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A B S T R A C T

Background: Predictions of Health-Related Quality of Life (HRQoL) outcomes could support realistic recovery 
expectations after breast cancer (BC) surgery. We aimed to develop and validate prediction models for HRQoL 
outcomes after BC surgery.
Methods: We used three datasets of BC patients from Berlin, Germany; Ljubljana, Slovenia; and Rotterdam; 
Netherlands. We included non-metastasised patients who were surgically treated for an initial diagnosis of BC 
and completed pre- and postoperative validated questionnaires. We used linear mixed models to analyse 15 
domains of the EORTC QLQ-C30 and EORTC QLQ-BR23 over a two-year horizon. Baseline domain score 
(measured pre-operatively), age, BMI, smoking, TN stage, receptor status, neoadjuvant chemotherapy, axillary 
surgery and surgery type (breast-conserving, mastectomy, and immediate implant-based reconstruction) were 
included as predictors. Predictive performance at validation was assessed by the proportion of variance explained 
(marginal R 2 ; mR 2 ).
Results: We included N = 795 patients from Germany for development and N = 623 from Slovenia and N = 417 
from Netherlands for validation. The largest proportion of variance was explained by the prediction models for 
sexual functioning (SF, mR 2 35%), physical functioning (PF, mR 2 29%), body image (BI, mR 2 26%), and 
cognitive functioning (CF, mR 2 25%). The models captured meaningfully different trends over time for different 
outcomes and surgery types. The predictive performance of the models was largely driven by the baseline domain 
score. Performance was reasonable at external validation, with r 2 values of 19–33% for PF, 10–17% for CF, 
15–18% for BI, and 22–28% for SF, although some other outcomes (e.g. breast symptoms and role functioning) 
showed miscalibration, indicating a need for recalibration.
Conclusion: HRQoL after breast cancer surgery can be predicted using simple models with baseline domain scores 
and surgery type, demonstrating a new opportunity for Patient-Reported Outcome Measures (PROMs) in 
personalized care.
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1. Introduction

Breast cancer (BC) is the most commonly diagnosed cancer among 
women worldwide [1], affecting millions of individuals and their fam-
ilies each year. Its impact extends beyond physical health, influencing 
various aspects of Health-Related Quality of Life (HRQoL) [2,3]. 
Although there is no universally accepted definition of HRQoL, it is 
usually considered a multidimensional concept reflecting an individual's 
perception of physical, mental, social, and autonomy-related domains 
[4]. These domains can be measured using Patient-Reported Outcome 
Measures (PROMs) [5].

Multiple studies have shown that BC patients experience a decline in 
HRQoL after treatment, with the extent of this decline affected by the 
type of surgery [2,3]. Patients undergoing breast reconstruction or 
breast-conserving surgery report higher HRQoL outcomes than those 
who undergo mastectomy, particularly in the domains of physical health 
and body image [6,7]. However, HRQoL outcomes may also vary based 
on patient-related factors, such as age at diagnosis, cancer stage, and 
baseline HRQoL scores [8,9]. Additionally, individual perspectives and 
personal priorities significantly shape a patient's overall experience, yet 
these factors are sometimes overlooked by healthcare professionals 
[10].

To support both patients and clinicians to set realistic recovery ex-
pectations based on individualized information on outcomes, various 
prediction models have been developed. Many of these models focus on 
clinical outcomes, such as mortality, recurrence, lymph node involve-
ment, and treatment effects [11,12], and are primarily intended to 
support decision-making. Our aim, however, is not to compare out-
comes, but to provide individualized predictions of HRQoL once the 
surgical procedure for a breast cancer patient has been chosen. While 
HRQoL is increasingly recognized as a key outcome for patients, valid 
models predicting these outcomes remain lacking. Such predictions are 
urgently needed to help patients form realistic recovery expectations 
tailored to their specific type of surgery.

We aimed to develop and validate models to predict HRQoL out-
comes over time after different types of breast cancer surgery. We used 
data from different European cohorts to develop and validate prediction 
models with HRQoL baseline score, patient-, tumour-, and pre-operative 
treatment characteristics as potential predictors.

2. Methods

2.1. Data and study population

We utilised three existing retrospective databases including patients 
from the PRO routine program of Charité([13]) (Berlin cohort, Germany; 
Nov 1, 2016 – May 1, 2023; N = 795), a pilot study on individualized 
rehabilitation of breast cancer patients of Institute of Ljubljana [14] 
(Ljubljana cohort, Slovenia; Dec 1, 2019 – March 1, 2023; N = 623) and 
the value-based healthcare programme of Erasmus MC [15,16] (Rot-
terdam cohort, Netherlands; Nov 1, 2015 – Jan 1, 2022; N = 417; 
Fig. S1).

Ethics approval and consent to participate: The study is approved by 
the ethical committee of Erasmus MC (MEC-2023-0533).

The Berlin database was used as development cohort, as it contains a 
median of six measurements per patient, ranging from the preoperative 
assessment to a maximum of two years postoperatively. The Ljubljana 
and Rotterdam databases served as validation cohorts, as they include 
only three measurements: preoperatively, and at 6 and 12 months 
postoperatively.

The inclusion criteria for model development were female patients 
aged ≥18 years with ductal carcinoma in situ (DCIS) and/or invasive 
breast cancer who underwent surgery and had completed at least one 
patient-reported outcome measure (PROM) preoperatively and post-
operatively. Patients with distant metastases or disease recurrence were 
excluded. Additionally, patients undergoing autologous reconstruction

were excluded due to insufficient sample size in the development cohort. 
Consequently, we distinguished three types of surgery in our analyses: 
breast-conserving therapy/oncoplastic reconstruction; mastectomy: and 
mastectomy with immediate implant-based reconstruction.

2.2. Candidate predictors

Candidate predictors that were know pre-operatively were selected, 
as these are available at the time the tool will be used. This means that 
adjuvant therapies were excluded. Predictors were chosen based on the 
literature, expert opinion, and their availability in the databases we 
reused.

• Patient characteristics: age at surgery, Body Mass Index (BMI), 
smoking, and preoperative PROM score, which is referred to as the 
baseline score. For each model, only the baseline score of the cor-
responding outcome was selected;

• Tumour characteristics: (clinical) T and N stage, receptor status 
(HER2 positive, HR positive/HER2 negative, or triple negative);

• Treatments: surgery type, neoadjuvant chemotherapy, axillary 
surgery.

We used pathological T- and N-stage as proxies for clinical T- and N-
stage in the Rotterdam validation cohort, because clinical T- and N-stage 
were not available. We had no access to variables such as socio-
economic status. However, we included baseline PRO scores.

2.3. Outcome assessments

Health-Related Quality of Life (HRQoL) was assessed using PROMs 
preoperatively and at various follow-up time points postoperatively. 
Two different validated PROMs were used: the EORTC QLQ-C30([17]), 
a cancer-generic questionnaire, and the EORTC QLQ-BR23([18]), a 
breast cancer-specific questionnaire. We selected 15 domains that are 
relevant for breast cancer surgery:

• Functional outcomes: Global health status, Physical functioning, Role 
functioning, Emotional functioning, Cognitive functioning, Social 
functioning; (EORTC QLQ-C30) and Body image, Sexual functioning, 
Sexual enjoyment (EORTC QLQ-BR23);

• Symptoms: Fatigue, Pain, Insomnia (EORTC QLQ-C30) and Systemic 
side effects, Breast symptoms, Arm symptoms (EORTC QLQ-BR23).

All outcomes are scores between 0 and 100, where higher functional 
domain scores reflect better functioning and quality of life, while higher 
symptom scores indicate greater symptom severity.

2.4. Data analysis

Descriptive statistics were reported for each cohort and each pre-
dictor, with means and standard deviations (SD) for continuous vari-
ables, and frequencies and percentages for categorical variables. 
Comparisons of baseline demographic and clinical characteristics be-
tween cohorts were performed using χ 2 tests for categorical variables 
and ANOVA or Kruskal-Wallis tests for continuous variables. We used 
boxplots to present the distribution of each observed outcome within 
cohorts at 0, 6, and 12 months. We used single regression-based impu-
tation to complete missing predictor values in each cohort separately. 
The imputation model incorporated, in addition to the candidate pre-
dictors, hormone therapy, adjuvant chemotherapy, targeted therapy, 
and radiotherapy.

We developed 15 linear mixed models corresponding to 15 domains 
of the EORTC QLQ-C30 and EORTC QLQ-BR23 questionnaires over a 
two-year horizon. We included random intercepts to account for patient-
level variation. We modelled non-linearity of outcome trends over time 
with natural splines with 6 knots. Each model included an interaction
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between time and type of surgery to account for different outcome 
trends over time across surgery types. Temporal dependence among 
repeated measurements was modelled using a first-order autoregressive 
[AR(1)] correlation structure. Since future HRQoL measurements are 
unavailable for predictions at baseline, the random intercept was 
excluded when making predictions. The model fit was evaluated using 
marginal R 2 (mR 2 ), and predictor importance was measured by the 
partial mR 2 . The strongest predictors were used to fit more parsimonious 
core models for each outcome.

We used the squared Pearson's correlation coefficient r 2 rather than 
R 2 , which is sensitive to average outcome differences, to measure model 
performance at apparent and external (Berlin cohort) and external 
validation (Ljubljana and Rotterdam cohorts) at 6 and 12 months. The 
Root Mean Squared Error (RMSE) was used to measure the accuracy of 
the predictions. We used calibration plots of mean observed outcomes 
versus mean predicted outcomes in tenths of predicted outcomes, to 
visualize the alignment between predictions and observed outcomes. 
Systematic deviations from the 45-degree line were interpreted as po-
tential miscalibration: an intercept greater than 0 or less than 0 indi-
cated systematic over- or underprediction requiring intercept 
recalibration, a slope less than 1 or greater than 1 indicated over- or 
underestimation of prediction variability requiring slope recalibration. 
Furthermore, we used boxplots to examine the variation in observed 
outcomes within deciles of predicted scores, providing insight into the 
variability among patients with comparable predicted outcomes.

We developed prediction models following the TRIPOD checklist 
(Table S1). For all analyses, we used R statistical software version 4.3.2.

3. Results

3.1. Patient characteristics and demographics

In total, 1835 patients were included (Berlin N = 795; Ljubljana N = 

623; Rotterdam N = 417, Table 1; Fig. S1). The mean age was 53.3 years 
(SD = 11.7) with a BMI of 25.4 (SD = 5.0). A higher proportion of 
advanced T and N stages were observed in the Ljubljana cohort (≥cT2 
46%) compared to Berlin (≥cT2 37%) and Rotterdam (≥cT2 37%). 
Breast-conserving surgery/oncoplastic reconstruction was performed in 
73% of the patients in Berlin, which was more than in the cohorts of 
Rotterdam (57%) and Ljubljana (61%). Rotterdam had a larger mas-
tectomy proportion (30% vs 8% in Berlin and 16% in Ljubljana) and 
fewer immediate implant-based reconstructions (13% vs 19% in Berlin 
and 23% in Ljubljana). Furthermore, baseline scores differed between 
the cohorts in most HRQoL domains, but not in a consistent direction, 
and no cohort systematically scored higher or lower across domains 
(Table 1; Fig. S2A and S2B).

3.2. Model development and performance

The baseline score was by far the strongest predictor, followed by 
type of surgery (Fig. 1). Elapsed time since surgery also played an 
important role in predicting the trend. For most models the contribution 
of other baseline predictors was limited (Fig. S3, Table S2).

The largest proportion of variance was explained by the models for 
sexual functioning (mR 2 35%), physical functioning (mR 2 29%), body 
image (mR 2 26%), and cognitive functioning (mR 2 25%). The core 
models, only including baseline score, type of surgery, and time since 
surgery, resulted in slightly lower mR 2 values (Table 2). The trend over 
time since surgery varied between the different types of surgery for each 
outcome (Fig. 2, S4, S5, S6, S7).

3.3. Apparent and external validation

Validation at 12 months showed moderate r 2 for most outcomes 
across all three cohorts (Table 2) indicating that the models were able to 
explain a proportion of the variance in HRQoL trajectories. However, for

Table 1
Baseline characteristics of all breast cancer patients included in this study, along 
with the distribution across the three cohorts: the Berlin development cohort and 
the validation cohorts from Ljubljana and Rotterdam.

Characteristic All 
patients 
N = 

1,835 1

Berlin 
N = 

795 1

Ljubljana 
N = 623 1

Rotterdam 

N = 417 1
p-
value 2

Age at surgery 
(years) 
[min, max] 

53.3
(11.7)
[24-88]

54.1
(12.0)
[24-88]

51.8 (9.2) 
[26-86]

54.0 (14.2) 
[27-73]

0.001

BMI (kg/m) 25.4
(5.0)

25.1
(4.9)

25.7 (5.3) 25.6 (4.5) 0.017

(missing) 140 47 4 89 ​
Smoking 251

(15%)
121
(16%) 

94 (15%) 36 (10%) 0.025

(missing) 119 45 12 62 ​
T stage 3 ​ ​ ​ ​ <0.001
cT0 43 (3%) 0 (0%) 0 (0%) 37 (8.9%) ​
cT1 751

(50%)
422
(54%)

329
(53%) 

241 (58%) ​

cT2/3/4 574
(39%)

288
(37%)

286 
(46%)

97 (23%) ​

cTis 112
(8%)

70
(9.0%)

6 (1.0%) 42 (10%) ​

(missing) 17 15 2 0 ​
N stage 3 ​ ​ ​ ​ <0.001
cN0 1328

(74%)
628
(83%)

386
(62%)

314 (75%) ​

cN1/2/3 465
(26%)

129
(17%)

233
(38%)

103 (25%) ​

(missing) 40 38 2 0 ​
Receptor Status ​ ​ ​ ​ 0.7
HER2 positive 219

(13%)
87
(12%)

84 (14%) 48 (12%) ​

HR positive and 
HER2 negative

1259
(73%)

532
(74%)

447 
(74%) 

280 (72%) ​

triple negative 236
(14%)

101
(14%)

76 (13%) 59 (15%) ​

(missing) 121 75 16 30 ​
Neoadjuvant
chemotherapy

478
(26%)

239
(30%)

158
(25%)

81 (19%) <0.001

Surgery type ​ ​ ​ ​ <0.001
BCS/
oncoplastic

1199
(66%)

582
(73%)

381
(61%) 

236 (57%) ​

Implant-based
reconstruction

342
(19%)

148
(19%)

141 
(23%) 

53 (13%) ​

Mastectomy 285
(16%)

65 (8%) 98 (16%) 122 (30%) ​

(missing) 9 0 3 6 ​
Axillary surgery ​ ​ ​ ​ <0.001
No 110

(6.0%)
99
(12%)

11 (1.8%) 0 (0%) ​

SLNB/RISAS 1376
(75%)

606
(76%)

448
(72%)

322 (77%) ​

ALND 348
(19%)

89
(11%)

164
(26%)

95 (23%) ​

(missing) 1 1 0 0 ​
Overall Quality
of life 
(baseline) 

68.6
(21.3)

65.0
(21.1)

68.5
(22.2)

75.6 (18.2) <0.001

Physical 
functioning 
(baseline) 

88.4
(16.3)

86.1
(17.8)

91.2
(13.1)

88.8 (16.9) <0.001

Role functioning 
(baseline) 

85.4
(23.7)

83.5
(25.3)

89.2
(19.8)

83.1 (25.3) <0.001

Emotional 
functioning 
(baseline) 

65.6
(25.4)

56.7
(26.3)

71.9
(23.0)

73.2 (21.5) <0.001

Cognitive 
functioning 
(baseline) 

84.3
(21.1)

80.7
(23.6)

88.0
(18.2)

85.6 (18.8) <0.001

Social 
functioning 
(baseline) 

81.9
(24.7)

75.1
(27.8)

87.5
(19.8)

86.4 (21.9) <0.001

Body image 
(baseline)

86.7
(20.7)

81.7
(23.4)

91.6
(16.7)

88.7 (18.4) <0.001

(continued on next page)
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some outcomes the r 2 was low (e.g. breast symptoms: 6%, 4%, and 3%). 
The RMSE ranged from 14 to 38 points on the 100-point scale across all 
cohorts (Table 2), reflecting the average prediction error for each 
outcome. Calibration for the validation cohorts was moderate for most 
outcomes (Fig. 3, S8–S10), but for some outcomes recalibration of the 
intercept, slope, or both could further improve performance. While 
average observed outcomes aligned well with average predicted out-
comes across tenths of predicted values, outcomes at the individual level 
still showed considerable variation (Fig. S8–S10). Validation at 6 
months showed similar results to the 12-month predictions 
(Fig. S11–S13).

4. Discussion

4.1. Summary of main results

We developed 15 models to predict trends in Health-Related Quality 
of Life (HRQoL) outcomes over the elapsed time since surgery, up to two 
years following breast cancer surgery. The baseline HRQoL score was by 
far the strongest predictor. With simple models that included only the 
baseline score and type of surgery, we were able to predict the HRQoL 
outcomes at different time points over a two-year horizon, particularly 
for sexual functioning, physical functioning, body image, and cognitive 
functioning. The models showed reasonable predictive performance 
across most outcomes, also in external cohorts, supporting their poten-
tial for use in clinical expectation management.

4.2. Results in the context of published literature and implications for 
clinical practice

HRQoL predictions integrating repeated measurements are relatively 
new in the field [9]. Most existing HRQoL models either use a binary 
cut-off or predict a single timepoint [19,20]. A prostate cancer study 
developed a tool incorporating repeated measurements across five 
functional domains (e.g., sexual functioning, urinary incontinence) and 
reported R 2 values between 20% and 39% [21], which is comparable to 
most of our models. Their variability, as indicated by root mean squared 
error (RMSE), was also consistent with our findings. In psychosocial 
sciences, an R 2 between 10% and 50% is considered acceptable, as long 
as certain predictors show statistical significance [22]. These moderate 
level of performance reflect the inherent complexity of HRQoL's multi-
dimensional nature [23], making accurate prediction a challenge. Most 
of our models are acceptable, but not all outcomes are predictable. For 
example, the model for breast symptoms with squared correlations of 
6%, 4%, and 3%, respectively, in the Berlin, Ljubljana, and Rotterdam 

cohort at 12 months, suggests that this outcome cannot be reliably 
predicted using the variables included in the model. Several factors may 
explain the limited predictive ability of certain domains. First, these 
outcomes may exhibit substantial inter-individual variability that is not 
captured by the included predictors alone. Second, postoperative com-
plications, which are known to strongly influence these domains [24, 
25], were not available in our datasets. Finally, some outcomes, such as 
insomnia, were measured with a single item, which may have intro-
duced additional measurement error.

Dorr et al. showed that performance can be improved with dynamic 
predictions [26], which means the inclusion of new PRO measurements 
collected after baseline. However, this approach is inconsistent with the 
aim of our model, which is to provide personalized predictions regarding 
HRQoL outcomes before the surgery is actually performed. Additionally, 
Dorr et al. found that including additional clinical and demographic 
variables did not improve predictions [26]. Helmrich et al. reported that 
patient characteristics (e.g., pre-operative mental status, psychosocial 
factors) are more important than disease-related characteristics [19]. 
These findings are reflected in the comparable mR 2 values between the 
full and core models, which only include baseline scores and surgery 
type. The strong predictive role of baseline HRQoL likely reflects that it 
captures individual differences in perceived health and coping that 
clinical or demographic variables do not. Baseline scores therefore 
function not only as a measure of preoperative status but also as a proxy 
for stable psychological and contextual factors, which may explain why 
adding further variables offered little additional predictive value. 
Consistent with our findings, previous studies have shown that baseline 
measurements are the strongest predictors of postoperative HRQoL 
outcomes, including baseline fatigue for predicting post-treatment fa-
tigue [20,27] and baseline anxiety and depression for explaining more 
variance in quality of life than treatment itself [28]. From a practical 
point of view, we argue that relying only on the core variables used in 
our simple models improves usability for both patients and physicians. 
This simplification reduces the number of required variables, mini-
mizing data collection effort and time, while the performance decline 
remains marginal.

On average, calibration plots showed that the models performed 
well. However, due to variability between patients, there is a risk of 
informing patients either too optimistically or too pessimistically. This 
concern is particularly relevant for patients with very high or very low 

baseline scores. Since the baseline score is included as a predictor, pa-
tients with extreme baseline values tend to be slightly adjusted toward 
the mean (Fig. S7). Clinically, this miscalibration may lead to unrealistic 
expectations if predictions are taken too literally, highlighting the 
importance of carefully interpreting prediction uncertainty, especially 
for patients at the extremes of the baseline range.

In addition to within-cohort heterogeneity, we also observed notable 
heterogeneity between cohorts, as reflected in the external calibration

Table 1 (continued )

Characteristic All 
patients 
N = 

1,835 1

Berlin 
N = 

795 1

Ljubljana 
N = 623 1

Rotterdam 

N = 417 1
p-
value 2

(missing) 4 55 37 2 16 ​
Sexual
functioning 
(baseline) 

27.3
(25.9)

27.9
(28.2)

28.6
(23.9)

24.3 (24.1) 0.011

(missing) 4 68 37 6 25 ​
Sexual
enjoyment 
(baseline) 

51.6
(35.6)

68.0
(27.2)

56.7
(30.9)

30.2 (36.9) <0.001

(missing) 4 612 392 209 11 ​
Fatigue
(baseline)

25.3
(24.6)

30.8
(27.3)

18.9
(19.9)

24.2 (23.0) <0.001

Pain (baseline) 18.1
(23.4)

24.2
(26.4)

12.5
(19.2)

14.6 (20.2) <0.001

Insomnia
(baseline)

32.6
(31.4)

38.6
(33.7)

27.9
(29.1)

28.1 (28.3) <0.001

(missing) 4 1 0 1 0 ​
Systemic
therapy side 
effects 
(baseline) 

14.0
(15.7)

18.3
(17.9)

11.2
(12.3)

10.2 (13.7) <0.001

(missing) 4 51 37 1 13 ​
Breast symptoms
(baseline) 

16.0
(18.8)

17.9
(20.2)

15.6
(19.1)

13.0 (14.8) 0.002

(missing) 4 49 37 1 11 ​
Arm symptoms
(baseline)

11.1
(18.1)

14.6
(20.9)

8.8 (15.2) 8.1 (15.3) <0.001

(missing) 4 49 37 1 11 ​

BMI = Body Mass Index; HER2 = Human Epidermal growth factor Receptor 2; HR = 

Hormone Receptor; Triple negative = negative for hormone receptors and HER2; BCS
= Breast Conserving Surgery; SLNB = Sentinel Lymph Node Biopsy; ALND = Axillary 
Lymph Node Dissection; RISAS = Radioactive Iodine Seed Localization, 1 Values are 
n (%), unless for age, BMI, and all baseline scores, which are presented as mean 
(standard deviation); 2 P-values compare baseline characteristics between the 
three cohorts. The “All patients” column is descriptive only. 3 In the Rotterdam 

cohort, the pathological T and N stage are presented; 4 If the baseline score (score 
measured pre-operatively) for an outcome is missing, the patient will be 
excluded from the development or validation of the corresponding model.
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plots. For example, body image was underestimated in both validation 
cohorts due to higher observed scores compared to the development 
cohort. These baseline differences were substantial and not fully 
captured by the model predictions. These differences may relate to 
variations in personal values, cultural norms, healthcare organization, 
and PROMs implementation [29,30]. As we lacked information on cul-
tural background, ethnicity, and individual value systems, we could not 
further assess these factors. Nevertheless, the Reborn study in Japanese 
women reported patterns of postoperative HRQoL that differ from those 
described in several Western cohorts [31]. These findings underscore the 
importance of cultural differences and suggest that our models, devel-
oped and validated in predominantly European populations, may not be 
directly generalizable to more diverse non-European populations.

The prediction models are developed for expectation management. 
Only variables that are known with certainty before surgery are included 
as predictors to ensure usability. Therefore, neoadjuvant chemotherapy 
is included, whereas adjuvant treatments such as radiotherapy, hormone 
therapy, and adjuvant chemotherapy are not. Once the type of surgery 
has been selected, the models can be used in consultation with the pa-
tient, preferably by a healthcare provider familiar with their interpre-
tation, to discuss predicted outcomes and help set realistic expectations 
for postoperative recovery. However, the models are not suitable for 
comparing surgery types across patients, since confounding by indica-
tion leads to non-comparable groups and limits the validity of outcome 
comparisons.

Fig. 1. The contribution of each variable to the model's performance measured by the partial mR 2 . The partial mR 2 represents the proportion of variance in the 
outcome explained by each predictor. QoL = Quality of life, Time*Type of surgery reflects the interaction between time and the type of surgery in the models.

Table 2
Performance and validation measures for the full and core models in the development cohort (Berlin) and validation cohorts (Ljubljana and Rotterdam). The mR 2 

represents the marginal R 2 of the full and core model and indicates the proportion of variance explained by the predictor variables (fixed effects) in each model. The 
core model includes baseline score, time, type of surgery and the interaction of time and type of surgery. T12 reflects the timepoint at 12 months (1 year). For this 
timepoint, we present the squared correlation coefficient (cor 2 ), which we will refer to as r 2 , and Root Mean Square Error (RMSE).

Development cohort: Berlin Validation cohort 1: Ljubljana Validation cohort 2: Rotterdam

Functional scales mR 2 full mR 2 core r 2 T12 RMSE T12 r 2 T12 RMSE T12 r 2 T12 RMSE T12

Global health status 17% 16% 14% 19 9% 21 13% 18
Physical functioning 29% 25% 25% 16 19% 15 33% 13
Role functioning 15% 12% 13% 26 3% 25 11% 26
Emotional functioning 17% 16% 17% 23 14% 22 13% 21
Cognitive functioning 25% 24% 24% 23 10% 22 17% 20
Social functioning 13% 10% 8% 27 9% 23 11% 22
Body image 26% 24% 25% 25 15% 22 18% 23
Sexual functioning 35% 35% 28% 24 22% 20 28% 20
Sexual enjoyment 21% 20% 10% 25 15% 26 21% 38
Symptom scales 
Fatigue 21% 19% 20% 24 14% 23 23% 22
Pain 21% 19% 19% 26 11% 24 13% 24
Insomnia 21% 21% 22% 30 5% 34 11% 29
Systemic side effects 17% 16% 12% 16 9% 14 12% 14
Breast symptoms 12% 11% 6% 20 4% 20 3% 19
Arm symptoms 15% 13% 12% 22 9% 20 12% 20
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4.3. Strengths and limitations

The strengths of this study include a robust, relatively new meth-
odological approach with repeated HRQoL measurements. Access to 
three international cohorts enabled external validation, which was often 
lacking in previous research [9]. Furthermore, adherence to TRIPOD 
guidelines ensured transparency and rigor. Through international 
collaboration and data reuse, we included sufficiently large samples 
across three surgery types. Although reusing data limited our flexibility 
in selecting predictors, both our core model and the existing literature 
indicate that including additional tumour-related variables does not 
improve model performance [19,21,26]. For the Rotterdam cohort, 
pathological T and N staging was used instead of clinical staging. Neo-
adjuvant therapy was included as a predictor, and among patients who 
did not receive it, pathological and clinical staging are expected to differ 
in only ~30% of cases. Given the ~70% concordance and the minimal 
impact of tumour-related predictors, this discrepancy is considered 
negligible. The outcomes of insomnia and sexual enjoyment were based 
on a single question with a 4-point Likert scale. Given the methodo-
logical complexity and interpretation challenges of our modelling work, 
we pragmatically applied linear mixed models to these outcomes rather

than a proportional odds model. Although multiple imputation is 
generally preferred for handling missing data, we opted for single 
imputation as a pragmatic and acceptable alternative [32].

Notably, the cohorts are not fully representative of their respective 
countries, as inclusion was limited to non-recurrent breast cancer pa-
tients treated in university hospitals. For example, the mean age in the 
Rotterdam cohort was 54 years, and only 57% underwent breast-
conserving surgery, compared to a national mean age of 65 and a 
breast-conserving rate slightly above 70% [33]. Additionally, in the 
Berlin cohort non-adherence to PROMs was assessed, which was asso-
ciated with younger age, more comorbidities, no chemotherapy, and 
lower baseline physical functioning [34], further limiting representa-
tiveness of the full population.

4.4. Future research

HRQoL outcomes are strongly influenced by psychosocial factors and 
personality traits [35]. Therefore, future research should focus on 
incorporating these patient-related predictors into models to determine 
whether they improve model performance. Additionally, it may be 
valuable to identify when a patient falls into a high-risk group for a

Fig. 2. Predictions from the core models, using baseline score and surgery type, for four Health-Related Quality of Life outcomes in an average patient undergoing 
(A) breast-conserving with or without oncoplastic surgery, (B) mastectomy, or (C) mastectomy with immediate implant-based reconstruction. For each surgery type, 
the model uses the mean baseline score across patients in that group. As the distribution of baseline scores differs across groups, the baseline score of the average patient and the 
corresponding predicted values differ accordingly. These predictions illustrate expected outcomes over 24 months for representative patients with typical baseline values: (A) PF: 
87, CF: 82, BI: 83, SEF: 28; (B) PF: 79, CF: 79, BI: 77, SEF: 19; (C) PF: 87, CF: 77, BI: 78, SEF: 31. The orange dots indicate the baseline scores, while blue dots represent 
predicted scores from 1 to 24 months after surgery.)
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specific outcome, as this could guide the need for interventions. Spe-
cifically for BC, more data is needed on immediate autologous and 
delayed reconstructions to include these patient groups in the models as 
well.

4.5. Conclusion

We developed 15 prediction models for different HRQoL domains 
after BC surgery over a two-year horizon. We found that baseline score is 
the most important predictor of the trajectory over time and needs to be 
taken into account when discussing postoperative expectations. As 
PROMs are increasingly integrated into routine clinical practice, we 
demonstrate that using baseline scores in a simple model presents an 
opportunity to improve personalized care.
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