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Abstract

Background Hyperglycemia is a rapidly increasing risk factor for cancer mortality worldwide. However, the dose—
response relationship between glucose levels and all-cause mortality in cancer survivors is still uncertain.

Methods We enrolled 4,491 cancer survivors (weighted population 19,465,739) from the 1999-2019 National Health
and Nutrition Examination Survey (NHANES). Cancer survivors were defined based on the question of whether they
had ever been diagnosed with cancer by a doctor or a health professional. Hemoglobin Alc (HbATc) was selected

in this study as a stable marker of glucose level. Mortality was ascertained by linkage to National Death Index records
until December 31, 2019. Cox proportional hazard, Kaplan—Meier survival curves and Restricted cubic spline regres-
sion models were used to evaluate the associations between HbA1c and all-cause mortality risk in cancer survivors.

Results In NHANES, after adjusting for confounders, HbA1c had an independent nonlinear association with increased
all-cause mortality in cancer survivors (nonlinear P value < 0.05). The threshold value for HbATc was 5.4%, and the HRs
(95% Cl) below and above the threshold value were 0.917 (0.856,0.983) and 1.026 (1.010,1.043), respectively. Similar
associations were found between fasting glucose and all-cause mortality in cancer survivors, and the threshold value
was 5.7 mmol/L.

Conclusions HbATc was nonlinearly associated with all-cause mortality in cancer survivors, and the critical value
of HbA1c in decreased mortality was 5.4%, suggesting optimal glucose management in cancer survivors may be a key
to preventing premature death in cancer survivors.
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Background

In the Global Burden of Diseases, Injuries, and Risk Fac-
tors Study (GBD) 2019, we found that hyperglycemia
is a rapidly increasing risk factor for cancer mortality
worldwide over the past 30 years, and it has become a
serious public health problem that requires urgent atten-
tion. Studies have already reported that hyperglycemia
or diabetes is associated with poor prognosis in various
cancers, including breast [1], gastric [2], and colorec-
tal [3, 4] etc. [5, 6]. Hyperglycemia may support cancer
progression through multiple mechanisms, including
the promotion of tumor cell proliferation, invasion, and
migration, as well as the induction of apoptosis resist-
ance and chemoresistance [7-9]. It has also been shown
that hyperglycemia or diabetes increases cancer mortality
[10-15]. A study also observed a U-shaped relationship
between glucose levels (HbAlc) and cancer mortality in
female[16]. However, there are also studies proposed that
higher glucose levels are not associated with the survival
of patients with cancer [17, 18]. Therefore, the relation-
ship between glucose levels and all-cause mortality in
cancer survivors has been inconclusive. Additionally, the
dose-response relationship is still uncertain. To further
enrich this research field, we explored the association
between glucose levels and all-cause mortality in cancer
survivors based on the 1999-2019 National Health and
Nutrition Examination Survey (NHANES).

Methods

Population of the study

In this analysis, the subjects were selected based on ask-
ing them if they had ever been diagnosed with cancer by
a doctor or a health professional [19]. NHANES asked
people aged 20 and older about their history of cancer
[20]. In addition, cases with ineligibility for mortality or
missing HbAlc values were excluded. Individuals with
abnormal HbAlc (5 SD) were also excluded. The data
cleaning algorithm was shown in Supplemental Figure
S1, and the final sample size was 4,491.

Study variables

In NHANES, hemoglobin Alc (HbAlc) was selected
to represent the glucose level in this study, and HbAlc
represents the average blood glucose level in 2-3
months, thus providing a stable marker of glucose level
[21-23]. HbAlc and fasting glucose were obtained
from NHANES laboratory files. The confounders
included in the present study were mainly based on the
study by Cao C et al. [19] and included age, sex, race/
ethnicity, BMI, education level, family income-poverty
ratio, alcohol use, smoking status, ideal physical activity,
Healthy Eating Index (HEI) score, self-reported hyper-
tension, hypercholesterolemia, cardiovascular disease
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(CVD), years since first cancer diagnosis, use of prescrip-
tion medications, and cancer sites. Data on gender, age,
race/ethnicity, education level, family income, smoking
status, physical activity, dietary status, disease and can-
cer status, prescription medications use were obtained
from household interviews with NHANES using a stand-
ardized questionnaire. BMI and blood pressure were
obtained through NHANES examination measurements.
The primary outcome variable was all-cause mortal-
ity, and secondary outcome variables were CVD and
cancer-related mortality. Mortality data from NHANES
(1999-2018) were provided by the National Centre for
Health Statistics using probabilistic record matching with
death certificate data found in the National Death Index
(NCHS Linked Mortality File) by December 31, 2019.
Furthermore, CVD and cancer-related mortality were
determined using the International Statistical Classifica-
tion of Diseases, 10th Revision (ICD-10) codes.
Race/ethnicity was divided into the following five
categories: Mexican American, Non-Hispanic Black,
Non-Hispanic White, Other Hispanic or Other Race.
Education level was divided into the following five cat-
egories: <9th grade, 9-11th grade, high school graduate
or equivalent, some college or AA degree, and college
graduate or above. The family income-poverty ratio was
divided into<1.0, 1.0-3.0 and>3.0 [24]. Smoking sta-
tus was divided into never smokers, former smok-
ers, and current smokers. Ideal physical activity was
defined as >150 min of moderate-intensity activities per
week, >75 min of vigorous-intensity activities per week,
or an equivalent combination of both [25]. Hyperten-
sion was defined as (1) informed by a physician, (2) tak-
ing medication for hypertension, or (3) average blood
pressure reaching the diagnostic value of hypertension
(SBP>140 or DBP>90). Hypercholesterolemia was
defined as (1) hypertriglyceridemia: TG > 1.7 mmol/L; (2)
hypercholesterolemia: high total cholesterol (TC>5.18
mmol/L), high LDL (LDL>3.37 mmol/L), low HDL
(male: HDL <1.04 mmol/L, female: HDL<1.30 mol/L);
or (3) use of lipid-lowering drugs. Cardiovascular disease
was defined as having been told by a physician that the
patient had one or more of the following conditions: cor-
onary heart disease, congestive heart failure, heart attack,
stroke, and angina. The years since cancer diagnosis was
defined as the participant’s age minus the age at which
the cancer was first reported. The Healthy Eating Index
2015 (HEI-2015) was used to assess the quality of diet
[26], and the HEI values were taken as the mean of the
first and second 24-h dietary recall interviews. The use
of prescription medications was obtained from the Pre-
scription Medications Questionnaire. Participants were
asked if they had taken any prescription medications in
the past 30 days and, if answered “yes’, were required
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to show the interviewers the containers or prescription
printouts for verification. Antineoplastic use was defined
as the use of at least one prescription medication classi-
fied as an antineoplastic. Cancer sites were determined
based on the question “What kind of cancer was it?”. We
classified cancers into eight groups based on these sites.
The urinary and reproductive system cancers includes:
Bladder, Kidney, Prostate, and Testis (testicular). The
digestive system cancers includes: Colon, Esophagus
(esophageal), Gallbladder, Pancreas (pancreatic), Liver,
Stomach, and Rectum (rectal). The female reproductive
system cancers includes: Breast, Cervix (cervical), Ovary
(ovarian), and Uterus (uterine). The respiratory system
cancers includes: Larynx/windpipe and Lung. The blood
and lymphatic system cancers includes: Blood, Leuke-
mia, and Lymphoma/Hodgkins disease. The skin cancer
includes: Melanoma, Skin (non-melanoma), and Skin
(don’t know what kind). The other site cancers includes:
Mouth/tongue/lip, Soft Tissue (muscle or fat), Thyroid,
Bone, Brain, and Nervous System. Finally, the unknown
or multiple types of cancers includes: Other, More than 2
kinds, and Don’t know.

Multiple imputation was used for covariates with
missing values [27]. The missing values of covariates
are presented in Supplementary Table S1, and the most
missing values were physical activity and HEI value, but
physical activity and HEI value were very important. We
used multiple interpolation methods to fill it, and the
distribution of the filled results is similar to the actual
distribution, as seen in Supplementary Figure S2. In the
imputation process, we employed the Multiple Impu-
tation by Chained Equations (MICE) package (version
3.14.0), adhering to the default settings [27]. Continuous
variables were imputed using the “pmm” method, binary
variables were imputed using the “logreg” method, and
categorical variables were imputed using the “polyreg”
method. We performed multiple imputation by creat-
ing 5 imputed datasets, followed by a pooling analysis to
integrate the results across these datasets.

Statistical analyses

Due to the complex sampling design of NHANES, this
study used and adjusted weights to account for multi-
ple periods, allowing the outcomes to be extrapolated to
the entire US population [19]. The study used multiple
imputations to complement missing values. Individu-
als were divided into 4 groups based on the quartile of
HbAlc: Quartile 1 (<5.3%), Quartile 2 (5.3-5.6%), Quar-
tile 3 (5.6-5.9%), and Quartile 4 (>5.9%). Sample char-
acteristics are presented as means (SEs) for normally
distributed continuous variables, medians (interquartile
ranges) for nonnormally distributed continuous varia-
bles, and numbers (percentages) for categorical variables.
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Kaplan—Meier survival curve was plotted to describe all-
cause mortality risk in the different subgroups. Cumula-
tive incidence function curves were plotted to describe
CVD and cancer-related mortality. Multiple models,
adjusted for confounding factors using Cox proportional
hazards models, were constructed to investigate the cor-
relation between HbAlc levels and the risk of all-cause
mortality. Cause-specific proportional hazards mod-
els were then used to analyze cause-specific mortality,
including CVD and cancer-related mortality. In addition
to the quartile-based analysis, we further categorized
individuals into three subgroups based on HbAlc clini-
cal thresholds: normal HbAlc level (<5.7%), prediabe-
tes HbAlc level (5.7-6.5%), and diabetes HbAlc level
(>6.5%). To examine the dose-response relationship
between HbAlc and mortality rate, we used a restricted
cubic spline regression with three nodes (5th, 50th, and
75th) and adjusted the above variables in the model. If
there was a non-linear relationship, two-piecewise linear
regression models were used to explain how the associa-
tions differed based on the threshold point. The thresh-
old value is determined by evaluating every possible
value and selecting the threshold point with the highest
likelihood. The differences in associations between two-
piecewise linear regression models and one-line linear
regression models were compared using the logarithmic
likelihood ratio test.

The study was also stratified by age (<70 years or>70
years), sex (male or female), race/ethnicity (white or non-
white), and BMI (<30.0 or>30.0 kg/m?). In the sensitiv-
ity analysis, we excluded patients who died within 2 years
of follow-up to lessen the probability of reverse causation
[23]. Additionally, we examined the relationship between
fasting glucose and all-cause mortality in cancer survi-
vors. We also performed the same study in skin (non-
melanoma), prostate and breast cancer survivors, which
have a sample size above 600. All statistical analyses were
conducted in R software (4.2.2) [28].

Results

Baseline characteristics by quartile of HbA1c

In this study, we enrolled 4,491 cancer survivors
(weighted population 19,465,739) with a median (inter-
quartile ranges) age of 65 (53, 75) years, and 42.254%
men. The baseline characteristics grouped according to
the quartile of HbA1lc were shown in Table 1. Cancer sur-
vivors with higher HbAlc levels were older, more likely
to be non-Hispanic black, have a higher BMI, be less
likely to be alcohol users, have lower education levels and
family income-poverty ratios, and be more likely to suffer
from hypertension, hypercholesterolemia, CVD, respira-
tory system cancers and urinary and reproductive system
cancers, more prescription medications use than those
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Table 1 Baseline characteristics of participants among different HbA1c subgroups in NHANES 1999-2018

Total Subgroup 1 Subgroup 2 Subgroup 3 Subgroup 4
(<£5.3%) (5.3-5.6%) (5.6-5.9%) (>5.9%)
Total, n 4491 1156 1182 908 1245
HbA1c (%) 5.726(0.014) 5.100(0.008) 5.499(0.003) 5.787(0.003) 6.776(0.033)
Age (years) 65(53,75) 54(42,68) 64(54,74) 69(59,78) 70(62,78)
Gender
Female 2372(57.746) 670(63.742) 624(56.511) 485(59.012) 593(50.420)
Male 2119(42.254) 486(36.258) 558(43.489) 423(40.988) 652(49.580)
Race/ethnicity
Mexican American 313(2.298) 75(1.882) 71(2.1871) 56(2.086) 111(3.164)
Non-Hispanic Black 590(5.105) 117(3.882) 118(3.817) 133(5.800) 222(7.738)
Non-Hispanic White 3172(86.929) 879(89.724) 892(88.307) 632(86.036) 769(82.299)
Other Hispanic 221(2.330) 49(1.795) 56(2.745) 42(1.869) 74(2.891)
Other Race 195(3.337) 36(2.717) 45(2.950) 45(4.208) 69(3.907)
BMI (kg/mz, n=4373) 28.757(0.119) 26.932(0.213) 28.007(0.207) 29.378(0.247) 31.579(0.297)
Alcohol user
Yes 2868(69.102) 785(73.454) 806(71.914) 556(65.466) 721(62.923)
No 1323(25.419) 272(19.767) 316(23.929) 299(29.021) 436(31.666)
Unknown 300(5.479) 99(6.779) 60(4.157) 53(5.513) 88(5.411)
Smoking status
Never smoker 1998(45.264) 548(49.470) 509(42.799) 406(45.442) 535(42.719)
Ever smoker 1795(38.203) 396(32.622) 472(39,676) 370(36.857) 557(44.758)
Current smoker 694(16.501) 211(17.876) 99(17.462) 131(17.676) 153(12.523)
Unknown 4(0.032) 1(0.032) 2(0,063) 1(0.025) 0(0.000)
Education levels
<9th grade 457(5.162) 93(3.738) 86(3.820) 99(5.134) 179(8.726)
-11th grade 557(9.272) 135(7.891) 141(9.480) 95(8.482) 186(11.468)
High school graduate or equivalent 1046(22.509) 270(20.717) 276(23.254) 226(24.879) 274(21.941)
Some college or AA degree 1309(31.104) 334(30.989) 360(29.982) 260(30.608) 355(33.072)
College graduate or above 1116(31.870) 323(36.633) 318(33.396) 225(30.641) 250(24.767)
Unknown 6(0.083) 1(0.032) 1(0.068) 3(0.256) 1(0.026)
Family income-poverty ratio
<10 586(8.982) 161(9.469) 138(8. 544) 107(7.848) 180(9.840)
1.0-30 1784(31.805) 408(27.088) 445(28.160) 371(35.337) 560(39.592)
>3.0 1739(51.262) 500(57.014) 497(55 492) 343(47.530) 399(41.557)
Unknown 382(7.951) 87(6.429) 102(7.804) 87(9.285) 106(9.011)
Ideal physical activity
Yes 1915(47.450) 510(49.762) 529(48.732) 386(46.511) 490(43.607)
No 961(22.070) 293(26.495) 255(22.397) 187(19.101) 226(18.359)
Unknown 1615(30.48) 353(23.743) 398(28.871) 335(34.388) 529(38.034)
HEl value (n=3954) 55.382(0.273) 55.592(0.485) 55.374(0.533) 56.159(0.615) 54.472(0.449)
Cancer duration
<5 years 1766(38.599) 469(42.551) 461 (37 212) 345(34.805) 91(38.337)
5-10 years 963(21.788) 249(21.484) 251(23.103) 203(22.990) 260(1 9.536)
>10 years 1734(39.131) 435(35.678) 460(39.163) 352(41.474) 487(41.646)
Unknown 28(0.482) 3(0.287) 10(0.522) 8(0.731) 7(0.481)
Hypertension
Yes 2956(59.482) 598(43.795) 739(56.977) 620(64.938) 999(78.549)
No 1535(40.518) 558(56.205) 443(43.023) 288(35.062) 246(21.451)

Hypercholesterolemia
Yes 3597(80.424) 807(70.073) 939(80.818) 754(85.254) 1097(89.415)
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Table 1 (continued)
Total Subgroup 1 Subgroup 2 Subgroup 3 Subgroup 4
(<5.3%) (5.3-5.6%) (5.6-5.9%) (>5.9%)
No 894(19.576) 349(29.927) 243(19.182) 154(14.746) 148(10.585)
CVD
Yes 1118(20.015) 197(11.290) 258(18.282) 235(22.265) 428(31.699)
No 3373(79.985) 959(88.710) 924(81.718) 673(77.735) 817(68.301)
Use of prescription medications
Antineoplastics 363(8.130) 98(9.008) 106(8.663) 67(7.242) 92(7.056)
Other 3484(75.624) 798(67.393) 868(71.417) 733(81.154) 1085(87.037)
No 641(16.220) 260(23.598) 208(19.920) 107(11.542) 66(5.845)
Unknown 3(0.026) 0(0.001) 0(0.000) 1(0.062) 2(0.062)
Cancer sites
Urinary and Reproductive System Cancers 791(12.120) 154(8.372) 180(11.286) 186(14.143) 271(16.371)
Digestive System Cancers 315(5.018) 70(4.457) 69(3.629) 58(6.110) 118(6.583)
Female Reproductive System Cancers 1112(25.145) 307(26.524) 294(25.161) 223(24.563) 288(23.812)
Respiratory System Cancers 97(1.815) 15(1.035) 24(1.721) 17(1.949) 41(2.841)
Blood and Lymphatic System Cancers 113(2.692) 44(4.182) 35(3.033) 14(1.248) 20(1.521)
Skin Cancers 1216(34.363) 357(38.542) 347(35.195) 232(32457) 280(29.454)
Other Site Cancers 150(3.442) 42(3.767) 42(3.564) 38(3.879) 28(2.503)
Unknown or Multiple Types of Cancers 697(15.404) 167(13.122) 191(16.411) 140(15.651) 199(16.914)
Outcome
All-cause mortality
Yes 1590(26.197) 373(20.946) 405(25.121) 330(29.255) 482(31.853)
No 2901(73.803) 783(79.054) 777(74.879) 578(70.745) 763(68.147)
CVD-related mortality
Yes 346(5.591) 67(3.556) 80(4.284) 72(7.049) 127(8.673)
No 4145(94.409) 1089(96.444) 1102(95.716) 836(92.951) 1118(91.327)
Cancer-related mortality
Yes 472(7.892) 124(7.671) 124(7.831) 94(9.055) 130(7.290)
No 4019(92.108) 1032(92.329) 1058(92.169) 814(90.945) 1115(92.710)

Continuous variables for normally distributed are presented as the mean (SE), nonnormally distributed continuous variables are presented as the medians
(interquartile ranges), and categorical variables are presented as numbers (percentages). All estimates accounted for the complex survey design

with lower HbAlc levels. More importantly, cancer sur-
vivors with higher HbA1c levels had higher all-cause and
CVD-related mortality.

Association between HbA1c and the risk of mortality

The Kaplan—Meier survival curve stratified by the quar-
tile of HbA1lc was shown in Fig. 1-A, and the cumulative
incidence of all-cause death decreased with increas-
ing HbAlc (log-rank test, P<0.001). Table 2 showed the
results of the pooled multivariate regression analysis,
after adjustment for multiple covariates, showing that
the HR (95% CI) of HbAlc (per 0.2% increase) was 1.018
(1.002,1.034), and the P value was 0.029. The adjusted
HRs (95% ClIs) for the HbAlc subgroups (<5.3, 5.3-5.6,
5.6-5.9, and >5.9%) were 1.114 (0.940,1.319), 1.00 (refer-
ence value), 1.086 (0.910,1.295), and 1.172 (0.990,1.386),
respectively (P trend=0.273). Although no statistical
significance was found, a U-shaped relationship with

HR values was exhibited. Figure 1-B showed the dose-
response relationship between HbA1c and all-cause mor-
tality, and a U-shaped relationship was observed after
multivariate adjustment (non-linear P value=0.022).
When HbAlc was greater than the threshold of 5.4%,
the HRs below and above the threshold point were 0.917
(95% CI, 0.856—0.983) and 1.026 (95% CI, 1.010-1.043),
respectively (Table 3). The cumulative incidence func-
tion curves for CVD and cancer-related mortality were
shown in Supplementary Figures S3-A and S4-A, respec-
tively. The cumulative incidence of CVD-related mortal-
ity increased with increasing HbA1c levels (P<0.001). No
non-linear relationships were found for either CVD or
cancer-related mortality, as indicated in Supplementary
Figures S3-B and S4-B (all non-linear P values >0.05). As
presented in Table 2, the HRs associated with each 0.2%
HbAlc increase were 1.040 (95% CI, 1.008-1.074) for
CVD-related mortality and 0.979 (95% CI, 0.944-1.015)
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Fig. 1 Kaplan—Meier curve for all-cause mortality categorized by different subgroups of HbA1c (A) and association between HbA1c and all-cause
mortality (B). Note: A restricted cubic spline model was calculated after adjusting for age, sex, race/ethnicity, BMI, education level, family
income-poverty ratio, alcohol use, smoking status, ideal physical activity, HEI score, self-reported hypertension, hypercholesterolemia, CVD, years
since first cancer diagnosis, use of prescription medications, and cancer sites

Table 2 Hazard ratios (95% Cls) for mortality among different HbA1c subgroups in NHANES 1999-2018

HbA1c (per 0.2% increment) Quartile 1 Quartile2 Quartile 2 Quartile 4 P trend
(<5.3%) (5.3-5.6%) (5.6-5.9%) (>5.9%)

All-cause mortality

Model 17 1.025 (1.009,1.041) 0.002 1.040 (0.886,1.221) 0.632  1.000 1.051 (0.880,1.254) 0.584 1.240(1.045,1.472) 0.014 0.022

Model 2° 1.018(1.001,1.035) 0.036 1.095 (0.931,1.287) 0.272  1.000 1.072(0.901,1.274) 0434 1.188(1.001,1.411) 0.048 0.169

Model 3°  1.018(1.002,1.034) 0.029 1.114(0.940,1.319) 0.213  1.000 1.086 (0.910,1.295) 0.360  1.172 (0.990,1.386) 0.065 0273
CVD-related mortality

Model 1% 1.061 (1.035,1.088) <0.001 1.114(0.774,1.603) 0.562  1.000 1431(0.969,2.114) 0.072  1.966 (1.432,2.701)<0.00T  <0.001

Model 2° 1.049 (1.016,1.083) 0.004 1.167 (0.804,1.696) 0.416  1.000 1429 (0.977,2.089) 0.066 1.782 (1.257,2.524) 0.001 0.006

Model 3¢ 1.04 (1.008,1.074) 0.014 1.226(0.829,1.811) 0.307 1.000 1430(0.981,2.085) 0.063  1.632 (1.158,2.300) 0.005 0.032
Cancer-related mortality

Model 17 0.986 (0.951,1.022) 0.435 1.146 (0.836,1.570) 0.398  1.000 1.072 (0.737,1.559) 0.715 0.901 (0.637,1.273) 0.554 0.218

Model 2° 0974 (0.939,1.010) 0.154 1.245(0.906,1.711) 0.177  1.000 1.076 (0.751,1.543) 0.689  0.832 (0.593,1.169) 0.290 0.029

Model 3 0979 (0.944,1.015) 0.252 1.260 (0.919,1.729) 0.152  1.000 1.096 (0.757,1.586) 0.627 0.854 (0.606,1.204) 0.368 0.049

# Model 1: adjusted for age

b Model 2: further adjusted (from Model 1) for sex, race/ethnicity, BMI, education level, family income-poverty ratio, alcohol use, smoking status, ideal physical activity,
and HEl score

€ Model 3: further adjusted (from Model 2) for self-reported hypertension, hypercholesterolemia, CVD, years since first cancer diagnosis, use of prescription
medications, and cancer sites

Table 3 Threhold effect analysis of HbA1c on all-cause mortality

Threshold value <threshold value (per 0.2% > threshold value (per 0.2% P for log likelihood ratio test’
increment) increment)
All-cause mortality 5.4 0.917 (0.856,0.983),0.014 1.026 (1.010,1.043), 0.002 0.006~0.015

The two piecewise linear regression models were adjusted for age, sex, race/ethnicity, BMI, education level, family income-poverty ratio, alcohol use, smoking status,
ideal physical activity, HEI score, self-reported hypertension, hypercholesterolemia, CVD, years since first cancer diagnosis, use of prescription medications, and cancer
sites

* The P value for 5 imputed datasets range from 0.006 to 0.015, and the P for log likelihood ratio test < 0.05



Xie et al. BMC Public Health (2024) 24:2002

for cancer-related mortality. Furthermore, the adjusted
HRs (95% ClIs) for the HbAlc subgroups (<5.3%, 5.3—
5.6%, 5.6-5.9%, and>5.9%) for CVD-related mortality
were 1.226 (0.829,1.811), 1.000 (reference value), 1.430
(0.981,2.085), and 1.632 (1.158,2.300), respectively. For
cancer-related mortality, the adjusted HRs (95% Cls)
were 1.260 (0.919,1.729), 1.000 (reference value), 1.096
(0.757,1.586), and 0.854 (0.606,1.204), respectively. HRs
for non-CVD and non-Cancer mortality among differ-
ent subgroups were shown in Supplementary Table S2,
a higher HbA1c level was not associated with non-CVD
mortality, while HbAlc was associated with increased
risks of non-Cancer mortality. Notably, among cancer
survivors, higher HbAlc levels were associated with
increased risks of CVD-related and non-Cancer mortal-
ity, however, they were not associated with cancer-related
or non-CVD mortality.

Furthermore, when stratifying HbAlc by clinical cut-
offs, the covariate-adjusted HRs for the subgroups (<5.7,
5.7-6.5, and > 6.5%) were as follows. For all-cause mortal-
ity: 1.00 (reference value), 1.028 (0.900,1.174) and 1.262
(1.045,1.523); for CVD-related mortality: 1.00 (reference
value), 1.353 (1.020,1.795), and 1.600 (1.087,2.354); and
for cancer-related mortality: 1.00 (reference value), 0.910
(0.695,1.191), and 0.782 (0.532,1.149). Cancer survivors
with an HbAlc level of >6.5% had a higher risk of all-
cause and CVD-related mortality (P<0.05) compared to
those with a normal HbAlc (<5.7%). A significant trend
(P<0.05) indicates that the risk of all-cause and CVD-
related mortality increases with higher HbAlc levels, as
shown in Supplementary Table S3. For non-CVD and
non-cancer mortality, we found that higher HbAlc lev-
els were not associated with non-CVD mortality, but
were associated with increased non-cancer mortality, as
shown in Table S4.

A U-shaped relationship was also observed in fast-
ing glucose samples (n=2189) with a threshold of 5.7
mmol/L for all-cause mortality (Supplement Tables
S5-7). Similar results were observed in breast cancer sur-
vivors (n=659), prostate cancer survivors (n=673), and
skin (non-melanoma) cancer survivors (7 =698), and the
threshold values were 5.5%, 5.3% and 6.0% respectively,
as shown in Supplemental Tables S8-16. These were also
similar when excluding participants who died within two
years of follow-up, as shown in Supplemental Tables S17-
19. Consistent results were obtained when analyses were
stratified by sex, race/ethnicity and BMI (all P interac-
tion>0.010). At the same time, we found that age may
influence the association between HbAlc and all-cause
mortality risk (P interaction <0.001). Among cancer sur-
vivors older than 70 years, increased HbAlc increased
the risk of all-cause mortality, and the threshold value
was 5.5%, while no such relationship was observed
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among those younger than 70 years, and the threshold
value was 6.3% (Supplementary Table S20-25).

Discussion

In the past 30 years, hyperglycemia has rapidly become
an increasing risk factor for mortality among can-
cer survivors worldwide. With the development of the
economy and society, mortality attributed to hypergly-
cemia is increasing. Based on the heavy disease burden
worldwide, how to obtain optimized glucose manage-
ment in cancer survivors has become an urgent research
direction.

Our results indicate that there is a U-shaped relation-
ship between glucose levels and the risk of all-cause
mortality among cancer survivors. Previous studies
have shown that high HbAlc levels were associated with
poor prognosis in patients with lung cancer [29, 30] and
positively associated with glioblastoma cell prolifera-
tion [31]. However, there is still a lack of studies on the
dose-response relationship between glucose levels and
all-cause mortality in cancer survivors. Our study investi-
gated this relationship and found a U-shaped relationship
between glucose levels and all-cause mortality, and the
critical values of HbAlc or fasting glucose in the mortal-
ity decrease were 5.4% and 5.7 mmol/L, respectively. In
breast, prostate and skin (non-melanoma) cancer sur-
vivors, the critical value of HbAlc were 5.5%, 5.3% and
6.0%. When HbAlc exceeds 5.4%, each 0.2% increase in
HbAlc is associated with a 2.6% increase in the risk of
all-cause mortality. The HR of 1.026 per 0.2% HbAlc
increase may not be strong, but it is still clinically sig-
nificant, as consecutive increments lead to a proportional
rise in all-cause mortality (e.g., a 1.0% HbAlc increase
results in a 13% increase in all-cause mortality). Addi-
tionally, even small increases in mortality can have a sub-
stantial impact at the population level.

In the dose-response analysis, an increased cancer-
related mortality was observed at lower glucose levels.
This observation may be attributed to the prevalence of
cachexia and malnutrition among cancer survivors with
low glucose. Both cachexia and malnutrition are con-
sidered indicative of more aggressive cancer phenotypes
and are significant risk factors for higher cancer mortal-
ity [32, 33]. This study also observed a linear relation-
ship between hyperglycemia and CVD-related mortality,
whereas no significant association was found between
hyperglycemia and cancer-related or non-CVD mortal-
ity. Therefore, it is hypothesized that the increased risk
of all-cause mortality in cancer survivors with hypergly-
cemia may be attributed primarily to an elevated risk of
CVD-related mortality. This suggests that hyperglycemia
may exacerbate the risk of CVD-related mortality, subse-
quently increasing the all-cause mortality risk in cancer
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survivors. These findings are generally consistent with
those reported by Mi-Hyang Jung et al., who observed a
nonlinear relationship between glucose levels and CVD-
related mortality among over 170,000 cancer survivors in
Korea [34]. Specifically, they noted that beyond 90 mg/
dL, an increase in fasting glucose levels was associated
with an increased risk of CVD-related mortality. Multiple
studies supported a positive correlation between hyper-
glycemia and the risk of CVD-related mortality [35-37].
The increase in glucose levels may increase the risk of
CVD through various mechanisms. For instance, hyper-
glycemia impairs the function of endothelial cells, leading
to the formation of atherosclerotic plaques and acceler-
ating plaque rupture, thereby promoting the formation
of vascular thrombi [38]. Additionally, hyperglycemia is
associated with arterial stiffness, endothelial dysfunction,
and increased intima-media thickness [39, 40]. These risk
factors will significantly increase the CVD-related mor-
tality among cancer survivors.

Given the prolonged survival observed in the major-
ity of cancer survivors in this study, with 60.9% sur-
viving beyond five years and 39.1% beyond ten years,
CVD-related mortality can be more readily monitored
and evaluated. However, we cannot discount the influ-
ence of hyperglycemia on the cancer-related mortality.
Hyperglycemia may also affect cancer progression and
prognosis through various pathways. For example, some
studies have claimed that hyperglycemia accelerates ovar-
ian tumor growth in a glucose concentration-dependent
manner and significantly shortens overall patient sur-
vival. The mechanism may be due to the "Warburg" effect
of glucose metabolism in tumor cells, where normal cir-
culating glucose concentrations cannot meet the energy
requirements of the tumor and constitute a limiting
factor for cancer cell metabolism. Patients with hyper-
glycemia may have the potential to meet these energy
requirements and promote cancer progression [41, 42].
It has also been reported that high blood glucose lev-
els significantly increase breast cancer cell proliferation
compared to low glucose levels. The mechanism may be
that the epidermal growth factor receptor (EGFR) is acti-
vated by the guanosine triphosphatases (GTPases) Racl
and Cdc42, which accelerate the cell cycle process and
thus promote breast cancer cell proliferation [43]. On the
other hand, hyperglycemia may promote tumor growth
by increasing tumor microvessel density. Although
hypoxia-inducible factor 1 (HIF-1) inhibitors can inhibit
tumor growth, hyperglycemia blunts the effect of HIF-1
inhibitors. Meanwhile, glucagon-induced hyperglyce-
mia affects the tumor microenvironment through the
hypoxia-inducible factor 1 (HIF-1)-vascular endothe-
lial growth factor (VEGF) pathway and promotes tumor
growth and resistance to HIF-1 inhibitory therapy [44].
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Hyperglycemia may also enhance the invasive ability of
cancer cells; for example, it has been reported that diabe-
tes can affect the malignant features of tumors in invasive
ductal breast carcinoma (IDBC). The mechanism may be
that high glucose concentrations in the tumor microen-
vironment enhance IDBC invasion by upregulating the
expression of the glucose transporter 1 (Glutl)/matrix
metalloproteinase 2 (MMP2)/matrix metalloproteinase 9
(MMP9) axis [45].

The present study has various strengths, such as a large
sample size, prospective study design, and weighted anal-
ysis (allowing the results to be generalized to the entire
United States). However, there were still several limita-
tions of the study. First, cancer-related data in NHANES
were obtained from participant self-reports, which may
be subject to self-reporting bias. Second, NHANES data-
base did not collect data on cancer stages or treatments.
However, the absence of this data is an inevitable inher-
ent limitation of retrospective observational studies.
Lastly, we explored the association between glucose lev-
els and mortality in cancer survivors in the United States
population, which cannot be extended to global popula-
tions. Additionally, the sample size of other cancer sub-
types in NHANES was too small for further analysis.

Conclusions

In summary, glucose management in cancer survivors is
extremely important and may prevent premature death.
The management of glucose levels in cancer survivors
should be emphasized in clinical practice. Cancer survi-
vors with hyperglycemia can be identified through glu-
cose monitoring and screening and appropriately treated
as early as possible to improve survival.
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