
R E S E A R C H Open Access

© The Author(s) 2025. Open Access  This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, 
sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and 
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included 
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit  h t t p  : / /  c r e a  t i  v e c  o m m  o n s .  o r  g / l i c e n s e s / b y / 4 . 0 /.

Holm et al. BMC Cancer          (2025) 25:790 
https://doi.org/10.1186/s12885-025-14121-z

BMC Cancer

*Correspondence:
Jonas Busk Holm
jonasbuskholm@oncology.au.dk

Full list of author information is available at the end of the article

Abstract
Background Diabetes is associated with impaired breast cancer prognosis; however, the effectiveness of 
glycosylated hemoglobin (HbA1c) as a prognostic biomarker in breast cancer remains uncertain, especially for patients 
without diabetes. We aimed to determine whether elevated HbA1c is associated with a worse prognosis in breast 
cancer patients without known diabetes.

Methods The study population comprised women with primary invasive stage I-III breast cancer between 2010 and 
2020 surgically treated at Aarhus University Hospital, Denmark, without a diabetes diagnosis at baseline. We assessed 
HbA1c at breast cancer diagnosis as a categorical (quartiles; HbA1c-Q1 = 21–33 mmol/mol, HbA1c-Q2 = 34–36 mmol/
mol, HbA1c-Q3 = 37–38 mmol/mol, HbA1c-Q4 = ≥ 39 mmol/mol) and log2-transformed continuous variable. Follow-up 
began at the date of primary breast cancer surgery and continued until the first occurrence of either a new breast 
cancer event (loco-regional or distant recurrence, or contralateral breast cancer), new primary cancer other than 
breast cancer, death, emigration, or end-of-follow-up (November 15th, 2021). Cox regression models estimated crude 
and adjusted hazard ratios and associated 95% confidence intervals (95% CIs) of a new breast cancer event and 
all-cause mortality, adjusting for patient characteristics based on a directed acyclic graph. The lowest HbA1c quartile 
(HbA1c-Q1) was used as reference.

Results In total, 2514 women (median age 62 years) were included. During median 5.6 years follow-up for new 
breast cancer events, 230 (9.1%) events occurred. An escalating risk of new breast cancer events was observed with 
increasing HbA1c quartiles (adjusted hazard ratios, HbA1c-Q2: 1.09 [95% CI = 0.75–1.60]; HbA1c-Q3: 1.35 [95% CI = 0.88–
2.07]; HbA1c-Q4: 1.69 [95% CI = 1.13–2.54]) compared to HbA1c-Q1. During median 6.0 years follow-up for all-cause 
mortality, 267 deaths (10.6%) occurred. No apparent association was evident between increasing HbA1c quartiles and 
all-cause mortality (adjusted hazard ratios, HbA1c-Q2: 0.75 [95% CI = 0.52–1.07]; HbA1c-Q3: 0.82 [95% CI = 0.55–1.21]; 
HbA1c-Q4: 1.06 [95% CI = 0.74–1.53]). Similarly, a log2(HbA1c) increase was associated with an increased risk of new 
breast cancer events, but not all-cause mortality.

Conclusions For women with primary breast cancer and no known diagnosis of diabetes, higher levels of HbA1c 
were associated with an increased risk of new breast cancer events, but not all-cause mortality. HbA1c may serve as a 
prognostic metabolic biomarker for breast cancer patients without diabetes.
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Introduction
Approximately 2.3  million individuals receive a breast 
cancer (BC) diagnosis worldwide each year [1]. Among 
females, BC represents one in four incident cancers and 
one in six cancer-related fatalities [1]. In 2021, an esti-
mated 537  million adults worldwide had diabetes, and 
this number is expected to increase to 643  million by 
2030 [2]. Similarly, the global obesity (Body Mass Index 
(BMI) ≥ 30 kg/m2) prevalence has more than doubled 
since 1990 [3]. Nearly 50% of adults are expected to have 
obesity by 2030 in the United States [4]. Obesity and dia-
betes are metabolic disorders associated with increased 
risk and inferior prognosis of BC [5–7]. Hyperglycemia 
is seen in both disorders and has been suggested as one 
of the mechanisms contributing to the associations with 
BC, as hyperglycemia may support tumor progression, 
for instance, through stimulation of cancer cell growth 
[7–12]. Continuous hyperglycemia translates into higher 
levels of glycosylated hemoglobin (HbA1c) [13]. However, 
the correlation between HbA1c levels and BC prognosis, 
especially in BC patients without pre-diagnosed diabetes 
at the date of BC diagnosis, is ambiguous [14–21]. Ear-
lier studies of HbA1c and BC prognosis have produced 
contradictory findings. Some suggested an association 
between higher HbA1c levels and poorer BC outcomes 
[14–16], while others found no relationship [17–21]. 
Most studies included patients with pre-existing dia-
betes at baseline and used HbA1c above diabetes cutoff 
(HbA1c ≥ 48 mmol/mol [22]) as exposure [14, 15, 17–20], 
which does not provide a complete understanding of the 
role that pre-diabetic HbA1c elevations play. A few of the 
studies counted participants without BC at baseline [16, 
21]. No long-term prognostic study has concentrated 
solely on BC patients without diabetes at the time of their 
BC diagnosis, and the association between HbA1c and the 
risk of subsequent BC events, such as recurrence or con-
tralateral BC, has not been thoroughly examined.

We hypothesized that high HbA1c is associated with 
inferior prognosis in BC patients without diabetes. We 
examined the association between HbA1c levels at BC 
diagnosis and risk of new BC events and all-cause mor-
tality in BC patients without diabetes.

Materials and methods
Data sources
The cohort has been described in detail previously [23]. 
We merged all data through a unique identification num-
ber assigned to all Danish residents at birth or immigra-
tion. Danish BC patients are registered in the Danish 
Breast Cancer Group (DBCG) database [24]. Patient, 
tumor, and treatment characteristics came from the 

DBCG database and medical records [23]. Diabetes status 
was collected from the Danish Adult Diabetes Registry 
[25]. BMI data were sourced from the Danish Anaes-
thesia Database [26] and medical records. We received 
information on emigration and comorbidities from the 
Civil Registration System [27] and National Patient Reg-
istry [28] included in “The Danish Clinical Quality Pro-
gram - National Clinical Registries” [29]. Outcome data 
were gathered through a systematic review of medical 
records, based on a prespecified codebook [23].

Study population
The study population comprised women with newly 
diagnosed stage I–III BC at Aarhus University Hospital, 
Denmark, between 2010 and 2020 [23]. These patients 
were referred for BC surgery at the hospital and asked to 
contribute blood samples to the Danish Cancer Biobank 
[30]. Blood was drawn a median of seven days after the 
primary invasive BC diagnosis (IQR 6–11 days) [23]. The 
final study cohort included 2514 surgically treated stage 
I-III BC patients without diabetes at the date of the blood 
sample draw (Fig. 1). The Danish National Committee on 
Health Research Ethics approved this study (no. 1-10-
72-192-20). Informed consent was obtained from all 
included participants.

HbA1c analyses
Blood samples were stored at -80oC in the Danish Can-
cer Biobank [23]. HbA1c levels were assessed with Sebia 
Capillarys 3 Tera TLA instruments [31] and reported 
in mmol/mol in line with the recommendations of the 
International Federation of Clinical Chemistry and Labo-
ratory Medicine [32].

Definitions of analytic variables
Main exposure variable
HbA1clevels at BC diagnosis. HbA1c was assessed as a cat-
egorical variable and as a log2-transformed continuous 
variable. For the categorical analyses, HbA1c was divided 
into quartiles based on the final study cohort (HbA1c-
Q1 (reference) = 21–33 mmol/mol; HbA1c-Q2 = 34–36 
mmol/mol; HbA1c-Q3 = 37–38 mmol/mol; HbA1c-
Q4= ≥ 39 mmol/mol), and according to standard thresh-
old for diagnosis of diabetes (HbA1c ≥ 48 mmol/mol) 
from the American Diabetes Association and the Inter-
national Expert Committee [22, 33]. We assessed HbA1c 
levels in quartiles, as diabetes cut-off points for HbA1c 
may not be adequate when examining the role of HbA1c 
in BC. For BMI-stratified analyses, we recalculated quar-
tiles within each BMI group.
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Covariates
Patient characteristics. Diabetes status refers to whether 
the patient was registered with diabetes in the Dan-
ish Adult Diabetes Registry [25] at the date of the blood 
sample draw. BMI categorization followed the World 
Health Organization classification [34]: underweight 
(BMI < 18.5  kg/m2), normal weight (18.5 ≤ BMI < 25  kg/
m2), overweight (25 ≤ BMI < 30  kg/m2), and obesity 
(BMI ≥ 30  kg/m2). We used the closest registered BMI 
measurement from the blood sample date [23]. Meno-
pausal status and age (following DBCG guidelines [24]) 
referred to the time of BC diagnosis. Comorbidities were 
assessed as Charlson Comorbidity Index score (0, 1–2 
(mild), & ≥ 3 (moderate/severe)), incorporating comor-
bidities registered in the National Patient Registry up to 
10 years before BC diagnosis [35].

Tumor characteristics. Tumor size and lymph node 
metastases were categorized according to the American 
Joint Committee on Cancer Staging 8th edition [36]. We 
classified tumors as ER (estrogen receptor)-negative if 
tumor cells showed no expression of ER, or ER-positive 
if ≥ 1% expressed ER. Human Epidermal Growth Factor 
Receptor 2 (HER2) expression was defined as positive or 
negative through immunohistochemistry and Fluores-
cence In Situ Hybridization (FISH)-ratio according to 
guidelines by the American Society of Clinical Oncology 
[37]. Nottingham Group standardization was used for 
histological grade [36] and the World Health Organiza-
tion’s Classification of Breast Tumors 3rd Edition for his-
tological classification [38].

Treatment characteristics. Surgery type (mastectomy 
or lumpectomy) referred to the final primary BC sur-
gery [23]. Endocrine therapy, chemotherapy, anti-HER2 

therapy, and radiotherapy were included as intention-to-
treat variables (defined by DBCG protocols).

Outcomes
We defined BC recurrence as recurrent invasive BC in 
the ipsilateral breast or ipsilateral lymph nodes (loco-
regional), or outside of these locations (distant) ≥ 3 
months after the last surgery date for primary BC (final 
primary surgery) [23]. We only included the first reg-
istered BC recurrence. Malignancy in the contralateral 
breast after final primary surgery was registered as con-
tralateral BC [23]. We also registered deaths and new pri-
mary cancers other than BC, apart from non-melanoma 
skin cancer [23]. BC recurrence (loco-regional or distant) 
and contralateral BC were considered new BC events.

Statistical analyses
Follow-up for new BC events and distant recurrence 
started on the final primary surgery date and continued 
until one of the following: invasive BC recurrence (loco-
regional or distant), contralateral BC, new primary cancer 
other than BC, death, emigration, or last follow-up date 
(November 15th, 2021). In follow-up for new BC events, 
we treated BC recurrence (loco-regional or distant) and 
contralateral BC as events and censored at new primary 
cancer, death, emigration, or November 15th, 2021. For 
the Aalen-Johansen estimators, competing events were 
new primary cancer and death. For distant recurrence 
follow-up, distant BC recurrence was treated as an event, 
and censoring occurred at loco-regional BC recurrence, 
contralateral BC, new primary cancer, death, emigration, 
or November 15th, 2021. If an event occurred within 30 

Fig. 1 Flowchart of the study cohort. After exclusion, 2514 women with surgically treated incident stage I-III BC between 2010 and 2020 who donated 
blood to the regional biobank were included in the final study cohort. The women did not have a diabetes diagnosis at the date of the blood draw. This 
figure was modified from a previously published figure on the same cohort by Holm et al. [23]. Abbreviations: BC, Breast cancer
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days after a censoring point, we ignored the censoring 
point and included the event in the analysis.

All-cause mortality follow-up began at the final pri-
mary surgery date and continued until one of the fol-
lowing: death, emigration, or November 15th, 2021. We 
treated death as an event and censored at emigration or 
November 15th, 2021.

Person-years, number of events, and incidence rate per 
1000 person-years (with 95% confidence intervals (95% 
CIs)) within each HbA1c quartile were calculated. Crude 
and multivariable-adjusted hazard ratios (HRs) with 95% 
CIs for new BC events, distant recurrence, and all-cause 
mortality were estimated using Cox models in relation 
to categorized HbA1c and log2(HbA1c). The Cox models 
were utilized for a maximum follow-up of 10 years. Two 
multivariable models were run. Model 1 was adjusted for 
crucial confounders, as indicated by a directed acyclic 
graph, namely age, menopausal status, BMI, and comor-
bidities (Supplementary Fig. 1). Model 2 was exploratory 
and included tumor and treatment characteristics poten-
tially mediating the impact of HbA1c on BC prognosis, 
rather than qualifying as confounders. These covariates 
included ER status, HER2 receptor status, grade, clas-
sification, tumor size, lymph node metastases, surgery, 
radiotherapy, endocrine therapy, chemotherapy, and 
anti-HER2 therapy. This exploratory model intended to 
assess whether the observed associations would likely act 
through these factors. Only patients with complete data 
in the covariates were included (N = 2448 (model 1)/2336 
(model 2)). We also conducted BMI-stratified analyses, 
ER-stratified analyses, and sensitivity analyses excluding 
patients with HbA1c ≥ 48 mmol/mol (diabetes thresh-
old [22]). For distant recurrence, BMI-stratified, and 
ER-stratified analyses, model 2 was not presented due to 
an insufficient number of events [39]. Patients classified 
as underweight were omitted from the BMI-stratified 
analyses because of the low number of such patients. We 
provided Aalen-Johansen estimators on the cumulative 
incidence of new BC events, and Kaplan-Meier estima-
tors on the cumulative incidence of all-cause mortality, 
according to HbA1c quartiles overall and within BMI 
groups. All analyses were conducted using Stata version 
18.

Results
The study cohort comprised 2514 stage I–III BC patients 
without diabetes. The median age was 62 years (IQR 
52–69), median BMI was 24.7  kg/m2, and 349 patients 
(13.9%) had a Charlson Comorbidity Index score ≥
3 (Table  1). Patients in the highest HbA1c quartile 
(HbA1c-Q4, ≥ 39 mmol/mol) were older, more likely to 
be postmenopausal, had higher BMI, and more comor-
bidity. Patients in HbA1c-Q4 had larger tumors, more 
often exhibited ductal carcinomas, and were less likely 

to undergo chemotherapy. The characteristics of the 
patients with complete data (Model 2, N=2336) were 
similar to those in the crude analyses (N = 2514) (Supple-
mentary Table 1).

Among the 2514 patients with BC, we registered 230 
new BC events (195 recurrences and 35 contralateral 
BCs) during 14,126 person-years of follow-up for new BC 
events (median follow-up of 5.6 years). In follow-up for 
all-cause mortality, 267 deaths occurred during 14,913 
person-years (median follow-up of 6.0 years).

Figure 2 displays the cumulative new BC event and all-
cause mortality incidences across HbA1c quartiles.

The highest BC events and mortality incidences were 
observed in HbA1c-Q4. Table  2 provides the estimated 
HRs for a new BC event, distant recurrence, and all-
cause mortality across HbA1c quartiles. Among the 230 
new BC events, the bulk occurred in HbA1c-Q4 (N = 71; 
30.9%). An increased risk of a new BC event with ris-
ing HbA1c quartiles was observed (Model 1, HbA1c-
Q2: adjusted HR = 1.09, 95% CI = 0.75–1.60; HbA1c-Q3: 
adjusted HR = 1.35, 95% CI = 0.88–2.07; HbA1c-Q4: 
adjusted HR = 1.69, 95% CI = 1.13–2.54). Similarly, a 
higher hazard of distant recurrence was observed in 
HbA1c-Q4 compared to HbA1c-Q1 (Model 1, HbA1c-Q4, 
adjusted HR = 2.09 [95% CI = 1.23–3.56]). Out of the 267 
recorded deaths, the majority were in HbA1c-Q4 (N = 91; 
34.1%). No clearly increased mortality risk across quar-
tiles compared to HbA1c-Q1 was noted (Model 1, HbA1c-
Q2: adjusted HR = 0.75, 95% CI = 0.52–1.07; HbA1c-Q3: 
adjusted HR = 0.82, 95% CI = 0.55–1.21; HbA1c-Q4: 
adjusted HR = 1.06, 95% CI = 0.74–1.53). When con-
sidering HbA1c as a continuous variable, an associa-
tion between an increase in log2(HbA1c) and increased 
risk of new BC events (Model 1, adjusted HR = 1.95 
[95% CI = 0.92–4.12]) and distant recurrence (Model 1, 
adjusted HR = 2.50 [95% CI = 1.01–6.20]) was observed.

HRs for new BC events, distant recurrence, and all-
cause mortality excluding patients with HbA1c ≥ 48 
mmol/mol are presented in Supplementary Table 2, 
where the increased risk of new BC events and distant 
recurrence in HbA1c-Q4 compared to HbA1c-Q1 is rep-
licated– similar to Table  2’s results. In Supplementary 
Table 3, we present HRs for a new BC event, distant 
recurrence, and all-cause mortality using HbA1c cut-off 
points according to the International Expert Commit-
tee and American Diabetes Association [22, 33]. The 
pre-diabetes groups (International Expert Committee: 
HbA1c=42–47 mmol/mol; American Diabetes Associa-
tion: HbA1c=39–47 mmol/mol) had the highest risk of 
inferior BC prognosis, similar to results in Table  2 and 
Supplementary Table 2 [22, 33]. In the ER-stratified anal-
yses, patients in HbA1c-Q4 had the highest risk of a new 
BC event regardless of ER status (Supplementary Table 
4).
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Characteristics Total
N = 2,514

HbA1c-Q1 
21–33 mmol/mol
N = 649

HbA1c-Q2
34-36 mmol/mol
N = 794

HbA1c-Q3
37-38 mmol/mol
N = 485

HbA1c-Q4
≥ 39 mmol/

N = 586
Age, median (IQR) 62 (52–69) 52 (47–64) 61 (52–68) 64 (58–71) 67 (59–73)
Age (years), categories
< 50 441 (17.5%) 229 (35.3%) 137 (17.3%) 42 (8.7%) 33 (5.6%)
50–59 639 (25.4%) 181 (27.9%) 228 (28.7%) 112 (23.1%) 118 (20.1%)
60–69 852 (33.9%) 156 (24.0%) 274 (34.5%) 198 (40.8%) 224 (38.2%)
≥  70 582 (23.2%) 83 (12.8%) 155 (19.5%) 133 (27.4%) 211 (36.0%)
Missing 0 0 0 0 0
Body Mass Index (kg/m2), median (IQR) 24.74 (22.20-28.09) 23.51 (21.56–25.94) 24.34 (22.04–27.48) 25.06 (22.15–28.24) 27.10 (24.11–31.23)
Body Mass Index, categories (kg/m2)
Underweight < 18.5 62 (2.5%) 16 (2.5%) 22 (2.8%) 15 (3.1%) 9 (1.6%)
Normal weight 18.5 ≤  to < 25 1,229 (49.6%) 406 (63.6%) 418 (53.4%) 219 (45.6%) 186 (32.3%)
Overweight 25 ≤ to < 30 769 (31.1%) 163 (25.5%) 231 (29.5%) 171 (35.6%) 204 (35.5%)
Obesity ≥ 30 416 (16.8%) 53 (8.3%) 112 (14.3%) 75 (15.6%) 176 (30.6%)
Missing 38 11 11 5 11
Menopausal status
Premenopausal 584 (23.5%) 276 (43.0%) 195 (25.0%) 64 (13.2%) 49 (8.5%)
Postmenopausal 1902 (76.5%) 366 (57.0%) 586 (75.0%) 420 (86.8%) 530 (91.5%)
Missing 28 7 13 1 7
Charlson Comorbidity Index
0 341 (13.6%) 106 (16.3%) 105 (13.2%) 63 (13.0%) 67 (11.4%)
1–2 (mild) 1824 (72.6%) 471 (72.6%) 599 (75.4%) 365 (75.3%) 389 (66.4%)
≥ 3 (moderate/severe) 349 (13.9%) 72 (11.1%) 90 (11.3%) 57 (11.8%) 130 (22.2%)
Missing 0 0 0 0 0
Tumor size
0–20 mm 1782 (71.0%) 474 (73.1%) 578 (73.1%) 345 (71.1%) 385 (65.8%)
21–50 mm 675 (26.9%) 162 (25.0%) 197 (24.9%) 132 (27.2%) 184 (31.5%)
> 50 mm 52 (2.1%) 12 (1.9%) 16 (2.0%) 8 (1.6%) 16 (2.7%)
Missing 5 1 3 0 1
Lymph node metastases
0 1560 (62.6%) 387 (60.2%) 496 (62.9%) 304 (63.2%) 373 (64.3%)
1–3 693 (27.8%) 196 (30.5%) 218 (27.6%) 130 (27.0%) 149 (25.7%)
4–9 167 (6.7%) 42 (6.5%) 52 (6.6%) 34 (7.1%) 39 (6.7%)
≥ 10 73 (2.9%) 18 (2.8%) 23 (2.9%) 13 (2.7%) 19 (3.3%)
Missing 21 6 5 4 6
Histological classification
Ductal 1892 (75.3%) 474 (73.0%) 593 (74.7%) 373 (76.9%) 452 (77.1%)
Lobular 309 (12.3%) 89 (13.7%) 101 (12.7%) 57 (11.8%) 62 (10.6%)
Othera 313 (12.5%) 86 (13.3%) 100 (12.6%) 55 (11.3%) 72 (12.3%)
Missing 0 0 0 0 0
Histological grade
Not gradedb 154 (6.2%) 43 (6.7%) 50 (6.5%) 33 (6.9%) 28 (4.9%)
Grade 1 579 (23.5%) 151 (23.6%) 185 (23.9%) 108 (22.5%) 135 (23.4%)
Grade 2 1140 (46.2%) 282 (44.1%) 350 (45.2%) 233 (48.5%) 275 (47.7%)
Grade 3 596 (24.1%) 163 (25.5%) 189 (24.4%) 106 (22.1%) 138 (24.0%)
Missing 45 10 20 5 10
ER status (% positive cells)
0% (negative) 252 (10.1%) 89 (13.7%) 67 (8.5%) 45 (9.3%) 51 (8.8%)
1-100% (positive) 2249 (89.9%) 559 (86.3%) 722 (91.5%) 438 (90.7%) 530 (91.2%)
Missing 13 1 5 2 5
HER2 status
Negative 2200 (89.3%) 565 (88.1%) 701 (90.2%) 423 (89.8%) 511 (89.0%)
Positive 263 (10.7%) 76 (11.9%) 76 (9.8%) 48 (10.2%) 63 (11.0%)

Table 1 Characteristics of 2514 women with incident stage I-III breast cancer included in the final cohort
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In Supplementary Figs. 2 and 3, we present BMI-strat-
ified cumulative BC event and all-cause mortality inci-
dences according to HbA1c quartiles. For patients with 
normal weight, we observed the highest BC event and 
mortality incidences in HbA1c-Q4 compared to other 
quartiles. Similar results were observed in patients with 
obesity, but not overweight. In Supplementary Table 5, 
we report estimated HRs across HbA1c quartiles in BMI 
groups. We saw a tendency of increased risk of new BC 
events with increasing HbA1c quartiles in patients with 
normal weight or obesity. Increasing HbA1c quartiles 
were not associated with mortality across BMI groups.

Discussion
In BC patients without diabetes at baseline, we found an 
escalating risk of new BC events (recurrence or contra-
lateral BC) with increasing HbA1c quartiles. In the high-
est quartile (HbA1c ≥ 39 mmol/mol), patients had a 69% 
enhanced risk of a new BC event and twice the risk of 
distant recurrence compared with patients in the low-
est HbA1c quartile. However, elevated HbA1c (HbA1c ≥
39 mmol/mol) was not independently related to an 
increased risk of all-cause mortality.

Previous literature has reported inconsistent findings 
on the relationship between HbA1c and BC prognosis. 
In patients with diabetes at BC diagnosis, Laurberg et al. 
(N = 1978) and Boursi et al. (N = 1382) found no associa-
tion between HbA1c and overall survival [18, 19]. Simi-
larly, Tobe et al. (N = 98) found no association with overall 
or distant metastasis-free survival [17]. For patients with 
mixed diabetes status (i.e., patients with or without dia-
betes), Erickson et al. [14] reported an increased risk of 
all-cause mortality and slightly increased risk of a new 
BC event (recurrence or new primary BC) for patients 
with HbA1c ≥ 53 mmol/mol compared to HbA1c < 48 
mmol/mol in a cohort of 3003 BC patients. Similarly, 
Chang et al. [15] found an increased risk of BC-specific 
and all-cause mortality in BC patients with diabetes and 
HbA1c > 75 mmol/mol compared to patients without 
diabetes (N = 2812). Conversely, no association between 
HbA1c and overall survival was found by Jousheghany et 
al. [20] in patients with unknown diabetes status at BC 
diagnosis (N = 82). Two studies explored the relation-
ship between HbA1c and BC prognosis in patients with-
out diabetes at enrolment [16, 21]. Yoo et al. [16] found 
a slightly increased risk of BC-specific mortality for 

Characteristics Total
N = 2,514

HbA1c-Q1 
21–33 mmol/mol
N = 649

HbA1c-Q2
34-36 mmol/mol
N = 794

HbA1c-Q3
37-38 mmol/mol
N = 485

HbA1c-Q4
≥ 39 mmol/

N = 586
Missing 51 8 17 14 12
Final primary surgeryc

Mastectomy 829 (33.2%) 219 (33.9%) 253 (32.1%) 151 (31.2%) 206 (35.4%)
Lumpectomy 1671 (66.8%) 427 (66.1%) 535 (67.9%) 333 (68.8%) 376 (64.6%)
Missing 14 3 6 1 4
Adjuvant radiotherapyd

No 488 (20.0%) 121 (19.1%) 152 (19.7%) 90 (19.1%) 125 (22.2%)
Yes 1950 (80.0%) 512 (80.9%) 619 (80.3%) 380 (80.9%) 439 (77.8%)
Missing 76 16 23 15 22
Endocrine therapyd

No 475 (19.5%) 146 (23.1%) 133 (17.3%) 92 (19.6%) 104 (18.4%)
Yes 1963 (80.5%) 487 (76.9%) 638 (82.7%) 378 (80.4%) 460 (81.6%)
Missing 76 16 23 15 22
Anti-HER2 therapyd

No 2179 (89.2%) 559 (88.0%) 696 (90.2%) 421 (89.8%) 503 (88.9%)
Yes 263 (10.8%) 76 (12.0%) 76 (9.8%) 48 (10.2%) 63 (11.1%)
Missing 72 14 22 16 20
Adjuvant chemotherapyd

No 1199 (49.2%) 235 (37.1%) 378 (49.0%) 258 (54.9%) 328 (58.2%)
Yes 1239 (50.8%) 398 (62.9%) 393 (51.0%) 212 (45.1%) 236 (41.8%)
Missing 76 16 23 15 22
a: “Other” refers to patients without registration of either invasive ductal or lobular carcinoma

b: In total, 154 patients’ tumors were not graded during the histological assessment, e.g. due to nonductal and nonlobular carcinomas were not graded for part of 
the study period or insufficient amount of tumor tissue for grading. We did not treat “Not graded” as a missing value in the multivariable models

c: Final primary surgery refers to the last breast surgery procedure for the primary breast cancer

d: Intention-to-treat variables based on the Danish Breast Cancer Group protocol allocation

Abbreviations: Q1, Quartile 1; IQR, Interquartile range; ER, Estrogen receptor; HER2, Human Epidermal Growth Factor Receptor 2

Table 1 (continued) 
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patients with the highest HbA1c-quintile (39–46 mmol/
mol) compared to the lowest quintile among 589,457 
patients. The number of BC-specific mortalities and the 
precision of the estimate were low [16]. Conversely, Joshu 
et al. [21] found no association between HbA1c and BC-
specific mortality in 336 BC patients.

Direct comparison between our results and prior stud-
ies is challenging due to differences in study design, 
the timing of HbA1c measurement, diverse endpoints, 

and exposure thresholds, and the inclusion/exclusion 
of patients with diabetes. As in the most comprehen-
sive study on BC patients [14], we noted an increased 
risk of new BC events within the highest HbA1c group, 
though no association with mortality was found. In con-
trast, Erickson et al. [14] incorporated patients with self-
reported diabetes, and used HbA1c ≥ 53 mmol/mol as the 
exposure threshold. Also, HbA1c was measured in sam-
ples taken on average two years post-BC diagnosis [14]. 

Fig. 2 Cumulative new breast cancer event and all-cause mortality incidences across HbA1c quartiles. a: Cumulative new breast cancer event (BC recur-
rence or contralateral BC) incidences across HbA1c quartiles (Aalen-Johansen estimator). Competing events: new primary cancer other than BC and death. 
b: Cumulative all-cause mortality incidences across HbA1c quartiles (Kaplan-Meier estimator). Abbreviations: BC, Breast cancer; HbA1c Q1, HbA1c quartile 1
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Like Tobe et al. [17], Laurberg et al. [18], and Boursi et al. 
[19], we did not observe a link between HbA1c and risk of 
all-cause mortality, but in contrast to our study, all three 
studies only included patients with diabetes. Contrary to 
Tobe et al. [17], we found an association between HbA1c 
and distant recurrence risk. Comparing our results to 
Chang et al. [15] is problematic, since their exposure was 
HbA1c levels in patients with diabetes, and patients with-
out diabetes were the reference group. Yoo et al. [16] and 
Joshu et al. [21] included individuals without cancer at 
start, measuring HbA1c before BC diagnosis, contrasting 
with our design. Furthermore, Yoo et al. [16] provided no 
information on the number of BC cases.

Our study is the first to report results on the associa-
tion between HbA1c at BC diagnosis and BC prognosis 
in patients without diabetes at baseline. The majority of 
studies on HbA1c and BC prognosis have investigated 
HbA1c synonymous with diabetes as exposure (HbA1c ≥
48 mmol/mol) [14, 15, 17, 20, 22]. Erickson et al. [14] 
questioned whether there was a threshold of glycemic 
status at which the risk of poor BC prognosis signifi-
cantly increases. Our study indicates that HbA1c in the 
non-diabetic range (HbA1c<48 mmol/mol) is associ-
ated with inferior prognosis in BC patients. Therefore, 

diabetes cut-off points for HbA1c might be insufficient in 
BC, however, HbA1c in the non-diabetic range may not 
affect mortality risk, as we saw no association between 
HbA1c-Q4 and all-cause mortality, opposite to Erickson 
et al. [14].

Our observed increased risk of new BC events and 
distant recurrences associated with HbA1c-Q4 could be 
attributed to several factors. In BC cell lines, high glucose 
induced BC cell invasion through epithelial-to-mesen-
chymal transition [12, 40, 41], a critical element in cancer 
metastasis [42]. This could explain the heightened risk of 
distant recurrence. Moreover, high glucose may increase 
the proliferation of BC cells, leading to larger tumors in 
HbA1c-Q4 [12, 41]. Additionally, elevated HbA1c could 
suggest hyperinsulinemia and systemic inflammation, as 
these conditions are frequently observed in patients with 
type 2 diabetes [2, 43, 44]. Since hyperinsulinemia and 
systemic inflammation are associated with poor BC out-
comes, they could account for the association between 
increased HbA1c and unfavorable BC prognosis [8, 45, 
46].

Our study may have clinical implications. HbA1c within 
the non-diabetic range could be included in the clinical 
evaluation of the risk of new BC events. Furthermore, as 

Table 2 Outcome estimates according to HbA1c quartiles and log2(HbA1c) in the 2514 breast cancer patients
Person-years Num-

ber of 
events

Incidence rate per 
1000 person-years 
(95% CI)

Crude hazard 
ratio (95% CI) 
(N = 2514)

Model 1: Hazard ratio 
adjusted for confounders 
based on directed acyclic 
graph (95% CI)a (N = 2448)

Model 2: Ad-
justed hazard 
ratio (95% 
CI)b (N = 2336)

New breast cancer event
Q1 (21–33 mmol/mol) (N = 649) 3791 49 12.93 (9.77–17.10) 1 [Reference] 1 [Reference] 1 [Reference]
Q2 (34–36 mmol/mol) (N = 794) 4547 64 14.08 (11.02–17.98) 1.09 (0.75–1.58) 1.09 (0.75–1.60) 1.24 (0.83–1.86)
Q3 (37–38 mmol/mol) (N = 485) 2593 46 17.74 (13.29–23.68) 1.37 (0.92–2.05) 1.35 (0.88–2.07) 1.37 (0.87–2.15)
Q4 ( ≥ 39 mmol/mol) (N=586) 3195 71 22.22 (17.61–28.04) 1.72 (1.19–2.47) 1.69 (1.13–2.54) 1.82 (1.17–2.81)
Total (N = 2514) 14,126 230c

Per HbA1c log2 increase 2.28 (1.18–4.41) 1.95 (0.92–4.12) 1.86 (0.84–4.10)
Distant recurrence
Q1 3791 27 7.12 (4.88–10.39) 1 [Reference] 1 [Reference] NA
Q2 4547 38 8.36 (6.08–11.49) 1.18 (0.72–1.93) 1.23 (0.75–2.04) NA
Q3 2593 26 10.03 (6.83–14.73) 1.42 (0.83–2.44) 1.53 (0.87–2.70) NA
Q4 3195 46 14.40 (10.78–19.22) 2.04 (1.27–3.28) 2.09 (1.23–3.56) NA
Total 14,126 137d

Per HbA1c log2 increase 2.93 (1.31–6.52) 2.50 (1.01–6.20) NA
All-cause mortality
Q1 3987 57 14.30 (11.03–18.53) 1 [Reference] 1 [Reference] 1 [Reference]
Q2 4787 65 13.58 (10.65–17.31) 0.95 (0.67–1.36) 0.75 (0.52–1.07) 0.81 (0.55–1.20)
Q3 2723 54 19.83 (15.19–25.89) 1.41 (0.97–2.05) 0.82 (0.55–1.21) 0.79 (0.52–1.20)
Q4 3415 91 26.65 (21.70-32.73) 1.88 (1.35–2.61) 1.06 (0.74–1.53) 1.10 (0.75–1.62)
Total 14,913 267
Per HbA1c log2 increase 2.85 (1.62–5.02) 1.05 (0.51–2.17) 0.96 (0.45–2.05)
a: Adjusted for age, menopausal status, comorbidities, and body mass index

b: Adjusted for age, menopausal status, comorbidities, body mass index, estrogen receptor status, HER2 receptor status, histological grade, tumor size, lymph node 
metastases, histological classification, surgery, radiotherapy, and systemic treatment (endocrine therapy, chemotherapy, and anti-HER2 therapy)

c: 195 breast cancer recurrences, 35 contralateral breast cancers

d: 83 visceral metastases and 54 bone metastases
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high HbA1c levels were associated with an increased risk 
of new BC events in patients with normal weight, HbA1c 
levels may help identify patients who are not metaboli-
cally healthy to an extent that affects cancer prognosis 
even if the patient has a “healthy” BMI. Also, despite a 
lower precision of the estimate in patients with obesity, 
HbA1c may be a relevant prognostic marker in this group, 
too. It should be noted that all BMI-stratified results have 
low precision due to few events.

Limitations
This study has certain limitations. Our cohort encom-
passed only those patients diagnosed and treated for BC 
at one institution, who agreed to participate [23]. We lack 
information on the number of patients who declined to 
donate blood to the biobank. Nevertheless, when com-
paring our cohort to the number of breast cancer patients 
registered in the annual reports by the DBCG [47], and 
seen at the BC surgery department at Aarhus University 
Hospital during our inclusion period, the participation 
rate exceeds 90%. This is our best estimate, but still, we 
cannot overlook potential selection issues. Additionally, 
there may be some misclassification at baseline among 
the patients included, considering the majority, but not 
all patients with diabetes in Denmark, are registered in 
the Danish Adult Diabetes Registry [48]. Furthermore, 
HbA1c was only assessed once. Also, the blood samples 
were stored in the freezer for a median of 8.1 years, 
which could affect the reliability of the HbA1c measure-
ments. However, according to Selvin et al., HbA1c levels 
in long-term stored frozen whole blood samples correlate 
highly with measurements done before the storage of the 
samples [49, 50]. Lastly, the possibility of residual con-
founding, such as hyperinsulinemia and inflammation, 
cannot be excluded.

Conclusions
In BC patients without known diabetes, elevated HbA1c 
levels (HbA1c ≥ 39 mmol/mol) were associated with an 
increased risk of new BC events, but not with all-cause 
mortality. These findings imply that HbA1c levels might 
have prognostic value for BC assessment, even in the 
non-diabetic range, thereby helping clinicians identify 
patients with a poorer BC prognosis. Consequently, these 
results also prompt the question of whether closer moni-
toring and treatment of pre-diabetic hyperglycemia could 
improve BC prognosis.
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