cells
< 10%, and the absence of myeloma-defining
CRAB features [1, 2]. Epidemiological studies in-
dicate that MGUS affects approximately 2-3%
of individuals aged over 50 years, with preva-
lence rising to nearly 5% among those older than
70 years. Notably, the prevalence of MGUS is two
to three times higher among individuals of Afri-
can ancestry than among White populations [3].
Although MGUS is generally clinically silent, ap-
proximately 1% of affected individuals progress
annually to multiple myeloma or other plasma cell
or lymphoid malignancies [1, 2, 4-6].

Beyond established prognostic markers such
as M-protein isotype, concentration, and serum
free light-chain ratio, host-related metabolic and
inflammatory factors have received increasing at-
tention in relation to MGUS. Advanced age, male
sex, African ancestry, family history, obesity, prior
infections, and chronic inflammatory states have
been identified as factors associated with MGUS
occurrence or progression [7-10]. Several popu-
lation-based studies have further suggested that
obesity, diabetes, metabolic syndrome, and related
cardiometabolic abnormalities may be associated
with higher MGUS prevalence or progression risk
[11-14]. These findings support a potential link
between metabolic dysregulation, chronic low-
grade inflammation, and plasma cell disorders.

In parallel, nutritional status and systemic in-
flammation may also be relevant to the biological
context of MGUS. Serum albumin, a widely used
marker of nutritional status, is also influenced by
systemic inflammatory burden. Hypoalbuminae-
mia is commonly observed in chronic inflamma-
tory states and malnutrition, and low serum al-
bumin levels have been associated with adverse
clinical features and disease progression among
patients with MGUS [15]. Inflammatory markers,
including interleukin-6 and C-reactive protein,
have also been implicated in MGUS and multiple
myeloma, highlighting the potential importance
of the inflammatory microenvironment in plasma
cell disorders [16].

The triglyceride—glucose (TyG) index, calcu-
lated using fasting triglyceride and glucose con-
centrations, is a simple and well-validated surro-
gate marker of insulin resistance [17]. Elevated
TyG index values are strongly associated with
metabolic syndrome and have been linked to in-
creased risks of atherosclerosis and cardiovascu-
lar disease [18-20]. Serum albumin, in contrast,
provides complementary information regarding

nutritional and inflammatory status. The triglycer-
ide—glucose—albumin (TyG-ALB) index integrates
insulin resistance-related components with se-
rum albumin, thereby combining metabolic and
nutritional-inflammatory information into a single
composite marker. However, TyG-ALB should not
be interpreted as a pure insulin-resistance index,
because serum albumin may substantially influ-
ence its biological meaning.

Although metabolic syndrome and insulin resis-
tance have generally been associated with higher
MGUS prevalence, the association between TyG-
ALB and MGUS may not simply mirror that of in-
sulin-resistance indices alone, because TyG-ALB
incorporates serum albumin, a marker closely re-
lated to nutritional status and systemic inflamma-
tion. To date, no study has systematically exam-
ined the association between TyG-ALB and MGUS.
Therefore, using data from the National Health and
Nutrition Examination Survey (NHANES), we in-
vestigated the relationship between TyG-ALB and
MGUS prevalence among U.S. adults. We therefore
hypothesised that a higher TyG-ALB index would
be associated with lower MGUS prevalence.

Material and methods
Study design and population

This study was conducted using data from
the NHANES, a nationwide program designed to
assess the health and nutritional status of the
non-institutionalised civilian population in the
United States [21]. NHANES employs a complex,
stratified, multistage probability sampling design
to ensure that the study population is represen-
tative at the national level. Data collection is
carried out through standardised in-home inter-
views, physical examinations conducted in mobile
examination centres, and laboratory-based as-
sessments using rigorously controlled protocols.
The present analysis was based on data obtained
from NHANES Il (1988-1994) and the contin-
uous NHANES cycles conducted between 1999
and 2004. All survey procedures were reviewed
and approved by the Ethics Review Board of the
National Centre for Health Statistics, and written
informed consent was obtained from all partici-
pants prior to participation. Detailed descriptions
of survey design, data collection procedures, and
laboratory methods are publicly available through
the NHANES website. Of the 62,437 participants
initially identified, 27,624 were excluded because
they were younger than 18 years, 2935 were
excluded due to missing measurements of tri-
glycerides, glucose, or albumin, and 19,082 were
excluded because MGUS assessment was not
available. Ultimately, 12,796 participants were in-
cluded in the final analysis (Figure 1).
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NHANES IlI
NHANES 1999-2004
N =62,437
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v N=27,624
Age > 18 years old
N = 34,813
Missing TyG-ALB index and
> MGUS test were excluded
v N = 22,017
N =12,796
v v v
Original data PSM(1:3) Oversampling
A Y Y
Non-MGUS Non-MGUS Non-MGUS
N =12,466 N =990 N =12,222
MGUS MGUS MGUS
N =330 N =330 N=12,222

Figure 1. Flowchart of the study

Assessment of MGUS

MGUS testing was performed at the Protein
Immunology Laboratory of the Mayo Clinic (Roch-
ester, Minnesota, USA) using previously described
methods. Serum protein agarose gel electropho-
resis was conducted for age-eligible participants.
Samples with suspected or definite M-proteins
were further evaluated by serum protein immu-
nofixation electrophoresis and serum free light
chain assays. MGUS subtypes were determined
based on immunofixation electrophoresis results.
All laboratory analyses and interpretations were
completed by personnel blinded to participants’
demographic and clinical information. Because
the present analysis combined NHANES Il with
NHANES 1999-2004, potential survey-period dif-
ferences in sample collection, storage duration,
and laboratory implementation were considered
when interpreting the findings.

Assessment of TyG-ALB

Fasting triglycerides (TG) and fasting blood glu-
cose (FBG) were measured by enzymatic colori-
metric assays using blood samples collected after
at least 8 h of fasting. The TyG index was calculat-
ed as In [TG (mg/dl) x FBG (mg/dl)/2]. The TyG-ALB
index was calculated as {In [TG (mg/dl) x FBG (mg/
dl)/2]} x serum albumin (g/d\).

Covariates and clinical definitions

Demographic characteristics collected in this
study included sex, age, race/ethnicity, education-

al attainment, family income-to-poverty ratio (IPR),
and BMI. Laboratory measurements comprised to-
tal cholesterol (TC), TG, HDL-C, FBG, albumin, white
blood cell count, neutrophil count, lymphocyte count,
and platelet count. BMI was categorised as normal
weight, overweight, or obese. Smoking status was
classified as never, former, or current smoker; drink-
ing status was categorised as never drinking, mod-
erate drinking, or heavy drinking. Diabetes was de-
fined by any of the following criteria: self-reported
physician diagnosis of diabetes; current use of insu-
lin or oral hypoglycaemic agents; FBG > 7.0 mmol/|
(126 mg/dl); random plasma glucose or 2-hour
plasma glucose during an oral glucose tolerance
test > 11.1 mmol/l (200 mg/dl); or glycated hae-
moglobin Alc (HbAlc) > 6.5%. Hypertension was
defined as a self-reported physician diagnosis
of hypertension, current use of antihypertensive
medications, or an average systolic blood pres-
sure > 140 mm Hg or diastolic blood pressure
> 90 mm Hg. Estimated glomerular filtration rate
(eGFR) was calculated using serum creatinine ac-
cording to the Chronic Kidney Disease Epidemiolo-
gy Collaboration (CKD-EPI) equation. Inflammatory
indices were calculated as follows: NLR, defined as
the absolute neutrophil count divided by the abso-
lute lymphocyte count; PLR, defined as the absolute
platelet count divided by the absolute lymphocyte
count; and PPN, calculated as the platelet count
multiplied by the neutrophil count. All three inflam-
matory indices were log-transformed to reduce
skewness and mitigate the influence of extreme
values.
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Statistical analysis

In accordance with NHANES analytic recom-
mendations, survey sampling weights were appro-
priately applied, and the complex multistage sam-
pling design was taken into consideration in all
analyses. Continuous variables were presented as
means + standard deviations, whereas categorical
variables were expressed as percentages. Partici-
pants were categorised according to tertiles of the
TyG-ALB index. Group differences were compared
using weighted Student’s t tests for continuous
variables and weighted y? tests for categorical
variables. To minimise the potential impact of
sample size imbalance between the MGUS and
non-MGUS groups on the stability of the results,
multiple data processing and analytical strategies
were employed. First, logistic regression models
were used to evaluate the association between
the TyG-ALB index and MGUS. Three models were
constructed: Model 1 was unadjusted; Model 2
was adjusted for age and sex; and Model 3 was
adjusted for age, sex, race/ethnicity, educational
level, smoking status, drinking status, IPR, BMI,
hypertension, diabetes, TC, HDL-C, and eGFR. In
addition, we performed sensitivity analyses using
progressively adjusted logistic regression models
by sequentially adding nutritional factors, liver
and kidney function markers, and major chronic
comorbidities. To evaluate the potential influence
of survey-period heterogeneity in MGUS ascertain-
ment, we repeated the logistic regression analyses
separately among participants from NHANES IlI
and NHANES 1999-2004. In these period-specific
analyses, TyG-ALB was modelled both as a con-
tinuous variable and according to tertiles, using
the same covariate adjustment strategy as in the
main analysis. Second, propensity score matching
(PSM) was performed using a 1 : 3 nearest-neigh-
bour matching algorithm to match participants
with MGUS to those without MGUS. A caliper
width of 0.05 was applied, defined as 0.05 stan-
dard deviations of the propensity score. Covari-
ate balance after matching was assessed using
standardised mean differences (SMDs), with an
absolute value < 0.1 indicating good balance and
values between 0.1 and 0.2 indicating moderate
balance. The same statistical analyses were sub-
sequently repeated in the matched cohort. Third,
because MGUS was uncommon in the study pop-
ulation, with a prevalence of 2.58%, random over-
sampling was applied as a sensitivity analysis to
address potential class imbalance and to examine
the robustness of the association. This approach
was used to reduce the potential influence of the
small number of MGUS cases on model estima-
tion and to assess whether the observed associ-
ation was consistent after balancing the outcome
distribution. The oversampling procedure was im-

plemented using the ROSE package. The results
were expressed as odds ratios (OR) with 95% con-
fidence intervals (Cl).

Restricted cubic spline (RCS) analyses with
three knots were conducted to explore poten-
tial nonlinear associations between the TyG-ALB
index and the risk of MGUS. When evidence of
nonlinearity was detected, a threshold (inflection
point) was estimated, and two-piece logistic re-
gression models were fitted on either side of the
inflection point. Subgroup and interaction analy-
ses were further performed according to age, sex,
race/ethnicity, educational level, IPR, BMI, smok-
ing status, drinking status, hypertension, and di-
abetes. Mediation analyses were conducted using
the mediation package to evaluate the potential
mediating effects of inflammatory markers, in-
cluding the PLR, NLR, and PPN, on the association
between the TyG-ALB index and MGUS. These
analyses were adjusted for age, sex, race/ethnici-
ty, educational level, smoking status, drinking sta-
tus, IPR, BMI, hypertension, diabetes, TC, HDL-C,
and eGFR.

All statistical analyses were performed using R
software version 4.3.2. A two-sided p-value < 0.05
was considered statistically significant.

Results
Baseline characteristics

A total of 12,796 participants were included
in the present analysis, of whom 6036 (47.67%)
were male. The mean age of the study population
was 46.92 +17.95 years, and 5492 (96.96%) par-
ticipants were non-Hispanic White. Overall, 330
participants were diagnosed with MGUS, among
whom 170 (51.52%) were male, with a mean age
of 54.72 £19.32 years.

Baseline characteristics of participants strat-
ified by tertiles of the TyG-ALB index are sum-
marised in Table I. Participants with higher TyG-
ALB levels were more likely to be older, male, and
non-Hispanic White, and had a higher prevalence
of obesity, former smoking, hypertension, and di-
abetes. In contrast, higher TyG-ALB levels were as-
sociated with lower levels of inflammatory mark-
ers and a lower prevalence of MGUS.

Association between the TyG-ALB index
and MGUS

Three logistic regression models were con-
structed to examine the independent association
between the TyG-ALB index and MGUS. In the fully
adjusted model (Model 3), the multivariable-ad-
justed ORs and 95% Cls for MGUS across increas-
ing tertiles of TyG-ALB were 1.00 (reference), 0.85
(0.64-1.12), and 0.68 (0.50-0.94), respectively.
When TyG-ALB was treated as a continuous vari-
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Table I. Characteristics of the study population with various TyG-ALB tertiles

Characteristic TyG-ALB tertiles P-value
Total T1 T2 T3

Patient, n 12,796 4,231 4,265 4,300

Age [years] 46.92 £17.95 44.17 £17.92 47.12 £18.31 49.03 £17.31 < 0.001

Sex, n (%) < 0.001
Male 6,036 (47.67%) 1,243 (28.18%) 2,036 (46.27%) 2,757 (65.27%)

Female 6,760 (52.33%) 2,988 (71.82%) 2,229 (53.73%) 1,543 (34.73%)

Race, n (%) < 0.001
Non-Hispanic White 5,492 (76.96%) 1,451 (69.50%) 2,034 (79.24%) 2,007 (80.95%)
Non-Hispanic Black 3,149 (10.08%) 1,680 (17.99%) 911 (8.65%) 558 (4.89%)

Mexican American 3,537 (5.29%) 920 (4.55%) 1,110 (4.71%) 1,507 (6.47%)
Other 618 (7.67%) 180 (7.96%) 210 (7.39%) 228 (7.70%)

IPR, n (%) 0.054
<1.30 4,150 (19.12) 1,493 (21.86) 1,292 (18.01) 1,365 (17.93)
1.3-3.5 5,385 (42.51) 1,749 (40.46) 1,814 (43.09) 1,822 (43.65)
>3.5 3,261 (38.37) 989 (37.68) 1,159 (38.90) 1,113 (38.42)

BMI [kg/m?] < 0.001
Normal weight 4,815 (41.56%) 1,826 (49.85%) 1,708 (44.30%) 1,281 (31.95%)
Overweight 4,314 (32.63%) 1,228 (26.91%) 1,401 (32.04%) 1,685 (37.96%)

Obese 3,667 (25.82%) 1,177 (23.24%) 1,156 (23.65%) 1,334 (30.09%)

Education level, n (%) 0.4
< High school 8,299 (52.75) 2,746 (53.59) 2,717 (51.58) 2,836 (53.19)
> High school 4,497 (47.25) 1,485 (46.41) 1,548 (48.42) 1,464 (46.81)

Smoking status, n (%) 0.01
Never 6,429 (50.92) 2,232 (53.31) 2,120 (50.05) 2,077 (49.78)

Former 4,593 (32.46) 1,395 (29) 1,567 (33.46) 1,631 (34.35)
Current 1,774 (16.62) 604 (17.69) 578 (16.49) 592 (15.86)

Drinking status, n (%) 0.083

Never, n (%) 7,502 (52.89) 2,514 (53.74) 2,403 (52.66) 2,344 (52.39)

Moder, n (%) 2,025 (18.10) 719 (20.09) 661 (17.22) 645 (17.30)

Heavy, n (%) 3,269 (29.02) 910 (26.17) 1,124 (30.12) 1,235 (30.32)
Hypertension, n (%) 5,343 (40.35) 1,419 (31.92) 1,782 (38.26) 2,142 (49.41) < 0.001
Diabetes, n (%) 1,860 (11.78) 382 (6.97) 493 (9.29) 985 (18.22) < 0.001
HbAlc, % 4.33 +2.97 4.02 £2.85 4.40 +3.33 4.51 +2.67 0.009
TG [mg/dl] 137.85 £90.22 88.15 +42.81 115.76 £53.75  200.93 £109.68 < 0.001
TC [mg/dl] 201.14 +40.86 188.66 £37.71 200.13 +38.23 212.52 +42.67 < 0.001
HDL [mg/dl] 51.92 £15.57 57.25 ¥15.76 53.30 £15.15 46.12 £13.82 < 0.001
eGFR [ml/(min-1.73 m?)] 85.39 £17.15 85.29 £17.68 85.16 +16.80 85.71 £17.02 0.3
lg(NLR) 0.90 +0.62 1.00 +0.63 0.89 +0.62 0.82 +0.59 < 0.001
lg(PLR) 2.08 +0.26 2.09 +0.26 2.08 +0.24 2.07 £0.27 0.002
lg(PPN) 3.67 £0.67 3.79 +0.67 3.65 £0.68 3.59 £0.65 < 0.001
MGUS, n (%) 330 (2.37) 126 (2.68) 112 (2.46) 92 (2.02) 0.02

Data are presented as means + standard deviations for continuous variables and unweighted numbers (weighted percentages) for
categorical variables, unless otherwise specified. MGUS — monoclonal gammopathy of undetermined significance, BMI — body mass index,
IPR — family income-to-poverty ratio, TG — triglycerides, TC — total cholesterol, HDL-C — high-density lipoprotein cholesterol, eGFR —
estimated glomerular filtration rate, NLR — neutrophil-to-lymphocyte ratio, PLR — platelet-to-lymphocyte ratio, PPN — platelet-neutrophil

product.
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Table Il. The associations between TyG-ALB and MGUS

TyG-ALB Model 1 Model 2 Model 3
OR (95% Cl) P-value OR (95% Cl) P-value OR (95% Cl) P-value
TyG-ALB (Continuous) 0.96 (0.93-0.98) 0.002 0.94 (0.91-0.97) < 0.001 0.95 (0.92-0.98) 0.002
TyG-ALB
T1 Ref. Ref. Ref.
T2 0.88 (0.68-1.14) 0.326 0.77 (0.59-0.99) 0.046 0.85 (0.64-1.12) 0.247
T3 0.71 (0.54-0.93) 0.015 0.58 (0.44-0.77) < 0.001 0.68 (0.50-0.94) 0.021

Model 1: No covariates were adjusted; Model 2: Age and sex were adjusted; Model 3: Age, sex, race, IPR, BMI, education level, smoking
status, drinking status, hypertension, diabetes, TC, HDL-C, and eGFR were adjusted; OR — odds ratio, 95% Cl — 95% confidence interval,
BMI — body mass index, IPR — family income-to-poverty ratio, TC — total cholesterol, HDL-C — high-density lipoprotein cholesterol,

eGFR — estimated glomerular filtration rate.

able, each one-unit increase in the TyG-ALB index
was associated with 5% lower odds of MGUS (OR
= 0.95, 95% Cl: 0.92-0.98) (Table Il). In addition-
al sensitivity analyses, the inverse association
between TyG-ALB and MGUS remained generally
consistent after progressively adjusting for nutri-
tional factors, liver and kidney function markers,
and major chronic comorbidities (Supplemen-
tary Table SI). In period-specific sensitivity anal-
yses, the inverse association between TyG-ALB
and MGUS was generally consistent in direction
in NHANES Il and NHANES 1999-2004 (Supple-
mentary Table Sll). These findings suggest that
the main association was not driven exclusively
by one survey period, although residual heteroge-
neity in MGUS ascertainment cannot be excluded.

Adjusted association between TyG-ALB and
MGUS after propensity score matching

PSM was performed using a 1 : 3 nearest-
neighbour matching algorithm to balance base-
line characteristics between the MGUS and non-
MGUS groups. Figure 2 illustrates covariate bal-

Distance | ¢ °

Age - ° o

Sex{ | e @

Education
level 1 |®

Race ° °
IPR

BMI - L

T T T
0 Threshold (0.1) 0.2 0.3 0.4
Absolute standardized mean difference
® Before PSM ® After PSM

Figure 2. Standardised mean differences of covari-
ates before and after propensity score matching

ance before and after matching. After adjustment
for potential confounders, an inverse association
between the TyG-ALB index and MGUS risk re-
mained evident. The multivariable-adjusted ORs
(95% Cls) for MGUS across increasing TyG-ALB ter-
tiles were 1.00 (reference), 1.07 (0.77-1.48), and
0.67 (0.46-0.98), respectively (Table III).

Adjusted association between TyG-ALB and
MGUS after oversampling

Table IV presents the multivariable-adjusted
associations between TyG-ALB and MGUS in the
oversampled dataset. In the unadjusted model
(Model 1), compared with the lowest tertile of
TyG-ALB, participants in the second and third ter-
tiles exhibited significantly lower odds of MGUS,
with OR (95% ClI) of 0.92 (0.87-0.98; p = 0.008)
and 0.74 (0.70-0.79; p < 0.001), respectively. After
adjustment for age and sex (Model 2), the inverse
association became more pronounced, with OR
(95% Cl) of 0.84 (0.79-0.90; p < 0.001) for the sec-
ond tertile and 0.62 (0.58-0.66; p < 0.001) for the
highest tertile. In the fully adjusted model (Model
3), which further controlled for race/ethnicity, in-
come, BMI, educational level, smoking and drink-
ing status, hypertension, diabetes, TC, HDL-C, and
eGFR, the negative association between TyG-ALB
levels and MGUS risk remained statistically sig-
nificant. Compared with the lowest tertile, the OR
(95% Cl) was 0.91 (0.86-0.97; p = 0.006) for the
second tertile and 0.74 (0.68-0.79; p < 0.001) for
the highest tertile.

Assessment of nonlinear associations

RCS analyses and penalised smoothing spline
logistic regression models were applied to further
investigate the potential nonlinear relationship
between the TyG-ALB index and MGUS. As shown
in Figure 3, TyG-ALB exhibited a significant nonlin-
ear inverse association with MGUS odds. After ev-
idence of nonlinearity was observed, a two-piece
logistic regression model was used to identify the
threshold value. An inflection point was identified
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Table IlI. The associations between TyG-ALB and MGUS after PSM

TyG-ALB Model 1 Model 2 Model 3
OR (95% CI) P-value OR (95% CI) P-value OR (95% CI) P-value
TyG-ALB (Continuous) 0.94 (0.91-0.97) <0.001 0.94 (0.91-0.97) <0.001 0.95(0.91-0.98)  0.005
TyG-ALB
T1 Ref. Ref. Ref.
T2 0.93 (0.68-1.25) 0.611 0.91 (0.67-1.24) 0.549 1.07 (0.77-1.48) 0.704
T3 0.58 (0.42-0.78) 0.001 0.56 (0.41-0.78) 0.001 0.67 (0.46-0.98) 0.039

Model 1: No covariates were adjusted; Model 2: Age and sex were adjusted; Model 3: Age, sex, race, IPR, BMI, education level, smoking
status, drinking status, hypertension, diabetes, TC, HDL-C, and eGFR were adjusted; OR — odds ratio, 95% Cl — 95% confidence interval,
BMI — body mass index, IPR — family income-to-poverty ratio, TC — total cholesterol, HDL-C — high-density lipoprotein cholesterol,
eGFR — estimated glomerular filtration rate.

Table IV. Association between TyG-ALB and MGUS after resampling

TyG-ALB Model 1 Model 2 Model 3

OR (95% CI) P-value OR (95% Cl) P-value OR (95% CI) P-value
T1 Ref. Ref. Ref.
T2 0.92 (0.87-0.98) 0.008 0.84 (0.79-0.90) < 0.001 0.91 (0.86-0.97) 0.006
T3 0.74 (0.70-0.79) < 0.001  0.62 (0.58-0.66) < 0.001 0.74 (0.68-0.79) < 0.001

Model 1: No covariates were adjusted; Model 2: Age and sex were adjusted; Model 3: Age, sex, race, IPR, BMI, education level, smoking
status, drinking status, hypertension, diabetes, TC, HDL-C, and eGFR were adjusted; OR — odds ratio, 95% Cl — 95% confidence interval,
BMI — body mass index, IPR — family income-to-poverty ratio, TC — total cholesterol, HDL-C - high-density lipoprotein cholesterol, eGFR —
estimated glomerular filtration rate.

at a TyG-ALB value of 36.0 (log-likelihood ratio showed an inverse association between increas-
test, p < 0.05). ing TyG-ALB levels and MGUS odds, in line with
Multivariable logistic regression analyses the primary findings (Table V).
demonstrated that participants with TyG-ALB val-
ues > 36.0 had lower odds of MGUS compared
with those below the inflection point (OR = 0.79,
95% Cl: 0.75-0.83). Stratified analyses conducted Subgroup analyses demonstrated generally
on either side of the inflection point consistently  consistent associations across strata defined by

Subgroup analyses

Table V. Threshold effect analysis of the associa-

TyG-ALB < 36.0

1
> E tion between TyG-ALB and MGUS
E Threshold point: TyG-ALB OR (95% Cl) P-value
200 TyG-ALB
E <36.0 Ref.
E >36.0 0.79 (0.75-0.83) < 0.001
1
1
1

! T1 Ref.
| T2 0.78 (0.71-0.85) < 0.001
Poverall < 0.001 1
o P nonlinear = 0.003 | T3 0.81 (0.73-0.89) < 0.001
N 1
20 25 30 35 40 45 50 TYG-ALB 236.0
TyG-ALB T1
Figure 3. Association between TyG-ALB and MGUS. T
Models for MGUS were adjusted for age, sex, race/ 2 0.65 (0.59-0.71) <0.001
ethnicity, educational level, smoking status, drink- T3 0.7 (0.64-0.77) < 0.001
ing status, family income-to-poverty ratio, body
mass index, hypertension, diabetes, total choles- Age, sex, race, IPR, BMI, education level, smoking status, drinking

status, hypertension, diabetes, TC, HDL-C, and eGFR were adjusted;

terol, high-density lipoprotein cholesterol, and es- - ; ;
OR - odds ratio, 95% Cl — 95% confidence interval.

timated glomerular filtration rate. Wide confidence
intervals at higher TyG-ALB values indicate lower
precision due to fewer participants
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age, sex, race/ethnicity, educational level, BM|,
smoking status, drinking status, hypertension,
and diabetes. However, no statistically significant
association was observed in participants with
higher income levels (IPR > 3.5). Notably, a sig-
nificant interaction was detected in race/ethnic-
ity-stratified analyses, indicating that the inverse
association between TyG-ALB and MGUS was
more pronounced among racial/ethnic groups
other than non-Hispanic White (Figure 4).

Mediation analyses

Exploratory mediation analyses were con-
ducted to assess the potential mediating roles of
composite inflammatory markers in the associa-
tion between TyG-ALB and MGUS. As illustrated
in Figure 5, the estimated mediated proportions
were 0.93% for PLR, 5.94% for NLR, and 1.85% for
PPN. Although NLR showed the largest estimated
mediated proportion among the three markers,
the overall magnitude of mediation was modest.
These findings suggest only limited mediation by
systemic inflammatory markers and should be in-
terpreted cautiously.

Subgroup OR (95% Cl)
Sex
Male 0.95 (0.94-0.96)
Female 0.95 (0.94-0.95)
Age
<60 0.95 (0.95-0.96)
> 60 0.94 (0.92-0.95)
Race
Non-Hispanic White 0.91 (0.90-0.92)
Others 0.96 (0.95-0.97)

Education level
Less than high school
College or above

Family income—poverty ratio

0.94 (0.93-0.94)
0.95 (0.94-0.96)

<35 0.93 (0.92-0.93)

>3.5 0.99 (0.98-1.01)
BMI

<30 0.94 (0.93-0.95)

> 30 0.95 (0.94-0.96)
Smoking status

Never 0.93 (0.92-0.94)

Former/Current 0.96 (0.95-0.97)

Drink status

Never 0.94 (0.94-0.95)

Moder/Heavy 0.94 (0.93-0.95)
Hypertension

No 0.95 (0.94-0.95)

Yes 0.94 (0.93-0.95)
Diabetes

No 0.95 (0.94-0.96)

Yes 0.91 (0.89-0.93)

Discussion

In this population-based study of U.S. adults,
we demonstrated that higher TyG-ALB levels were
significantly and inversely associated with the
odds of MGUS. This association was supported
by multiple analytical approaches, including mul-
tivariable adjustment, propensity score matching,
oversampling analysis, and nonlinear modelling.

We further identified a nonlinear relationship
between TyG-ALB and MGUS, characterised by
adecline in the odds of MGUS with increasing TyG-
ALB values followed by a plateau beyond a specif-
ic threshold. This finding suggests that lower TyG-
ALB levels may be more strongly associated with
MGUS, whereas additional increases above the
threshold may be associated with limited incre-
mental change. Such a pattern may reflect a satu-
ration effect, although the underlying explanation
remains uncertain. Similar nonlinear associations
between metabolic indices and disease outcomes
have been reported in previous studies [22, 23].
The inflection point at a TyG-ALB value of 36.0
should be interpreted as a data-derived statistical
threshold rather than a clinically validated cutoff.

P-value P for interaction

. 0.526
- ' <0.001
—- : < 0.001

0.226
— ; <0.001
— : <0.001

: 0.028
- <0001
- <0.001

: 0.125
— : <0.001
- <0.001

: <0.001
- ' <0.001
- 0.268

0.365
— : <0.001
- : <0.001

: 0.950
- <0001
—_- < 0.001

: 0.421
— <0.001
—— ; <0.001

: 0.070
- : <0.001
— <0.001

; 0.671
—- : < 0.001
— : < 0.001

T T
0.9 1.02

Figure 4. Subgroup analysis for the association between the TyG-ALB index and the risk of MGUS. Models for
MGUS were adjusted for age, sex, race/ethnicity, educational level, smoking status, drinking status, family in-
come-to-poverty ratio, body mass index, hypertension, diabetes, total cholesterol, high-density lipoprotein choles-

terol, and estimated glomerular filtration rate
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A Indirect effect
—0.00006 (—0.00012, 0.00001)

PLR

Proportion
of mediation
0.93%

adults using NHANES data

B Indirect effect
—0.00036 (-0.00498, 0.00022)

NLR

Proportion
of mediation
5.94%

TyG-ALB >

MGUS

TyG-ALB >

MGUS

Direct effect
0.00593 (0.00563, 0.00599)

C Indirect effect
—-0.00011 (-0.00209, 0.00005)

PPN

Proportion
of mediation
1.85%

TyG-ALB > MGUS

Direct effect
0.00588 (0.00556, 0.006)

Because TyG-ALB integrates both triglyceride—glu-
cose burden and serum albumin, this value may
reflect a transition in the combined metabolic—nu-
tritional profile rather than an isolated change in
insulin resistance or albumin status alone. There-
fore, this threshold helps describe the nonlinear
association observed in the present dataset but
should not be used as a clinical decision threshold
without validation in independent cohorts.

The TyG index, a well-established surrogate
marker of insulin resistance, has been associated
with a wide range of cardiometabolic conditions.
Previous studies have demonstrated that higher
TyG levels and related indices are associated with
hypertension, diabetes, metabolic syndrome, atri-
al fibrillation, heart failure, atherosclerosis, stroke,
cardiovascular disease, malignancy, and all-cause
mortality [24-28]. In our analysis, when TyG was
considered alone, its association with MGUS
was broadly consistent with prior evidence link-
ing metabolic dysfunction to adverse health out-
comes. However, when the composite TyG-ALB
index was examined, we observed an inverse as-
sociation with MGUS. This finding appears coun-
terintuitive and contrasts with previous reports
suggesting positive associations between meta-
bolic syndrome and MGUS.

One possible explanation lies in the role of
serum albumin. Albumin is the most abundant
plasma protein and a key indicator of nutritional
status [29]. It plays important roles in maintain-
ing oncotic pressure, transporting endogenous

Direct effect
0.00561 (0.00527, 0.00602)

Figure 5. Analysis of the mediation by plate-
let-to-lymphocyte ratio (PLR) (A), neutrophil-to-lym-
phocyte ratio (NLR) (B), and platelet-neutrophil
product (PPN) (C) of the associations between TyG-
ALB and MGUS

and exogenous substances, and supporting met-
abolic homeostasis [30]. Serum albumin has also
been recognised as a clinically relevant biomarker
in various diseases, including cancer, rheumatoid
arthritis, ischaemic diseases, postmenopausal
obesity, severe acute graft-versus-host disease,
and disorders requiring glycaemic monitoring [29,
31-33]. Previous studies have shown that hypoal-
buminaemia is common in patients with chronic
diseases and is strongly associated with adverse
outcomes [34]. Within the TyG-ALB index, albumin
may therefore reflect the importance of nutrition-
al, inflammatory, and immune status [35]. Higher
TyG-ALB values generally indicate higher serum
albumin levels, suggesting better nutritional re-
serve and lower systemic inflammation, which is
consistent with the observed lower prevalence of
MGUS. Conversely, reduced albumin levels, lead-
ing to lower TyG-ALB values, may reflect chronic
inflammation, malnutrition, or more severe chron-
ic illness, conditions that may be more favourable
for clonal plasma cell expansion.

The inverse association between TyG-ALB and
MGUS is biologically counterintuitive if TyG-ALB is
interpreted as a simple insulin-resistance marker.
However, TyG-ALB is a composite index in which
serum albumin contributes substantially to the
final value. Higher albumin may reflect better nu-
tritional reserve and lower systemic inflammato-
ry burden, whereas lower albumin may indicate
chronic illness, inflammation, or poorer nutritional
status. Therefore, the observed inverse associa-
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tion may be partly related to the albumin-relat-
ed component rather than to a protective effect
of insulin resistance. This interpretation remains
speculative because the present cross-sectional
analysis cannot establish temporal ordering or
formally distinguish the independent contribution
of albumin from the TyG component.

Exploratory mediation analyses further sug-
gested that systemic inflammatory markers might
partially account for the association between TyG-
ALB and MGUS. However, the estimated mediated
proportions for PLR, NLR, and PPN were small, rang-
ing from 0.93% to 5.94%. Therefore, these findings
should be interpreted cautiously and regarded as
hypothesis-generating rather than confirmato-
ry evidence of a causal pathway. Mechanistically,
insulin resistance can promote chronic low-grade
inflammation by inducing pro-inflammatory cy-
tokines such as tumour necrosis factor-a. and in-
terleukin-6, which may support clonal plasma cell
survival and proliferation [16]. Meanwhile, hypoal-
buminaemia reflects both nutritional deficiency
and inflammatory activation, further amplifying
a pro-inflammatory milieu. The limited mediation
observed for NLR, PLR, and PPN is consistent with
the possibility that systemic inflammation may
contribute to, but does not fully explain, the asso-
ciation between TyG-ALB and MGUS.

Several strengths of this study should be ac-
knowledged. First, the use of NHANES data pro-
vides a large population-based sample of U.S.
adults. Second, MGUS was assessed using serum
protein electrophoresis, immunofixation, and free
light chain assays, improving outcome ascertain-
ment. Third, the application of multiple analytical
approaches, including multivariable logistic regres-
sion, propensity score matching, oversampling
analysis, restricted cubic spline modelling, sub-
group analysis, and sensitivity analyses, strength-
ened the robustness of the findings.

Nevertheless, several limitations should be
considered. First, a primary limitation of this
study is that the analysis was based on a single,
publicly available cross-sectional NHANES data-
set and lacked an independent validation cohort.
Therefore, although NHANES provides a large
population-based sample, the generalisability
and reproducibility of the observed associations
require confirmation in independent cohorts. In
addition, although we performed multiple sensi-
tivity analyses, these approaches cannot replace
external validation in an independent prospective
cohort. Second, because of the cross-sectional
design, causal inference cannot be established,
and reverse causation cannot be excluded. Third,
TyG-ALB, inflammatory markers, and MGUS sta-
tus were measured at a single time point; there-
fore, the temporal sequence required for causal
mediation cannot be determined. Although the

albumin-related component provides a plausible
explanation for the inverse association, this inter-
pretation remains speculative because no formal
component-specific mediation or decomposition
analysis was performed to separate the independ-
ent contribution of serum albumin from the TyG
component. Fourth, although extensive adjust-
ments were made, residual confounding remains
possible. In particular, previous studies have re-
ported inconsistent findings regarding the associ-
ation between diabetes and plasma cell disorders,
with several studies reporting no significant rela-
tionship [36-38]. Differences in study populations,
diabetes definitions, disease duration, glycaemic
control, medication use, and adjustment strate-
gies may partly explain these discrepancies. Al-
though diabetes was included as a covariate in our
models, detailed information on diabetes severity,
duration, and treatment status was limited; there-
fore, residual confounding related to diabetes can-
not be fully excluded. Fifth, potential survey-peri-
od heterogeneity in MGUS ascertainment should
be considered. Although MGUS testing followed
a documented protocol involving serum protein
electrophoresis, immunofixation electrophoresis,
and serum free light chain testing at Mayo Clinic,
NHANES Il and NHANES 1999-2004 were con-
ducted during different time periods; therefore,
differences in sample collection, storage duration,
laboratory implementation, or assay interpretation
may have introduced residual heterogeneity. We
addressed this issue by conducting period-specif-
ic sensitivity analyses in NHANES Il and NHANES
1999-2004 separately, which showed generally
consistent directions of association. Nevertheless,
residual ascertainment heterogeneity remains
possible. Finally, the study population consisted
primarily of U.S. adults, which may limit the gener-
alisability of the findings to other populations.

In conclusion, higher TyG-ALB levels were in-
versely associated with the odds of prevalent
MGUS in a nationally representative U.S. popu-
lation. This association was nonlinear and re-
mained generally consistent across multiple sen-
sitivity analyses. However, because this study was
cross-sectional and lacked an independent valida-
tion cohort, the findings should be interpreted as
hypothesis-generating rather than confirmatory
and should not be considered evidence of causali-
ty or clinical risk stratification. Prospective studies
with independent validation cohorts are needed
to confirm these findings, establish temporality,
and clarify the underlying mechanisms.
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