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ABSTRACT

Background: B vitamins have been associated with the risk and
progression of colorectal cancer (CRC), given their central roles
in nucleotide synthesis and methylation, yet their association with
quality of life in established CRC is unclear.

Objectives: To investigate whether quality of life 6 months
postdiagnosis is associated with: /) circulating concentrations of
B vitamins and related biomarkers 6 months postdiagnosis; 2)
changes in these concentrations between diagnosis and 6 months
postdiagnosis; 3) B-vitamin supplement use 6 months postdiagnosis;
and 4) changes in B-vitamin supplement use between diagnosis and
6 months postdiagnosis.

Methods: We included 1676 newly diagnosed stage I-III CRC
patients from 3 prospective European cohorts. Circulating concen-
trations of 9 biomarkers related to the B vitamins folate, riboflavin,
vitamin B6, and cobalamin were measured at diagnosis and 6 months
postdiagnosis. Information on dietary supplement use was collected
at both time points. Health-related quality of life (global quality of
life, functioning scales, and fatigue) was assessed by the European
Organisation for Research and Treatment of Cancer Quality of Life
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Questionnaire 6 months postdiagnosis. Confounder-adjusted linear
regression analyses were performed, adjusted for multiple testing.
Results: Higher pyridoxal 5'-phosphate (PLP) was cross-sectionally
associated with better physical, role, and social functioning, as
well as reduced fatigue, 6 months postdiagnosis. Associations
were observed for a doubling in the hydroxykynurenine ratio
[3-hydroxykynurenine: (kynurenic acid + xanthurenic acid + 3-
hydroxyanthranilic acid + anthranilic acid); an inverse marker of
vitamin B6] and both reduced global quality of life (8 = —3.62;
95% CI: —5.88, —1.36) and worse physical functioning (8 =
—5.01; 95% CI: —7.09, —2.94). Dose-response relations were
observed for PLP and quality of life. No associations were observed
for changes in biomarker concentrations between diagnosis and 6
months. Participants who stopped using B-vitamin supplements after
diagnosis reported higher fatigue than nonusers.

Conclusions: Higher vitamin B6 status was associated with better
quality of life, yet limited associations were observed for the use of
B-vitamin supplements. Vitamin B6 needs further study to clarify its
role in relation to quality of life. ~ Am J Clin Nutr2021;113:1468—
1481.
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Introduction

The diagnosis of colorectal cancer (CRC) imposes a major,
long-term burden on a patient’s physical, emotional, and social
well-being (1). On average, 65% of CRC patients are alive 5 years
after diagnosis, and the number of CRC survivors is expected to
rise substantially in the coming decade (2—4).

Folates are of particular interest in relation to CRC. Folate
may have a protective effect regarding the development of
CRC, whereas this vitamin could promote progression of already
existing colorectal neoplasms (5, 6). Folate, together with other B
vitamins, such as vitamin B2 (riboflavin), vitamin B6 [pyridoxal
5’-phosphate (PLP)], and vitamin B12 (cobalamin), are important
factors in DNA synthesis and methylation reactions through
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a network of interdependent metabolic pathways that mediate
the transfer of 1-carbon units (5, 6). It is unknown whether B
vitamins may play arole in reducing health problems among CRC
Survivors.

Fatigue is highly prevalent during anticancer therapy and
generally decreases after treatment completion (7). However,
between 40% and 50% of CRC survivors still experience fatigue
in the first year following diagnosis (8, 9). Folic acid and vitamin
B12 supplementation may be effective in treating chronic fatigue
syndrome in case of deficiencies (10), although an intervention
study in patients with irritable bowel syndrome or inflammatory
bowel disease found no effect of vitamin B12 supplementation
on fatigue (11). B vitamins may further be effective in improving
cognitive functioning, as elevated homocysteine—a marker of
folate and B12 deficiency—is associated with neuropsychiatric
diseases (12). Nonetheless, intervention studies investigating the
effects of folic acid, vitamin B6, and vitamin B12 supplement
use, alone or combined, on cognitive functioning in elderly pop-
ulations were not conclusive (12—-14). Circulating unmetabolized
folic acid has been associated with adverse effects, including im-
paired cognitive functions, in the elderly (15, 16). Further, higher
homocysteine concentrations have prospectively been associated
with a decline in physical functioning in older adults (17, 18).
Elevated homocysteine and low folate concentrations have been
associated with the etiology of psychiatric problems (19).

Dietary supplements are used by 20-85% of cancer survivors,
yet their benefits remain uncertain (9, 20, 21). Investigating
whether B-vitamin status and the use of B-vitamin supplements
are associated with quality of life after CRC diagnosis is a
first step in evaluating whether B vitamins may be beneficial
for quality of life. Additional insight may be obtained by
investigating whether an increase or decrease in biomarker
concentrations between diagnosis and 6 months postdiagnosis
and the initiation or discontinuation of B-vitamin supplement use
could influence quality of life.

The current study aims to investigate whether quality of
life at 6 months postdiagnosis is associated with: /) circu-
lating concentrations of B vitamins and related biomarkers
6 months postdiagnosis; 2) changes in these concentrations
between diagnosis and 6 months postdiagnosis; 3) B-vitamin
supplement use 6 months postdiagnosis; and 4) changes in
B-vitamin supplement use between diagnosis and 6 months
postdiagnosis.

Methods

The FOCUS consortium

Data were analyzed from 3 prospective cohort studies
participating in the “biomarkers related to folate-dependent 1-
carbon metabolism in colorectal cancer recurrence and sur-
vival” (FOCUS) consortium. The primary objective of the
FOCUS consortium is to evaluate whether folate status at
diagnosis and changes during and after treatment are related
to prognoses of stage [-III CRC patients. Studies included
in the current analyses are the COLON study (COlorectal
cancer: Longitudinal, Observational study on Nutritional and
lifestyle factors that influence colorectal tumour recurrence,
survival and quality of life), from Wageningen University &
Research, the Netherlands (registered at clinicalTrials.gov as
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FIGURE 1 Flow diagram of the inclusion of participants in the analyses for (A) biomarker concentrations and (B) B-vitamin supplement use with health-
related quality of life in colorectal cancer patients from the FOCUS consortium, for the cohorts with data relevant for the research question of this paper.
Selections were made based on the availability of blood samples to measure biomarker concentrations and the availability of information on B-vitamin
supplement use. The overlap between both data sets was 1077 participants (64%). Abbreviation: FOCUS, biomarkers related to folate-dependent 1-carbon

metabolism in colorectal cancer recurrence and survival.

NCTO03191110) (22); the EnCoRe study (Energy for life after
ColoRectal cancer), from Maastricht University, the Netherlands
(registered at the Netherlands Trial Register as NL6904) (23);
and the Heidelberg site of the ColoCare study, from the National
Center for Tumor Diseases in Heidelberg, Germany (registered
at clinicaltrials.gov as NCT02328677) (24). Newly diagnosed
CRC patients aged >18 years were recruited upon diagnosis.
Each study was approved by local ethics committees, and all
participants signed informed consent.

The current analyses included only patients with cancer stages
I-III. A first baseline measurement took place shortly after
diagnosis, prior to the start of treatment (COLON and EnCoRe)
or prior to undergoing surgery (ColoCare). Patients (n = 135)
were excluded from the analyses on biomarker concentrations
when the baseline blood draw took place after the start of neo-
adjuvant therapy. A follow-up measurement took place 6 months
after baseline (COLON and ColoCare) or after the treatment end
date (EnCoRe). As the EnCoRe study includes an additional
follow-up measurement at 6 weeks after the treatment end
date, either the 6 week or 6 month posttreatment measurement
was selected for these analyses, based on the measurement
that was closest to the time point 6 months postdiagnosis. In
this way, timing of the measurements was comparable between
studies.

Participants were included in the current analyses based
on the availability of data (Figure 1). Information on the
independent variables, such as biomarker concentrations or B-
vitamin supplement use, was required to be available both at

diagnosis and at 6 months after diagnosis in order to adjust
for baseline biomarker concentrations and calculate changes
between the time points. Ultimately, a total of 1089 participants
were included for the analyses on biomarker concentrations
and 1676 patients were included for the analyses on B-vitamin
supplement use.

Blood biomarkers

EDTA plasma (EnCoRe and COLON) or serum (ColoCare)
samples were collected, divided into aliquots, and stored at
—80 °C until analysis. Samples were shipped on dry ice to
the laboratory of Bevital in Bergen, Norway (www.bevital.no).
Available samples were shipped in 2 batches with a 1-year time
interval from 2016-2018 to increase the final number of samples
to be included for the analyses. ColoCare sample volumes were
limited, and therefore diluted (1:2). The dilution factor was taken
into account by Bevital when analyzing the samples.

Nine principal biomarkers related to the folate-dependent 1-
carbon metabolism were examined. Total folate was analyzed
as the sum of 5-methyltetrahydrofolate and 4-o-hydroxy-5-
methyltetrahydrofolate (hmTHF) (25). Folic acid, the synthetic
form of folate, was also analyzed. Total homocysteine (tHcy)
was included as a marker of folate and vitamin B12 status.
Methylmalonic acid (MMA) was analyzed alongside cobalamin
as a functional marker of vitamin B12 status. Methionine was
included, given its close connection with homocysteine and
cobalamin in the methylation cycle. Riboflavin was included as
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a marker of vitamin B2 status. PLP was included as the most
commonly used marker of vitamin B6 status, along with the
hydroxykynurenine ratio (HKr), a recently described functional
marker of vitamin B6 status calculated as the ratio of 3-
hydroxykynurenine (HK) to the sum of kynurenic acid (KA),
xanthurenic acid (XA), 3’-hydroxyanthranilic acid (HAA), and
anthranilic acid (AA) (26).

LC-MS/MS was used to analyze the folate species mTHEF,
hmTHE, and folic acid (27); the tryptophan metabolites HK, KA,
XA, HAA, and AA; and riboflavin, PLP, cotinine, and creatinine
(28, 29). The biomarkers kynurenine, tryptophan, tHcy, methio-
nine, and MMA were analyzed by gas chromatography-MS/MS
(30). Cobalamin was measured by a microbiological assay (31),
and C-reactive protein (CRP) was measured by an immuno-
matrix-assisted laser desorption/ionization-MS approach (32).

Duplicate samples with known biomarker concentrations, as
well as calibrator samples and a blank vial, were added to
each assay tray by BEVITAL to control for quality of the
samples. Additionally, each cohort provided duplicate samples
to be included on every plate. The coefficients of variation from
a total of 160 duplicate samples ranged from 1.8% for cobalamin
to 12.2% for hmTHE.

Use of supplements containing B vitamins

Information on the use of supplements containing B vitamins
was collected by self-administered questionnaires (COLON and
ColoCare) or interviews by research dieticians during home visits
(EnCoRe). The COLON questionnaire contained questions on
the intake of multivitamins, B-vitamin complexes, and single
vitamin B12 and folic acid use, and was developed by the
Division of Human Nutrition and Health, Wageningen University
& Research (22). When multivitamins were used, participants
were considered to be using B vitamins. Within the EnCoRe
study, participants were asked about the supplements they were
using, and were asked to show the original package when
available. All details on (brand) name and frequency were listed
on standardized registration forms. In ColoCare, detailed self-
reported questionnaires were used to collect data on regular
dietary supplement use. The intake of multivitamins, 11 single
vitamins, 6 minerals, and 14 other ingredients (e.g., herbal
supplements), as well as frequencies of intakes, were recorded
prior to surgery and 6 months thereafter. The reference period
for supplement use at diagnosis was either the preceding year
(COLON and EnCoRe) or the preceding month (ColoCare). At
6 months postdiagnosis, reference periods were the preceding 6
months (COLON and ColoCare) or the period since the previous
measurement (EnCoRe) that took place either at diagnosis (mean
of 6.5 preceding months) or at 6 weeks posttreatment (mean of
4.5 preceding months), because the EnCoRe study included an
additional follow-up measurement at 6 weeks after the treatment
end date.

For the current analyses, the frequency of B-vitamin supple-
ment use was defined as use of any dietary supplement (including
multivitamins) containing at least 1 of the B vitamins (folate/folic
acid, riboflavin, vitamin B6, or vitamin B12) at least once per
week, for a consecutive period of 1 month or more. Details on
the dosages of B-vitamin intakes were not considered in the
current analyses. B-vitamin supplement use was categorized into
4 mutually exclusive classes: /) participants who started use after
diagnosis; 2) participants who stopped use after diagnosis; 3)
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nonusers at both diagnosis and 6 months after diagnosis; and 4)
users at both diagnosis and 6 months after diagnosis.

Health-related quality of life

At 6 months after diagnosis, all studies assessed health-related
quality of life using the European Organisation for Research
and Treatment of Cancer Quality of Life Questionnaire (QLQ-
C30, version 3.0), a 30-item validated questionnaire (33, 34).
The subscale for global quality of life was analyzed, as well as
5 functional scales (i.e., physical, role, emotional, cognitive, and
social functioning) and the symptom scale for fatigue. All scales
range from 0-100, and a higher score indicates better quality
of life and functioning, except for in the fatigue scale, where
higher scores are indicative of more fatigue. Previously published
thresholds for clinical importance were used to interpret the
scores (35).

Measurement of covariates

Information on cancer stage, therapy, and other clinical
variables were derived from medical records or clinical registries.
In order to calculate BMI (kg/m?), height and weight were
measured during home visits (EnCoRe), were self-reported
(COLON), or were taken from anesthesia protocols (ColoCare).
Adherence to the physical activity guideline to spend at least 150
minutes per week in moderate-to-vigorous physical activity was
assessed based on self-report, either using the Short Question-
naire to Assess Health-enhancing physical activity questionnaire
(COLON and EnCoRe) (22, 23) or the VITamins And Lifestyle
cohort study questionnaire (ColoCare) (24). Dietary information
at 6 months postdiagnosis (i.e., total energy and alcohol intakes)
was assessed using an FFQ by COLON and ColoCare and
a 7-day dietary record by EnCoRe. Cotinine and creatinine
concentrations were included in the models to adjust for nicotine
exposure and kidney functions, respectively, and were part of the
biomarker analyses as measured at Bevital.

Statistical methods

Descriptive statistics were presented for the characteristics of
the total study population and the individual cohorts, using means
and SDs for normally distributed variables, medians and IQRs
for skewed variables, and frequencies for categorical variables.
In line with the 4 objectives of the study, 4 main analyses were
performed.

Multivariable linear regression models were used to investigate
the associations of biomarkers with health-related quality of life
in cross-sectional analyses at 6 months postdiagnosis. Biomarker
concentrations were log2-transformed, and the regression coef-
ficients can therefore be interpreted as effects of doubling in
concentrations.

A multivariable linear regression analysis was used to analyze
changes in biomarker concentrations between diagnosis and
6 months with health-related quality of life at 6 months
postdiagnosis. Changes were calculated by subtracting the
concentration at diagnosis from the concentration at 6 months.
Subsequently, individual change scores were z-standardized by
subtracting the estimated population mean change and dividing
by the estimated population SD of change scores, in order to be
able to compare the magnitudes of changes across the biomarkers.



1472

Change scores were normally distributed, and therefore not
transformed.

B-vitamin supplement use was modeled as a binary variable in
cross-sectional analyses (use at 6 months: yes/no).

Changes in B-vitamin supplement use were modeled for the
4 different classes of supplement users and performed with
3 indicator variables, with nonuse at every time point as the
reference category.

An a priori selected set of confounders was used, based on the
literature and their hypothesized relations with the exposure and
outcome variables. The analyses on biomarker concentrations
were adjusted for the confounders sex, age, cohort (COLON,
EnCoRe, ColoCare), neo-adjuvant therapy (yes/no), adjuvant
therapy (yes/no), cancer stage (I, IL, III), any supplement use
(yes/no), total energy intake (kcal/day), alcohol intake (g/day),
BMI (kg/m?), physical activity (adherence to international
guidelines yes/no), cotinine (nmol/L), and creatinine (pmol/L).
Adjustment for any supplement use was considered necessary
because the use of supplements in general has previously been
associated with a low quality of life and increased fatigue (9,
36). Analyses of changes in biomarker concentrations were
additionally adjusted for the concentration at diagnosis.

Analyses on B-vitamin supplement use were adjusted for
sex, age, cohort (COLON, EnCoRe, ColoCare), neo-adjuvant
therapy (yes/no), adjuvant therapy (yes/no), cancer stage (I, II,
IID), total energy intake (kcal/day), BMI (kg/m?), physical activity
(adherence to national guidelines yes/no), and any supplement
use (yes/no). Any supplement use was added to the model for the
aforementioned reason.

The cross-sectional analyses of biomarkers and supplement
use at 6 months after diagnosis were adjusted for all above-
mentioned covariates measured at 6 months after diagnosis.
In the analyses of changes, covariates were added as the
change between diagnosis and 6 months for BMI, cotinine, and
creatinine. Other covariates were either not available at diagnosis
for all cohorts (e.g., dietary variables) or not considered relevant
to include as changes (e.g., age), and therefore were added as
measured at 6 months after diagnosis.

Since many different exposures were associated with many
different outcomes, the analyses for each of the 4 objectives were
separately adjusted for multiple testing using the false discovery
rate (FDR) method (37).

Subanalyses were performed to evaluate the influence of
outliers on the analyses. Log2-transformed biomarker concentra-
tions with values 3 SDs below or above the mean within each
cohort were excluded and compared to the original analyses
to evaluate their influence. Sensitivity analyses were done by
stratification by cohort to evaluate associations within each
cohort separately. Further, given the relationship between B
vitamins and inflammation, the inflammatory markers CRP
and kynurenine/tryptophan ratio (KTR) were used to evaluate
potential confounding by inflammation when statistically sig-
nificant associations were observed (38, 39). In addition, B-
vitamin concentrations were modeled as index variables by
categories in relation to quality of life to explore potential dose—
response relationships, only performed when associations were
still statistically significant after adjustment for multiple testing.
Deficient, suboptimal, and adequate levels of vitamin B6 were
defined as serum/plasma PLP concentrations of <20 nmol/L, 20—
30 nmol/L, and >30 nmol/L, respectively (40).
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Analyses were performed in R, version 3.6.1 (R Stu-
dio). Statistical tests with P values below 0.05 after ad-
justment for multiple testing were considered statistically
significant.

Results

Table 1 presents the characteristics of study participants
(n = 1676) included in the analyses for the associations between
B-vitamin supplement use and health-related quality of life. In
general, characteristics of the 1089 participants included in the
analyses on biomarker concentrations were comparable to the
characteristics presented in Table 1; the overlap between both
data sets was 1077 participants (64%).

On average, 62% of the study population were colon cancer
patients and 36% were rectum/rectosigmoid cancer patients.
ColoCare included a larger proportion of rectum/rectosigmoid
cancer patients as compared to COLON and EnCoRe. One-
fourth (26%) of participants were diagnosed with stage I
CRC, 30% with stage IT CRC, and 41% with stage III CRC.
ColoCare participants were more commonly diagnosed with
stage II CRC (41%) as compared to EnCoRe (23%) and COLON
(29%) participants. In total, 96% of patients received surgery,
24% received neo-adjuvant therapy, and 26% received adjuvant
therapy.

Supplements containing B vitamins were used by 24% of
all participants at diagnosis and by 19% of participants after 6
months (Table 1). B-vitamin supplement use was considerably
lower for ColoCare participants as compared to the Dutch
cohorts. Further differences between the cohorts could be
observed in lifestyle-related variables, such as BMI, adherence to
physical activity guidelines, and total energy and alcohol intakes.
Scoring on all subscales of health-related quality of life was lower
for ColoCare as compared to EnCoRe and COLON (Table 1).
Furthermore, 44% of all participants experienced clinically
important impairment in physical functioning, with between
20% and 30% experiencing impairments in role, emotional,
and cognitive functioning and fatigue and 16% experiencing
impairments in social functioning.

Minimal changes were observed in biomarker concentrations
between baseline and 6 months after diagnosis in the total pop-
ulation (Table 2). Spearman correlations between the separate
biomarkers were similar at the 2 time points and demonstrated
expected correlations, including (at diagnosis) correlations of
—0.46 for PLP with HKr, —0.30 for folate with tHcy, —0.29
for cobalamin with tHcy, and —0.27 for cobalamin with MMA
(Supplementary Figure 1).

When biomarker concentrations were stratified by the 4
types of supplement users, the highest concentrations of folate,
riboflavin, PLP, and cobalamin were observed at each time point
for users of B-vitamin supplements and the lowest concentrations
were observed for nonusers (Supplementary Table 1). As
could be anticipated, mean concentrations of participants who
started using B-vitamin supplements showed an increase from
diagnosis to 6 months postdiagnosis, whereas mean concentra-
tions of participants who stopped using B-vitamin supplements
after diagnosis showed a decrease towards the 6-month time
point.
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Participant characteristics' Total population® COLON EnCoRe ColoCare
Number of participants, n (%) 1676 1200 (71.6) 274 (16.4) 202 (12.1)
Men, n (%) 1068 (63.8) 758 (63.2) 184 (67.7) 126 (62.4)
Age at diagnosis in years, mean (SD) 65.6 (9) 65.8 (8.6) 66.5 (9.4) 63.3(11.8)
Clinical characteristics
Tumor location, n (%)
Colon 1037 (61.9) 779 (64.9) 163 (59.5) 95 (47.0)
Rectum/Rectosigmoid 606 (36.2) 390 (32.5) 109 (39.8) 107 (53.0)
Unknown/Missing 33 (2.0 31(2.6) 2(0.7) 0
Cancer stage, n (%)
I 429 (25.6) 294 (24.5) 79 (28.8) 56 (27.7)
il 496 (29.6) 350(29.2) 63 (23.0) 83 (41.1)
it 684 (40.8) 502 (41.8) 119 (43.4) 63 (31.2)
Unspecified/Unknown 67 (4.0) 54 (4.5) 13 (4.7) 0
Surgery, n (%)
Yes 1606 (95.8) 1159 (96.6) 245 (89.4) 202 (100.0)
No 35(2.1) 8(0.7) 27(9.9) 0
Unknown/Missing 35(2.1) 33(2.8) 2(0.7) 0
Neo-adjuvant therapy, n (%)
Yes 399 (23.8) 269 (22.4) 76 (27.4) 54 (26.7)
No 1242 (74.1) 899 (74.9) 196 (71.5) 147 (72.8)
Unknown/Missing 35(2.1) 32(2.7) 2(0.7) 1(0.5)
Adjuvant therapy, n (%)
Yes 434 (25.9) 284 (23.7) 78 (28.5) 72 (35.6)
No 1147 (68.4) 828 (69.0) 194 (70.8) 125 (61.9)
Unknown/Missing 95 (5.7) 88(7.3) 2(0.7) 5(2.5)
Lifestyle characteristics
BMI in kg/m?, mean + SD 26.5 + 4.0 263 £ 3.9 28.1 £ 45 25.6 £ 3.8
Adherence to physical activity guidelines,® n (%) 990 (60.6) 766 (65.6) 169 (63.3) 55(27.4)
Any supplement use, n (%) 625 (37.3) 487 (40.6) 90 (32.9) 48 (23.8)
Total energy intake* in kcal/day, mean (SD) 1900 + 565 1816 £ 501 2062 4 487 2317 4 888
Alcohol intake* in gr/day, median (IQR) 5.2(0.3-17.5) 4.8 (0.1-16.5) 5.7 (0.0-21.0) 9.0 (1.9-24.3)
Cotinine’ in nmol/L, mean & SD 90 + 320 84 + 300 101 + 366 117 + 378
Creatinine® in ptmol/L, mean + SD 82.4 + 189 81.1 £ 174 85.2 + 21.6 87.2 £ 238
Use of B vitamin—containing supplements®
At diagnosis, n (%) 402 (24.0) 318(26.5) 63 (23.0) 21(10.4)
6 months postdiagnosis, n (%) 323(19.3) 259 (21.6) 54(19.7) 10 (5.0)
Users at diagnosis and 6 months, n (%) 232 (13.8) 186 (15.5) 42 (15.3) 4(2.0)
Participants who started use after diagnosis, n (%) 91 (5.4) 73 (6.1) 12 (4.4) 6 (3.0)
Participants who stopped use after diagnosis, n (%) 167 (10.0) 129 (10.8) 21(7.7) 17 (8.4)
Nonusers at diagnosis and 6 months, n (%) 1173 (70.0) 801 (66.8) 197 (71.9) 175 (86.6)
Health-related quality of life”
Global quality of life®
Scoring, mean + SD 72.8 £ 20.0 74.6 £ 19.0 755 £ 19.2 582 £ 205
Physical functioning
Scoring, mean + SD 80.7 + 189 82.2 £ 18.0 79.3 £ 19.0 74.1 £ 22.0
TCI < 83, n (%) 742 (44.3) 497 (41.4) 129 (47.1) 116 (57.4)
Role functioning
Scoring, mean & SD 733 £ 29.6 749 £ 29.2 752 £ 27.6 61.3 £ 31.7
TCI < 58, n (%) 418 (24.9) 282(23.5) 56 (20.4) 80 (39.6)
Emotional functioning
Scoring, mean = SD 83.3 + 20.2 85.8 £ 17.5 87.3 + 18.1 63.1 £ 26.0
TCI <71, n (%) 389 (23.2) 230 (19.2) 45 (16.4) 114 (56.4)
Cognitive functioning
Scoring, mean + SD 84.7 + 20.0 854 £ 19.0 85.8 + 20.1 78.6 £ 24.0
TCI <75, n (%) 422 (25.2) 288 (24.0) 58(21.2) 76 (37.6)
Social functioning
Scoring, mean & SD 80.8 &+ 24.1 82.6 £+ 22.3 84.4 + 21.6 65.5 £ 31.0
TCI < 58, n (%) 268 (16.0) 159 (13.3) 35(12.8) 74 (36.6)
Fatigue
Scoring, mean + SD 29.0 + 25.7 27.6 £ 252 26.1 £ 224 41.3 £ 29.0
TCI > 39, n (%) 477 (28.5) 319 (26.6) 61(22.3) 97 (48.0)

Abbreviations: COLON, COlorectal cancer: Longitudinal, Observational study on Nutritional and lifestyle factors that influence colorectal tumour recurrence, survival and quality of
life; EnCoRe, Energy for life after ColoRectal cancer; FOCUS, biomarkers related to folate-dependent 1-carbon metabolism in colorectal cancer recurrence and survival; TCI, threshold for

clinical importance.

! Characteristics are given for the time point 6 months posttreatment, except when stated otherwise.

2Data are for the 1676 participants included in the analyses for B-vitamin supplement use and health-related quality of life. Participant characteristics of the 1089 participants included

in the analyses on biomarker concentrations were comparable to the characteristics presented here. The overlap between both data sets was 1077 participants (64%).

3Moderate-to-vigorous physical activity of at least 150 minutes per week.
“4Total energy and alcohol intakes were assessed using a FFQ by COLON and ColoCare and by 7-day dietary records by the EnCoRe cohort.
3Cotinine and creatinine concentrations were included as markers of nicotine exposure and kidney function, respectively, and were measured in plasma for EnCoRe and COLON and

in serum for ColoCare.

B-vitamin supplement use was defined as the use of dietary supplements containing at least 1 of the B vitamins: folic acid, vitamin B2, vitamin B6, or vitamin B12.
7Ranges of the European Organisation for Research and Treatment of Cancer Quality of Life Questionnaire subscales: 0~100. Higher scores are indicative of better health-related
quality of life, except for fatigue, where higher scoring is indicative of more fatigue.

8No threshold for clinical importance was available.
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B vitamins and quality of life after cancer

Global Quality of Life

Biomarker B (95% ClI)
Total folate . 0.10 (-1.20, 1.41)
Folic acid —— 0.16 (-2.04, 2.36)
Homocysteine —— -0.06 (-2.95, 2.84)
Methionine —— 0.72 (-2.72, 4.15)
Riboflavin H -0.32 (-1.33, 0.68)
Pyridoxal 5'-phosphate | aal 1.46 (0.11, 2.81)
HKr —.— *-3.62 (-5.88, -1.36)
Cobalamin —.— -1.80 (-3.96, 0.36)
—o—

Methylmalonic acid

0.51 (-1.56, 2.58)

86-4202468
worse QoL << >> better QoL

Physical functioning

Biomarker B (95% CI)
Total folate gl 0.01 (-1.20, 1.22)
Folic acid e 1.09 (-1.18, 3.37)
Homocysteine —— -3.20 (-5.87, -0.52)
Methionine L 4.29 (1.12, 7.47)
Riboflavin H -0.36 (-1.29, 0.57)
Pyridoxal 5'-phosphate g *2.55 (1.31, 3.80)
HKr —.—i *-5.01 (-7.09, -2.94)
Cobalamin e -1.23 (-3.23, 0.77)
Methylmalonic acid e -0.45 (-2.37, 1.47)
864202468
worse << functioning >> better
Cognitive functioning
Biomarker B (95% Cl)
Total folate g 0.20 (-1.16, 1.56)
Folic acid e 1.18 (-0.83, 3.19)
Homocysteine —.— 0.75 (-2.27, 3.78)
Methionine —p— 0.21 (-3.38, 3.79)
Riboflavin - 0.32 (-0.73, 1.37)
Pyridoxal 5'-phosphate ina 1.37 (-0.04, 2.79)
HKr —.r -1.43 (-3.81, 0.95)
Cobalamin —.— -2.08 (-4.31, 0.16)
Methylmalonic acid e -0.60 (-2.77, 1.56)

864202468
worse << functioning >> better

Role functioning

B (95% Cl)

- 0.03 (-1.88, 1.94)
—— 0.74 (-2.56, 4.04)
—.— -3.12(-7.36, 1.11)

3.68 (-1.34, 8.70)
- -0.18 (-1.65, 1.29)
e *3.92 (1.95, 5.89)

— *.7.31 (-10.61, -4.02)

—— -3.50 (-6.67, -0.33)

Ce 0.70 (-2.33, 3.73)
rrrrrrrri

-8-6-4-20246 8
worse << functioning >> better

Social functioning

B (95% Cl)

o -0.49 (-2.01, 1.03)
o 0.82 (-1.41, 3.04)
e -1.08 (-4.46, 2.29)
——  0.29(-3.71,4.29)
i 0.36 (-0.81, 1.54)

Fe— *269 (1.1, 4.26)

e -3.25 (-5.89, -0.61)
e -1.71 (-4.22, 0.80)
b 0.64 (-1.77, 3.06)

864202468
worse << functioning >> better
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Emotional functioning

B (95% ClI)

re 0.56 (-0.75, 1.87)
e 220(-0.01,4.42)
Ce -0.39 (-3.30, 2.52)
——  0.56(-2.89, 4.02)
. 0.46 (-0.55, 1.47)
. 1.85 (0.49, 3.20)
e -1.36 (-3.65, 0.94)
v -0.11 (-2.27, 2.05)

e 0.93 (-1.16, 3.01)

8-6-4202468

worse << functioning >> better

Fatigue
B (95% CI)
. 0.96 (-0.71, 2.64)
. -1.55 (-4.35, 1.25)
— -1.33 (-5.04, 2.39)
—— -0.61 (-5.02, 3.80)
- 0.08 (-1.21, 1.37)
. *.2.58 (-4.31, -0.85)
—e—  401(1.10,6.92)
e 2.09 (-0.69, 4.86)
. 0.21 (-2.45, 2.86)

864202468
less << fatigue >> more

FIGURE 2 Regression coefficients (B) and 95% confidence intervals (95% CI) of cross-sectional linear regression analyses of log2-transformed biomarker
concentrations with aspects of health-related quality of life 6 months after colorectal cancer diagnosis. Analyses were adjusted for sex, age, cohort (COLON,
EnCoRe, ColoCare), neo-adjuvant therapy (yes/no), adjuvant therapy (yes/no), cancer stage (I, II, III), any supplement use (yes/no), total energy intake
(kcal/day), alcohol intake (gr/day), BMI (kg/mz), adherence to physical activity guidelines (yes/no), creatinine (ptmol/L), and cotinine (nmol/L). *Statistically
significant after FDR adjustment for multiple testing. Abbreviations: COLON, COlorectal cancer: Longitudinal, Observational study on Nutritional and lifestyle
factors that influence colorectal tumour recurrence, survival and quality of life; EnCoRe, Energy for life after ColoRectal cancer; FDR, false discovery rate;

HKTr, hydroxykynurenine ratio; QoL, quality of life.

Multivariable regression analyses

At 6 months after diagnosis, a doubling in the PLP concentra-
tion was statistically significantly associated with better physical
functioning (B, 2.55; 95% CI: 1.31, 3.80), role functioning (8,
3.92; 95% CI: 1.95, 5.89), and social functioning (B8, 2.69;
95% CI: 1.11, 4.26), and decreased fatigue (8, —2.58; 95% CI:

—4.31, —0.85), as analyzed in the cross-sectional confounder-

adjusted models after adjustment for multiple testing (Figure 2).
Furthermore, statistically significant associations were observed
for a doubling in the HKr concentration, the inverse marker
of vitamin B6, and reduced global quality of life (8, —3.62;
95% CI: —5.88, —1.36), worse physical functioning (8, —5.01;
95% CI. —7.09, —2.94), and worse role functioning (8, —7.31;
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95% CI: —10.61, —4.02). No statistically significant associations
were observed for the biomarkers of folate, folic acid, tHcy,
methionine, riboflavin, cobalamin, and MMA with quality of life.
In addition, no statistically significant associations were noted
when modeling changes in biomarker concentrations between
diagnosis and 6 months postdiagnosis (Figure 3). Comparable
patterns were observed in minimally adjusted models, only
adjusted for sex and age (Supplementary Table 2A and B).

The use of B-vitamin supplements was not associated with
health-related quality of life 6 months postdiagnosis in the
cross-sectional confounder-adjusted model (Table 3). Notably,
participants who stopped using B-vitamin supplements after
diagnosis reported higher fatigue (8, 7.1; 95% CI: 2.9, 11.2) in
comparison to nonusers.

When outliers were excluded from the analyses, regression
coefficients of PLP and HKr in relation to the quality of life
outcomes were slightly attenuated, yet conclusions remained
the same, as no notable changes were observed in the above-
mentioned associations (data not shown). In stratified analyses,
individual cohorts showed associations that were in the same
direction as the overall association, and associations within
ColoCare were statistically significant less often than those
within COLON and EnCoRe (data not shown). Further, when
the inflammatory marker KTR was added to the models of PLP,
regression coefficients were slightly attenuated, with § values
of 1.06 (95% CI: —0.33, 2.46) for global quality of life, 1.81
(95% CI: 0.54, 3.09) for physical functioning, 3.04 (95% CI:
1.02, 5.06) for role functioning, 2.11 (95% CI: 0.71, 3.52) for
emotional functioning, 1.42 (95% CI: —0.04, 2.89) for cognitive
functioning, 2.56 (95% CI: 0.93, 4.18) for social functioning,
and —2.26 (95% CI: —4.05, —0.48 for fatigue. Lastly, dose—
response relationships were observed for the associations of
deficient (PLP < 20 nmol/L; n = 92), suboptimal (PLP 20-30
nmol/L; n = 204), and adequate (PLP > 30 nmol/L; n = 791)
levels of vitamin B6 with global quality of life and physical, role,
and social functioning (Figure 4).

Discussion

The current study aimed to investigate whether B-vitamin
biomarkers and B-vitamin supplement use were associated with
quality of life in survivors of CRC, both cross-sectionally at
6 months postdiagnosis and through the modeling of changes
between diagnosis and 6 months postdiagnosis. Higher circu-
lating concentrations of PLP were cross-sectionally associated
with better physical, role, and social functioning, as well as
with reduced fatigue, at 6 months postdiagnosis. In addition,
higher HKr, a novel and inverse marker for vitamin B6 status
(26), was associated with decreased global quality of life and
worse physical and role functioning. Dose-response relations
were observed when deficient, suboptimal, and adequate levels
of vitamin B6 were modeled in relation to global quality of
life and physical, role, and social functioning at 6 months
postdiagnosis. Only minimal changes were observed in the
biomarker concentrations between diagnosis and 6 months
postdiagnosis, which may explain the absence of associations
between changes in biomarker concentrations and quality of
life. In addition, no cross-sectional associations were found
between B-vitamin supplement use and quality of life, yet

Koole et al.

participants who stopped using B-vitamin supplements after
diagnosis reported higher fatigue compared to nonusers.

Vitamin B6 status emerged from the current analyses as a
potential determinant of quality of life after a diagnosis of
CRC, while biomarkers of folate, riboflavin, and vitamin B12
were unrelated to quality of life. In previous studies, specific
focus has been on vitamin B6 in relation to the risk of CRC
(41) and, to a lesser extent, to survival (42). Associations of
vitamin B6 with quality of life after diagnosis of cancer have
previously been investigated in relation to specific conditions,
but not in CRC survivors specifically. A systematic review
including 5 intervention studies concluded that vitamin B6
supplementation may have beneficial effects on the prevention
of hand-foot syndrome (43). A mini review on B vitamins in
general showed that it is unclear to what extent B vitamins play a
role in chemotherapy-induced peripheral neuropathy and whether
supplementation may be an option for treatment (44). Further,
hyperhomocysteinemia has previously been associated with
the development of postoperative cognitive decline in surgical
oncology patients (45). All in all, the results of the current study
add to the existing literature on B vitamins and aspects of quality
of life, and provide new insights in the association of vitamin B6
with fatigue and quality of life, specifically in CRC survivors.

The observed associations suggest that elevated vitamin B6
concentrations may be beneficial for quality of life after a CRC
diagnosis. Hypothetically, PLP concentrations can be increased
relatively easily through the consumption of foods high in
vitamin B6 or through the use of vitamin B6 supplements. In our
analyses, it was not possible to model vitamin B6 supplement
use separately, because the vitamin is often part of vitamin
complexes and is rarely used as a single supplement. We noted an
association between participants who stopped using B vitamins
and increased fatigue. The analyses provide insufficient evidence
for the formulation of advice on the use of vitamin B6 for CRC
survivors. Moreover, vitamin B6 status may be a reflection of
the general nutritional state of individuals, and the adjustments
for total energy intake and BMI may not have been sufficient to
account for this. Thus, no firm conclusions can be drawn based
on the observations of this study. Nevertheless, the data give
important directions for future research on vitamin B6 and quality
of life outcomes.

Potential confounding by inflammation was evaluated for
the observed statistically significant associations of vitamin B6
with quality of life. As circulating PLP concentrations are
known to be low in inflammatory conditions (38, 39, 46), and
because inflammation has been related to quality of life (47),
the inflammatory markers CRP and KTR were added to the
models to evaluate whether associations could be confounded by
inflammation. Although the regression coefficients were slightly
attenuated, further research is needed to evaluate the mechanistic
role of inflammation in the association between B vitamins and
aspects of quality of life and whether inflammation may influence
the association as a possible confounder or mediator.

The ColoCare cohort seemed to differ in comparison to
the COLON and EnCoRe cohorts with regard to quality of
life, biomarker concentrations, and B-vitamin supplement use.
The proportion of ColoCare participants with clinically relevant
problems in quality of life and functioning was highest and
on average the ColoCare participants scored lower on quality
of life while the COLON and EnCoRe participants scored



B vitamins and quality of life after cancer

Global Quality of Life

Biomarker B (95% CI)
Total folate e 0.11 (-1.38, 1.60)
Folic acid o -0.59 (-2.38, 1.20)
Homocysteine o 0.52 (-1.30, 2.34)
Methionine = 0.25 (-1.59, 2.09)
Riboflavin . 0.32 (-1.15, 1.79)
Pyridoxal 5'-phosphate [ 0.47 (-0.99, 1.94)
HKr o -2.02 (-3.63, -0.42)
Cobalamin -0.91 (-2.26, 0.45)

—— )

Methylmalonic acid 0.86 (-2.19, 3.92

864202468
worse QoL << >> better QoL

Physical functioning

Biomarker B (95% CI) B (95% CI) -
Total folate gl -0.96 (-2.35, 0.42) . -0.53 (-2.71, 1.65) o
Folic acid e -0.73 (-2.39, 0.94) —e— -0.41 (-3.03, 2.21) e
Homocysteine e -0.50 (-2.19, 1.18) —— 0.48 (-2.18, 3.13) e
Methionine e 1.81 (0.10, 3.52) e 1.50 (-1.19, 4.19) i
Riboflavin e 0.55 (-0.82, 1.92) —— 0.47 (-1.69, 2.62) e
Pyridoxal 5'-phosphate a 1.42 (0.06, 2.78) —— 1.92 (-0.22, 4.05) e
HKr | -2.17 (-3.66, -0.69) —.— -3.87 (-6.22, -1.53) e
Cobalamin gl -1.11 (-2.37, 0.15) e -2.37 (-4.34, -0.39) -
Methylmalonic acid —— 0.25 (-2.59, 3.10) —e—  1.20(-3.27, 5.67) ——

-8-6-4.202468
worse << functioning >> better

Cognitive functioning

Biomarker ‘ B (95% CI)
Total folate B -0.34 (-1.90, 1.22)
Folic acid »!0—* 0.65 (-1.22, 2.53)
Homocysteine *;-‘—4 1.60 (-0.30, 3.50)
Methionine 4 -0.05 (-1.97, 1.88)
Riboflavin + -0.35 (-1.89, 1.19)
Pyridoxal 5'-phosphate Fi‘-' 0.51 (-1.02, 2.04)
HKr - -0.33 (-2.02, 1.36)
Cobalamin . 0.23 (-1.17, 1.63)
Methylmalonic acid —— -0.07 (-3.27, 3.13)

8-6-4-202468
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-86-4.2024638
worse << functioning >> better

-8-6-4202468

Role functioning

Social functioning
B (95% Cl)
e -1.13 (-2.86, 0.61) He
. -0.32 (-2.40, 1.77) .
—.—i 1.62 (-0.49, 3.74) —.—
4 0.06 (-2.09, 2.20) —e—i
- 0.18 (-1.54, 1.89) e
e 1.55 (-0.15, 3.25) )
e -1.17 (-3.04, 0.71) .
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FIGURE 3 Regression coefficients (B) and 95% confidence intervals
concentrations (concentration at 6 months — concentration at diagnosis) with
Analyses were adjusted for sex, age, cohort (COLON, EnCoRe, ColoCare),

(95% CI) of linear regression analyses of standardized changes in biomarker
aspects of health-related quality of life 6 months after colorectal cancer diagnosis.
neo-adjuvant therapy (yes/no), adjuvant therapy (yes/no), cancer stage (I, II, IIT),

any supplement use (yes/no), biomarker concentration at diagnosis, total energy intake (kcal/day), alcohol intake (gr/day), BMI (kg/m?), adherence to physical
activity guidelines (yes/no), creatinine (pmol/L), and cotinine (nmol/L). Abbreviations: COLON, COlorectal cancer: Longitudinal, Observational study on
Nutritional and lifestyle factors that influence colorectal tumour recurrence, survival and quality of life; EnCoRe, Energy for life after ColoRectal cancer; FDR,

false discovery rate; HKr, hydroxykynurenine ratio; QoL, quality of life.

higher, compared to reference data of CRC patients (stage I—
IV) with similar ages (48). When stratified by tumor location,
ColoCare scoring was still significantly lower than COLON and
EnCoRe scoring. Other clinical factors, such as the presence
of a stoma, and/or cultural factors may be underlying these
differences, although ColoCare participants also scored lower on

all subscales of quality of life compared to 439 CRC patients from
Germany using the same questionnaire (49). Global quality of
life scores were similar, whereas physical functioning and fatigue
scores were lower, compared to previous analyses from the
ColoCare study measured at diagnosis and after 12 months (50).
However, timing may be crucial, as patients likely experience
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TABLE 3 Results of cross-sectional linear regression analyses of B-vitamin supplement use 6 months after diagnosis and of associations of changes in
B-vitamin supplement use between diagnosis and 6 months after diagnosis with health-related quality of life

Cross-sectional

Analysis of changes in B-vitamin' use

analysis of
B-vitamin use at 6

Use at diagnosis Started use after Stopped use after

months (yes/no) Nonuse and 6 months diagnosis diagnosis
n =323 n=1173 n=232 n=91 n=167
B (95% CI) B (95% CI) B (95% CI) B (95% CI)

Global quality of life

Sex and age adjusted 0.8(—1.6,3.2) REF 2.2(-0.6,5.0) —3.5(-7.7,0.8) —1.5(-4.8,1.7)

Fully adjusted” 0.6 (—2.6,3.8) — 0.5 (—3.0,4.0) —24(=73,2.4) —3.0(-6.3,0.2)
Physical functioning

Sex and age adjusted —1.2(=3.5,1.0) REF —0.1(=2.7,2.6) —4.5(-8.5,-0.6) —0.6(=3.7,2.4)

Fully adjusted” 0.5(=2.4,3.5) — 0.6 (=2.7,3.9) —23(-6.9,2.2) —1.1(-4.2,1.9)
Role functioning

Sex and age adjusted 0.1(=3.5,3.7) REF 1.7(=2.5,5.8) —4.0(-10.3,2.2) —04(-52,4.4)

Fully adjusted” 1.7(=3.1,6.4) — 1.6 (—=3.7,6.8) —1.8(-9.0,5.4) —2.1(=7.0,2.7)
Emotional functioning

Sex and age adjusted 1.3(-1.2,3.7) REF 2.9(0.1-5.7) —29(-7.1,13) —0.3(=3.6,2.9)

Fully adjusted” 0.4 (=2.7,3.5) — 1.4 (=2.1,4.8) —3.5(-83,12) —-09(—4.1,23)
Cognitive functioning

Sex and age adjusted —22(—4.7,0.2) REF —1.8(—4.7,1.0) —5.1(-9.4,-0.9) —3.7(-6.9, =0.5)

Fully adjusted? —1.6(—4.9,1.8) — —23(-6.0,1.4) —4.2(-9.3,0.9) —4.7(-8.1,—-1.3)
Social functioning

Sex and age adjusted 0.8(-2.1,3.7) REF 2.5(-0.9,5.9) —3.9(-9.0,1.2) —1.1(-5.0,2.8)

Fully adjusted” —0.1(=3.9,3.7) — 0.3 (=3.9,4.5) —3.3(-9.1,25) —23(-6.2,1.6)
Fatigue

Sex and age adjusted —0.1(=3.3,3.0) REF —1.5(=5.1,2.1) 5.8 (0.4-11.3) 5.6 (1.4-9.7)

Fully adjusted? —2.1(-6.1,2.0) — — 1.6 (—6.0,2.9) 3.0(=3.1,9.2) 7.1 (2.9-11.2)°

IB-vitamin supplement use was defined as the use of dietary supplements containing at least 1 of the B vitamins: folic acid, vitamin B2, vitamin B6, or

vitamin B12.

2Fully adjusted model: adjusted for sex, age, cohort (COLON, EnCoRe, ColoCare), neo-adjuvant therapy (yes/no), adjuvant therapy (yes/no), cancer
stage (I, II, III), total energy intake (kcal/day), BMI (kg/m?), adherence to physical activity guidelines (yes/no), and any supplement use (yes/no).

3Statistically significant after FDR adjustment for multiple testing.

the lowest quality of life shortly after therapy. Further, ColoCare
participants had higher total folate concentrations, which may
be explained by the faster degradation of folate in plasma
(COLON and EnCoRe) compared to serum samples (ColoCare).
The higher proportion of rectum cancer patients and/or the
lower proportion of supplement users in ColoCare could possibly
explain the lower concentrations of PLP in ColoCare participants.
All models were adjusted for confounding by cohort and,
despite the differences in exposures and outcomes between
cohorts, stratified analyses showed comparable associations
across cohorts, thereby providing some degree of confidence that
the observed associations were not strongly influenced by these
differences.

An important strength of the current study is its novel and
explorative character/design, as associations between biomarkers
of B vitamins and quality of life have not been investigated
in CRC patients before. Furthermore, data were obtained from
a consortium of multiple prospective cohorts with comparable
participant recruitment and data collection methods and a
relatively high number of CRC patients, strengthening the
generalizability of our findings. All biochemical analyses were
carried out at a centralized laboratory, which delivered a broad
panel of targeted and precise profiling of multiple B vitamins and
complementary functional biomarkers.

The study also has limitations. First, the intake of B vitamins
from diet and supplements could not be taken into account due

to unavailability of details on the dietary B-vitamin intake and
the exact amount of B-vitamin intake from supplements from
all cohorts. Second, biomarker data could have been influenced
by several factors, such as the inclusion of both fasting and
nonfasting samples and the small number of COLON participants
who may have still been undergoing chemotherapy at the time
of the 6-month postdiagnosis measurement. However, these
aspects could not be accounted for, as details on the fasting
state were unavailable for all cohorts and the therapy end dates
were unknown for COLON participants. Lastly, the observational
nature of the study makes it difficult to differentiate between
cause and effect.

In conclusion, the current study provides an important, novel
lead regarding the multiple possible aspects with which to
improve health-related quality of life after CRC. Vitamin B6
status was found to be associated with better quality of life,
better functioning, and less fatigue in combined analyses of 3
European prospective studies. However, these associations are
based on analyses of 2 time points with a 1-time measurement of
the outcome, and no significant associations were observed for
B-vitamin supplement use. Vitamin B6 needs to be investigated
in future longitudinal studies with more repeated measurements
to confirm our findings and to provide a stronger foundation for
potential requirements of intervention studies in CRC patients.
In addition, future studies should also consider the intake of
B vitamins from diet and supplements to accurately estimate
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FIGURE 4 Dose-response relationships between vitamin B6 status, measured as PLP, and quality of life outcomes. Deficient, suboptimal, and adequate
vitamin B6 levels were defined as serum/plasma PLP < 20 nmol/L (n = 92), 20-30 nmol/L (n = 204), and > 30 nmol/L (n = 791), respectively. Abbreviations:

PLP, pyridoxal 5’-phosphate; QoL, quality of life.

the total B-vitamin intake and further evaluate potential dose—
response relationships.
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