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and sugar intake and colorectal cancer survival
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BACKGROUND: The influence of a high sugar diet on colorectal cancer (CRC) survival is unclear.

METHODS: Among 1463 stage I-lll CRC patients from the Nurses’ Health Study and Health Professionals Follow-up Study, we
estimated hazard ratios (HRs) and 95% confidence intervals (Cls) for CRC-specific and all-cause mortality in relation to intake of post-
diagnosis sugar-sweetened beverages (SSB), artificially sweetened beverages (ASB), fruit juice, fructose and other sugars.
RESULTS: Over a median 8.0 years, 781 cases died (173 CRC-specific deaths). Multivariable-adjusted HRs for post-diagnosis intake
and CRC-specific mortality were 1.21 (95% Cl: 0.87-1.68) per 1 serving SSBs per day (serving/day) and 1.24 (95% Cl: 0.95-1.63) per
20 grams fructose per day. Significant positive associations for CRC-specific mortality were primarily observed <5 years from
diagnosis (HR per 1 serving/day of SSBs = 1.59, 95% Cl: 1.06-2.38). Significant inverse associations were observed between ASBs
and CRC-specific and all-cause mortality (HR for =5 versus <1 serving/week = 0.44, 95% Cl: 0.26-0.75 and 0.70, 95% Cl: 0.55-0.89,
respectively).

CONCLUSIONS: Higher post-diagnosis intake of SSBs and sugars may be associated with higher CRC-specific mortality, but only up
to 5 years from diagnosis, when more deaths were due to CRC. The inverse association between ASBs and CRC-specific mortality

warrants further examination.

British Journal of Cancer (2021) 125:1016-1024; https://doi.org/10.1038/s41416-021-01487-7

BACKGROUND

Substantial evidence supports a link between positive energy
balance and hyperinsulinemia and colorectal cancer (CRC)
development and progression [1]. Obesity, physical inactivity [2]
and type 2 diabetes mellitus [3], which influence insulin levels, are
established risk factors for CRC incidence. However, the role of
these and other risk factors related to metabolic syndrome and
CRC survival are not as well understood. A few recent studies
suggest that obesity [4], physical inactivity [5], Western dietary
pattern (characterised by high intake of red and processed meat,
high-fat dairy and refined grains) [6, 7], and high dietary glycemic
load and insulin score [8, 9], may be associated with poorer
survival in CRC patients. While there is limited prior literature
examining the role of sugar-sweetened beverages (SSB) and sugar
intake in CRC survival, a few studies have observed associations
between post-diagnosis dietary patterns, in which SSBs were a
component of the pattern, and CRC survival [6, 7]. Furthermore,

cancer survivors are at an increased risk of other chronic
conditions [10], for which SSB and sugar consumption may also
be relevant [11]. One recent study found that higher post-
diagnosis SSB intake was associated with higher colon cancer
recurrence and mortality, but this study lacked information on
dietary intake before diagnosis [12].

SSBs are the largest source of added sugar in the U.S. diet and
the biggest single source of energy intake [13]. SSBs are mostly
sweetened with high fructose corn syrup (typically 45% glucose
and 55% fructose) or sucrose (table sugar), which is composed of
half fructose and half glucose [13]. Dietary recommendations for
cancer prevention, such as those published by the World Cancer
Research Fund/American Institute for Cancer Research, include
limiting SSB and sugar intake [2]. However, the role of SSBs and
sugar intake in cancer survival remains unclear.

To address this gap in knowledge, we prospectively examined
the association between SSBs, artificially sweetened beverages
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(ASBs), and fruit juice consumption, as well as total fructose,
glucose, sucrose and added sugar intake after CRC diagnosis with
CRC-specific and all-cause mortality, with adjustment for pre-
diagnosis intake, in two large prospective cohort studies, the
Nurses’ Health Study (NHS) and the Health Professionals Follow-up
Study (HPFS). As ASBs are often consumed as a no-calorie
alternative to SSBs [14], and a recent study found that higher ASB
intake was associated with lower colon cancer recurrence and
mortality [15], we also examined ASB intake as an exposure. To
account for the differences between fructose and glucose
metabolism, associations were studied separately by intake of
each type of sugar [16, 17].

METHODS

Study population

The NHS is a prospective cohort study established in 1976 when 121,700 U.
S. female nurses 30-55 years of age responded to a mailed questionnaire
about lifestyle factors and medical histories [18]. The HPFS is a prospective
cohort study established in 1986 of 51,529 male health professionals 40-75
years of age who similarly responded to a questionnaire [19]. In both
cohorts follow-up questionnaires have been sent to participants every 2
years thereafter. The cumulative follow-up rates have been greater than
90% for both cohorts. The study protocol was approved by the institutional
review boards of the Brigham and Women's Hospital and Harvard T.H.
Chan School of Public Health, and those of participating registries as
required.

Ascertainment of CRC diagnosis and death

Our study population consisted of participants who had no history of
cancer at study enrollment and were later diagnosed with stage | to Ill CRC
from 1984-2010 for NHS and 1990-2010 for HPFS. On each biennial
questionnaire, participants were asked to report any CRC diagnosis. When
a CRC diagnosis was reported, permission was sought to obtain medical
records. Study physicians blinded to exposure data reviewed all records to
confirm the diagnosis. Stage of disease, grade of tumour differentiation,
treatment, year of diagnosis and primary tumour location were recorded.
Deaths were mostly reported by family members, the postal service and by
searching the National Death Index. For non-responders, the National
Death Index was searched to discover deaths and ascertain any CRC
diagnosis that contributed to death or was a secondary diagnosis. Next-of-
kin were contacted and provided informed consent to review medical
records. For all deaths, cause of death was assigned by study physicians
blinded to exposure data based on medical record and/or death certificate
review. More than 96% of deaths have been identified through these
methods [20].

Assessment of dietary intake

Dietary intake was assessed via validated self-administered semi-quanti-
tative food frequency questionnaire (FFQ) in 1980, 1984, 1986 and every
four years after for NHS and every four years beginning in 1986 for HPFS
(NHS: total of 9 FFQ cycles and HPFS: total of 7 FFQ cycles).

Participants were asked how often, on average, in the previous year they
consumed a standard unit or portion size of each food or beverage. SSBs
included colas, other carbonated beverages, and other non-carbonated
drinks (fruit punches, lemonades or other fruit drinks) that were sugar-
sweetened, while ASBs included carbonated and non-carbonated low
calorie or diet beverages. Other SSB items, such as sugar-sweetened or
flavored milk, did not contribute to our definition of SSBs as they were
infrequently consumed in this population based on pilot studies [21]. Fruit
juice included orange, apple, grapefruit, and other juices. Total fructose
and glucose included intake of each respective sugar plus half the intake of
sucrose. Added sugar included sugars added to prepared or processed
items but not naturally occurring sugars [22]. Total energy intake was
calculated by summing the caloric values from all food and beverage items
on the FFQ. Nutrient intakes were adjusted for total energy intake using
the residual method [23]. For more detail on diet assessment, please refer
to the Supplemental Methods.

To capture long-term dietary intake before CRC diagnosis, we calculated
a cumulative average of intake for all FFQs up to four years before the date
of diagnosis. Cumulative averaging can dampen variation due to both
measurement error and true changes in diet over time [21]. The first
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dietary assessment collected between 6 months and 4 years after CRC
diagnosis was used to define post-diagnosis intake to avoid assessment
during the period of active treatment immediately following diagnosis.

Non-dietary covariate assessment

Information was collected on body mass index (BMI), physical activity,
smoking history, history of diabetes, regular use of aspirin and non-
steroidal anti-inflammatory drugs (NSAIDs) and post-menopausal hormone
use (among women) from questionnaires corresponding to the time of the
post-diagnosis dietary assessment. Weight change around the time of CRC
diagnosis was calculated based on the weight reported on the first biennial
questionnaires immediately before and after the CRC diagnosis.

Statistical analysis

Cases without a valid FFQ within 4 years of diagnosis, those with missing
data for pre-diagnosis or post-diagnosis sugar intake, and stage IV CRC
were excluded from our analysis (see Supplemental Fig. 1). We computed
person-years of follow-up beginning from the return of the first post-
diagnosis dietary assessment to death or the end of the follow-up period
(June 1, 2014 for NHS and January 31, 2014 for HPFS), whichever occurred
first. Time since diagnosis was used as the time scale accounting for left
truncation due to differences in the timing of the post-diagnosis
assessment. The analyses included three outcomes: (1) death from CRC
was the primary endpoint with deaths from other causes censored, (2)
death from any cause and (3) death due to causes other than CRC as the
secondary endpoints. For analyses with other (non-CRC related) mortality
as the endpoint, deaths due to CRC were censored. Cox proportional
hazards regression models were used to calculate hazard ratios (HRs) of
death and 95% confidence intervals (Cls) for the seven exposures. Post-
diagnosis SSBs, fruit juice, total fructose, total glucose, sucrose, and added
sugar were modeled as continuous variables as 1 serving per day (serving/
day) for the beverages and 20 grams per day (grams/day) for the sugars.
Restricted cubic spline analyses indicated that associations were consistent
with linearity (P for linearity > 0.05) for all exposures except post-diagnosis
ASBs [24]. Therefore, post-diagnosis ASB intake was examined as a
categorical variable (<1, 1-4, and =5 servings/week).

The models were initially adjusted for age groups at diagnosis (<60, 60-64,
65-69, 70-74 and >75 years), sex (women/men) and cancer stage (I, Il, lll and
unspecified) as stratification factors, with additional adjustment for age at
diagnosis (continuous). The multivariable models included the following
additional covariates: year of diagnosis (continuous), tumour grade of
differentiation (1-3 and unspecified), subsite (proximal colon, distal colon,
rectum and unspecified), history of diabetes (yes/no) and post-diagnosis
alcohol consumption (<0.15, 0.15-1.9, 2.0-7.4, =7.5 grams/day), pack-years of
smoking (0, 1-15, 16-25, 26-45, >45), BMI (<23, 23-24.9, 25-27.4, 27.5-29.9,
>30 kg/mz), physical activity (women: <5, 5-11.4, 11.5-21.9, =22 MET-hours/
week; men: <7, 7-14.9, 15-24.9, =25 MET-hours/week), regular use of aspirin
or NSAIDs (=2 tablets/week, yes/no), consumption of, folate, calcium, vitamin
D, red and processed meat and total energy intake (sex-specific quartiles),
and, in women only, chemotherapy use (yes/no, available in women only)
and post-menopausal hormone use (pre-menopausal, never, past, current
users). This model also included adjustment for the cumulative average of
pre-diagnosis intake of the respective post-diagnosis beverage or sugar (<1,
1-4, =5 servings/week for SSBs and ASBs; <1, 1-4, 5-7 servings/week,
>1 serving/day for fruit juice; sex-specific quartiles for sugar variables). Post-
and pre-diagnosis SSB and ASB intakes were mutually adjusted for each
other (<1, 1-4, =5 servings/week), and the sugar intakes were additionally
adjusted for post-diagnosis fruit and vegetable consumption (sex-specific
quartiles). In separate analyses, we additionally adjusted the multivariable
models for the Alternative Healthy Eating Index 2010 (AHEI-2010, excluding
the SSB and juice component; sex-specific quartiles), which awards points for
foods and macronutrients associated with reduced chronic disease risk [25],
but adjustment for AHEI-2010 had minimal impact on the results and was not
included in the final model. All statistical tests were two-sided with P < 0.05
considered statistically significant, and were performed using SAS version 9.4
(SAS Institute, Cary, NC, USA). For more detail on the statistical analysis, please
refer to the Supplemental Methods.

RESULTS

Among 1463 stage |-l CRC cases included in the analyses
(Supplemental Fig. 1), 781 deaths were documented of which 173
were CRC-specific deaths (median 8.0 years follow-up). Other
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major causes of death were cardiovascular disease (n = 141) and
other cancers (n = 115). The overall 5-year survival rates were 93%
(95% Cl: 90-95%) for stage |, 89% (95% Cl: 86-92%) for stage I,
and 80% (95% Cl: 75-84%) for stage Il CRC. Approximately 13% of
participants consumed =5 servings of SSBs per week and 6%
consumed SSBs more than once per day after diagnosis. On
average, post-diagnosis added sugar intake from all dietary
sources on the FFQ accounted for 10% (interquartile range:
7-13%) of total energy intake. Participants with higher post-
diagnosis SSB intake tended to be less physically active, had lower

alcohol consumption, and higher intake of total fructose, total
glucose, sucrose and added sugar (Table 1). Tumour characteristics
did not appear to vary by post-diagnosis SSB intake. Post-
diagnosis intakes of each type of sugar were strongly correlated
with each other (range of Spearman correlation coefficient r=
0.65-0.98; Supplemental Table 1), and moderately correlated with
post-diagnosis SSB intake (r = 0.45-0.58). Pre- and post-diagnosis
intake of each exposure were also moderately correlated, ranging
from r = 0.39 for pre- and post-diagnosis SSBs to 0.58 for pre- and
post-diagnosis ASBs.

Table 1.

Characteristics of colorectal cancer patients after diagnosis and tumour characteristics at diagnosis according to post-diagnosis intake of

sugar-sweetened beverages in the Nurses’ Health Study and the Health Professionals Follow-up Study (n = 1463)°.

Sugar-sweetened beverage intake, servings

<1/week
(n = 864)
Female, % 72
Age at diagnosis, yrs 69.1 (8.6)
Food and nutrient intake®
SSB intake, servings/d 0.0 (0.0)
ASB intake, servings/d 0.5 (0.8)
Fruit juice intake, servings/d 0.8 (0.7)
Total fructose intake, g/d 39.6 (12.8)
Total glucose intake, g/d 38.8 (12.2)
Sucrose intake, g/d 36.9 (13.9)
Added sugar intake, g/d 35.8 (16.5)
Alcohol, g/d 7.7 (12.5)

Folate, mcg/d 708.3 (355.2)

Calcium, mg/d 1255.5 (587.4)

Vitamin D, 1U/d 562.2 (408.9)
Total energy intake, kcal/d 1685.9 (542.3)
AHEI-2010 57.0 (11.4)
Body mass index, kg/m? 26.5 (4.9)
Physical activity, MET-h/wk 18.8 (24.1)
Pack-years of smoking 16.0 (22.1)
Current smokers, % 5
Regular aspirin use, %° 34
Stage, %
| 33
1] 32
I} 23
Unspecified 12
Grade of differentiation, %
Well 13
Moderate 59
Poor/Undifferentiated 14
Unspecified 14
Cancer subsite, %
Proximal colon 44
Distal colon 31
Rectum 21
Unspecified 5

1-4/week >5/week
(n=415) (n=184)
60 71

67.9 (8.9) 67.4 (9.0)
0.3 (0.2) 1.3 (0.7)
0.3 (0.5) 0.2 (0.5)
1.0 (0.9) 1.1 (0.9)
47.0 (12.5) 60.5 (15.2)
46.0 (12.1) 58.9 (14.7)
45.2 (13.5) 59.9 (20.5)
50.7 (17.8) 78.1 (26.2)
6.7 (10.7) 4.9 (9.7)

667.8 (309.9)
1134.1 (509.5)
518.3 (365.4)
1858.1 (547.5)

613.9 (307.1)
1049.7 (501.2)
493.3 (435.3)
2024.5 (586.8)

53.6 (10.2) 47.0 (9.1)
25.8 (4.5) 26.4 (5.3)
18.2 (21.8) 15.4 (19.9)
15.3 (20.4) 18.3 (25.6)
7 6

38 32

33 28

26 34

28 24

13 14

16 18

58 53

12 15

14 14

41 43

32 30

22 22

5 5

SSB sugar-sweetened beverages, ASB artificially sweetened beverages, MET metabolic equivalent, AHEI. Alternative Healthy Eating Index.
#Means (SD) are presented for continuous variables. All variables other than age at diagnosis are age standardised.

PNutrients are energy-adjusted.
“Regular use defined as >2 standard (325-mg) tablets of aspirin per week.
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CRC-specific mortality 1.24 (95% ClI: 0.95-1.63), but results did not reach statistical
In the fully adjusted model (which included pre-diagnosis intake), significance (P-value =0.12). Results for post-diagnosis total
the HR for CRC-specific mortality per 1 serving/day increase was glucose, sucrose and added sugar intake were similar, with HRs
1.21 (95% Cl: 0.87-1.68) for post-diagnosis SSB and 1.11 (95% Cl: for CRC-specific mortality ranging between 1.14 (added sugar) and
0.91-1.36) for post-diagnosis fruit juice (Table 2). In the fully 1.24 (glucose), and P-values between 0.11 and 0.14. On the other
adjusted model, the HR per 20 grams/day total fructose intake was hand, higher post-diagnosis ASB intake was associated with lower

Table 2. Hazard ratios (HR) and 95% confidence intervals (Cl) of colorectal-cancer (CRC)-specific mortality, other mortality (deaths due to causes
other than CRC), and all-cause mortality according to post-diagnosis® beverage and sugar intake among CRC patients in the Nurses’ Health Study and
Health Professionals Follow-up Study (n = 1463).
No. of person- No. of deaths Age, sex, stage-adjusted HR P-value Multivariable-adjusted HR P-value
years (95% C1)® (95% CI)
Post-diagnosis beverage intake, per 1 serving/day®
Sugar-sweetened beverages

CRC-specific mortality 14,618 173 1.30 (0.98-1.72) 0.066 1.21 (0.87-1.68) 0.249

Other (non-CRC) 608 1.05 (0.87-1.26) 0.597 1.04 (0.85-1.29) 0.682
mortality

All-cause mortality 781 1.12 (0.96-1.30) 0.161 1.11 (0.94-1.32) 0.237
Artificially sweetened beverages

CRC-specific mortality 14,618 173 0.61 (0.40-0.94) 0.025 0.44 (0.26-0.75) 0.002

Other (non-CRC) 608 1.08 (0.86-1.35) 0.507 0.79 (0.59-1.04) 0.096
mortality

All-cause mortality 781 0.95 (0.78-1.16) 0.602 0.70 (0.55-0.89) 0.004
Fruit juice

CRC-specific mortality 14,618 173 1.11 (0.93-1.32) 0.242 1.11 (0.91-1.36) 0.304

Other (non-CRC) 608 0.95 (0.85-1.05) 0.306 1.03 (0.92-1.16) 0.584
mortality

All-cause mortality 781 0.99 (0.90-1.08) 0.776 1.04 (0.94-1.15) 0.406

Post-diagnosis sugar intake, per 20 g/day
Total fructose

CRC-specific mortality 14,618 173 1.17 (0.95-1.43) 0.148 1.24 (0.95-1.63) 0.120

Other (non-CRC) 608 0.88 (0.78-1.00) 0.050 1.17 (1.00-1.36) 0.049
mortality

All-cause mortality 781 0.95 (0.85-1.05) 0.302 1.18 (1.04-1.35) 0.014
Total glucose

CRC-specific mortality 14,618 173 1.17 (0.94-1.45) 0.173 1.24 (0.93-1.64) 0.140

Other (non-CRC) 608 0.87 (0.77-1.00) 0.046 1.17 (1.00-1.37) 0.052
mortality

All-cause mortality 781 0.94 (0.84-1.05) 0.265 1.17 (1.03-1.34) 0.020
Sucrose

CRC-specific mortality 14,618 173 1.16 (0.96-1.39) 0.117 1.21 (0.96-1.53) 0.111

Other (non-CRC) 608 0.93 (0.83-1.04) 0.227 1.11 (0.97-1.26) 0.128
mortality

All-cause mortality 781 0.99 (0.90-1.09) 0.766 1.12 (1.00-1.25) 0.055
Added sugar

CRC-specific mortality 14,618 173 1.10 (0.96-1.26) 0.178 1.14 (0.96-1.36) 0.132

Other (non-CRC) 608 0.95 (0.88-1.03) 0.218 1.02 (0.93-1.12) 0.668
mortality

All-cause mortality 781 0.99 (0.92-1.06) 0.674 1.04 (0.95-1.13) 0.400

#Post-diagnosis intake was assessed at least 6 months but no more than 4 years after diagnosis.

PCox proportional hazards regression model adjusted for age groups at diagnosis (<60, 60-64, 65-69, 70-74 and >75 years), sex (women/men) and cancer
stage (I, Il, Il and unspecified) as stratification factors, with additional adjustment for age at diagnosis (continuous).

Further adjusted for year of diagnosis (continuous), tumour grade of differentiation (1-3 and unspecified), subsite (proximal colon, distal colon, rectum and
unspecified), history of diabetes (yes/no), pre-diagnosis intake of the respective beverage or sugar variable (<1, 1-4, 25 servings/week for sugar-sweetened
and artificially sweetened beverages; <1, 1-4, 5-7 servings/week, >1 serving/day for fruit juice; sex-specific quartiles for sugar variables) and post-diagnosis
alcohol consumption (<0.15, 0.15-1.9, 2.0-7.4, 27.5 grams/day), pack-years of smoking (0, 1-15, 16-25, 26-45, >45), BMI (<23, 23-24.9, 25-27.4, 27.5-29.9, 230
kg/m?), physical activity (women: <5, 5-11.4, 11.5-21.9, 222 MET-hours/week; men: <7, 7-14.9, 15-24.9, 25 MET-hours/week), regular use of aspirin or NSAIDs
(22 tablets/week, yes/no), consumption of folate, calcium, vitamin D, red and processed meat and total energy intake (sex-specific quartiles), and, in women
only, chemotherapy use (yes/no, available in women only) and post-menopausal hormone use (pre-menopausal, never, past, current users). Post- and pre-
diagnosis sugar-sweetened beverage and artificially sweetened beverage intakes were mutually adjusted for each other (<1, 1-4, 25 servings/week), and the
sugar intakes were additionally adjusted for post-diagnosis fruit and vegetable consumption (sex-specific quartiles).

9A continuous measure of intake was used for all except for artificially sweetened beverages in which categories of intake were used (<1, 1-4, =5 servings/
week), with the HR for >5 servings/week compared to <1 serving/week (reference group) shown in the table.
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CRC-specific mortality, particularly after adjustment for pre-
diagnosis ASB intake (HR comparing =5 versus <1 serving/week:
0.44, 95% Cl: 0.26-0.75, fully adjusted model).

All-cause and other (non-CRC) mortality

The fully adjusted multivariable HR per 1 serving/day of post-
diagnosis SSBs was 1.11 (95% Cl: 0.94-1.32) for all-cause mortality.
Post-diagnosis fruit juice intake was not associated with all-cause
or non-CRC mortality. However, for post-diagnosis ASB intake, HR
comparing =5 versus <1 servings/week for all-cause mortality was
0.70 (95% Cl: 0.55-0.89) which was similar, albeit weaker, to what
was found for CRC-specific mortality. While there was no
association between post-diagnosis total fructose or glucose
intake with all-cause mortality in the age, sex and stage-adjusted
model, these exposures were statistically significantly associated
with worse prognosis in the fully adjusted models. No single
covariate explained the difference in results between the simple
and fully adjusted model by itself (data not shown). For all-cause
mortality, the multivariable HR per 20-gram/day increment of
post-diagnosis intake was 1.18 (95% Cl: 1.04-1.35, P-value = 0.014)
for total fructose, 1.17 (95% Cl: 1.03-1.34, P-value = 0.02) for total
glucose and 1.12 (95% Cl 1.00-1.25, P-value = 0.06) for sucrose.
While the HRs for each specific type of sugar and non-CRC
mortality were comparable to those observed for all-cause
mortality, none of these associations reached statistical
significance.

Sensitivity analyses

Results remained materially similar in sensitivity analyses exclud-
ing participants with a history of diabetes, participants with FFQ
assessment less than 1 year after diagnosis, and the first year of
follow-up, though the sample size was diminished (data not
shown). Results with and without adjustment for BMI were similar,
and additional adjustment for weight change around the time of
CRC diagnosis did not change results either (data not shown). As
we only had treatment information for women, we reran analyses
with and without adjustment for treatment in models restricted to
women, and results were similar. Associations between added
sugar intake and mortality were also similar when we defined
post-diagnosis added sugar intake as percent of total energy
intake per day (data not shown). When we examined sugar intake
as categorical variables, HRs for CRC-specific, non-CRC and all-
cause, mortality findings were generally similar to those presented
in Table 2, however with the exception of post-diagnosis total
fructose and glucose intake and all-cause mortality, associations
did not reach statistical significance. Notably, the number of CRC
deaths were low in each category and confidence intervals were
also wide (Supplemental Table 2). Similarly, while the sample size
was limited for the analysis of joint categories of low and high pre-
and post-diagnosis intake, non-significant positive associations
with CRC-specific mortality were observed for the joint categories
where post-diagnosis SSB intake was high, while inverse associa-
tions were observed for the joint categories where post-diagnosis
ASB intake was high, compared to the category with both low pre-
and post-diagnosis intake at each time point for each respective
beverage (Supplemental table 3).

Subgroup analyses

We explored whether the associations differed by subgroups of
clinical and lifestyle factors. No significant interactions were
observed by sex, pre-diagnosis intake, post-diagnosis physical
activity or post-diagnosis alcohol consumption (Supplemental
table 4). Associations between post-diagnosis intake of each type
of sugar and mortality were stronger among patients with lower
post-diagnosis BMI (<25kg/m?), but a statistically significant
interaction between post-diagnosis intake and BMI was not
observed. Positive associations between post-diagnosis intake of
SSBs, fruit juice, and each of the sugars and CRC-specific mortality

were primarily seen in stage Ill patients, with HRs ranging from
1.21 for 1 serving/day of post-diagnosis fruit juice to 1.67 for 20
grams/day of post-diagnosis total fructose intake; though there
were no statistically significant interactions by stage (P for
interaction ranged between 0.62 for post-diagnosis SSBs to 0.07
for post-diagnosis total fructose).

Time since diagnosis

We also examined associations by follow-up time since diagnosis
(<5 and >5 years). 54% of all CRC-specific deaths occurred within
the first 5 years after diagnosis and 52% of total deaths identified
<5 years post-diagnosis were CRC-specific deaths while only 13%
were CRC-specific deaths >5 years post-diagnosis. The multi-
variable HR for CRC-specific mortality per 1 serving/day increase in
post-diagnosis SSB intake was 1.59 (95% Cl: 1.06-2.38) for <5 years
and 0.82 (95% Cl: 0.39-1.74) for >5 years post-diagnosis (P for
heterogeneity =0.13; Fig. 1, Supplemental table 4). A similar
pattern by time since diagnosis was observed for post-diagnosis
total fructose, glucose, sucrose and added sugar intake and CRC-
specific mortality. HRs for CRC-specific mortality per 20 grams/day
of post-diagnosis intake ranged from 1.42 for added sugar to 1.67
for total glucose for <5 years, and 0.82 for added sugar to 0.96 for
total fructose for >5 years from diagnosis; though P for
heterogeneity was >0.05 for all except post-diagnosis added
sugar (P for heterogeneity = 0.01). Inverse associations for post-
diagnosis ASB intake and CRC-specific mortality were observed
regardless of time since diagnosis.

DISCUSSION

In this prospective study of stage I-Ill CRC patients, we observed
positive associations between post-diagnosis total fructose and
glucose intake and all-cause mortality which was independent of
pre-diagnosis intake. After limiting follow-up to the first 5 years
after CRC diagnosis, when a greater proportion of deaths were
due to CRC, we found significant positive associations between
post-diagnosis SSB and sugar and CRC-specific and all-cause
mortality. Post-diagnosis intake of SSBs and sugars were not
statistically significantly associated with CRC-specific or all-cause
mortality >5 years after diagnosis. Furthermore, a statistically
significant inverse association was seen between post-diagnosis
ASBs and CRC-specific and all-cause mortality regardless of time
from diagnosis.

SSB and sugar intake have been explored in relation to CRC
incidence previously. In a pooled analysis of 13 prospective studies,
no association was observed between intake of 550 grams/day
(~>18 ounces/day) of sugar-sweetened carbonated soft drinks
versus none and colon cancer incidence [26]. In a previous analysis
in NHS and HPFS, higher risk of CRC was observed with higher
fructose and sucrose intake in men, but not women, and the
association was stronger among overweight men [27]. In contrast,
a meta-analysis of six studies did not observe an association
between fructose and sucrose intake and risk of CRC [28].

There is limited prior literature examining SSB and sugar intake
with CRC survival. A few studies have observed positive
associations between post-diagnosis dietary patterns, which
included SSBs as a component, and CRC survival [6, 7]. In the
Cancer and Leukemia Group B (CALGB) 89803 trial, a cohort of
stage lll colon cancer patients, SSB consumption was positively
associated with colon cancer recurrence and mortality, but only
among patients who consumed =2 servings/day compared to
those with <2 servings/month [12]. Due to limited numbers of
patients with >2 servings/day of SSBs, we were unable to assess
this intake level in our cohorts. In our study, only 13% of cases
reported SSB consumption =5 servings/week. Compared to adults
in the National Health and Nutrition Examination Survey
2011-2012 [29], added sugar consumption was lower in our
participants. On average, U.S. adults consumed about 14% of their
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By time since diagnosis

a CRC-specific mortality

HR (95% CI)

P for heterogeneity

SSBs (1 serving/d) 0.130
<5 years p——=—+—4 1.59(1.06-2.38)
>5 years b 0.82 (0.39-1.74)

ASBs (>1 vs <1 serving/wk) 0.957
<5 years —o— 0.49 (0.29-0.84)
>5 years e 0.48 (0.24-0.94)

Fruit juice (1 serving/d) 0.873
<5 years ] 1.11 (0.85-1.44)
>5 years f—a— 1.07 (0.74-1.55)

Total fructose (20 g/d) 0.099
<5 years p—a—— 1.60(1.11-2.31)
>5 years b 0.96 (0.59-1.56)

Total glucose (20 g/d) 0.052
<5 years p——s——— 1.67 (1.13-2.46)
>5 years —a— 0.90 (0.55-1.47)

Sucrose (20 g/d) 0.079
<5 years = 1.47 (1.08-2.00)
>5 years a— 0.93 (0.62—1.40)

Added sugar (20 g/d) 0.008
<5 years f—a— 1.42 (1.13-1.77)
>5 years I —— 0.82 (0.59-1.15)

b Other (non-CRC) mortality

SSBs (1 serving/d) 0.877
<5 years I — 1.08 (0.65-1.80)
>5 years e 1.04 (0.82-1.31)

ASBs (=1 vs <1 serving/wk) 0.544
<5 years f—e— 0.90 (0.52-1.57)
>5 years = 0.75 (0.59-0.95)

Fruit juice (1 serving/d) 0.974
<5 years — 1.06 (0.78-1.44)
>5 years | 1.05 (0.92-1.20)

Total fructose (20 g/d) 0.059
<5 years f——— 1.62(1.12-2.34)
>5 years e 1.09 (0.92-1.30)

Total glucose (20 g/d) 0.064
<5 years f——— 1.61(1.11-2.34)
>5 years f—a—] 1.09 (0.91-1.30)

Sucrose (20 g/d) 0.046
<5 years — 1.46 (1.07-2.00)
>5 years |-a—] 1.03 (0.89-1.20)

Added sugar (20 g/d) 0.050
<5 years ——— 1.23 (0.99-1.53)
>5 years e 0.96 (0.87-1.07)

C  All-cause mortality

SSBs (1 serving/d) 0.073
<5 years [ — 1.41 (1.05-1.88)
>5 years f—a—oi 1.01 (0.82-1.25)

ASBs (21 vs <1 serving/wk) 0.772
<5 years e 0.68 (0.47-0.99)
>5 years o 0.73 (0.58-0.91)

Fruit juice (1 serving/d) 0.793
<5 years ——{ 1.08 (0.90-1.31)
>5 years | 1.05 (0.93-1.19)

Total fructose (20 g/d) 0.008
<5 years —a—i 1.57 (1.22-2.03)
>5 years o] 1.05 (0.90-1.23)

Total glucose (20 g/d) 0.006
<5 years e 1.60 (1.23-2.07)
>5 years ] 1.04 (0.88-1.22)

Sucrose (20 g/d) 0.004
<5 years e 1.43 (1.17-1.76)
>5 years [ 1.00 (0.87—-1.14)

Added sugar (20 g/d) 0.001
<5 years =i 1.28 (1.10-1.49)
>5 years e 0.94 (0.85-1.04)

I T T T T 1
0 0.5 1 1.5 2 25

Hazard ratio

Fig. 1 Associations between post-diagnosis intake and mortality by follow-up time since diagnosis. Post-diagnosis sugar-sweetened
beverage (SSBs), artificially sweetened beverages (ASBs), fruit juice and sugar intake and A colorectal-cancer (CRC)-specific mortality, B other
mortality (deaths due to causes other than CRC) and C all-cause mortality by follow-up time since diagnosis (<5 year [median = 5.0 years, range:
0.8-5.0 years] and >5 years [median = 12.9 years, range: 5.1-29.9 years]). The forest plot shows the hazard ratios (HR) and 95% confidence
intervals (Cl) per 1 serving per day of SSBs and fruit juice, 21 compared to <1 serving/week of ASBs and per 20 g per day for each type of sugar.
HRs are adjusted for the same covariates as in Table 2. P-values for heterogeneity by time were evaluated using the Q-test statistic.

total energy from added sugar versus 10% in our study, and associations with higher levels of SSB consumption and added
notably, more than 75% of our participants consumed <14% of sugar intake.

total energy from added sugars. Hence, we had a restricted range In the CALGB cohort, higher post-diagnosis total fructose intake
of sugar intake which may have limited our ability to detect was significantly associated with worse recurrence-free but not
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disease-free or overall survival. In that study, higher glycemic load
and total carbohydrate intake had the strongest positive
associations with mortality [8]. A higher post-diagnosis insulin
score has previously been associated with increased CRC-specific
and all-cause mortality in the NHS and HPFS [9]. Yet, SSBs and
sugars are only one component of total carbohydrate intake, and
other macronutrients, such as protein and fat, can also induce
insulin secretion [30]. Our analyses were adjusted for fruit and
vegetable intake, a natural source of sugar, thus post-diagnosis
total fructose intake could be interpreted as fructose from sources
other than fruits and vegetables. Fruits and vegetables provide
beneficial micronutrients and fiber, which could offset the possible
negative effects of sugar. Added sugars in beverages and ultra-
processed foods, on the other hand, do not induce satiety, which
promotes overconsumption, leading to obesity and insulin
resistance [31]. Our findings suggested that positive associations
between post-diagnosis intake of sugar and mortality may be
stronger among patients with lower post-diagnosis BMI (<25 kg/
m?); however, P for interaction did not reach statistical signifi-
cance. Given that BMI is an inaccurate measure for visceral obesity
and skeletal muscle mass, and the controversies surrounding the
role of obesity in CRC survival (“obesity paradox”) [32], these
results need to be interpreted with caution. Nonetheless,
adjustment for BMI or weight change (pre versus post-diagnosis
weight) did not change our results materially.

When limiting follow-up to the first 5 years after diagnosis, we
found significant positive associations between post-diagnosis
intake of SSBs, total fructose, glucose, sucrose and added sugar
with CRC-specific and all-cause mortality. The majority of CRC
deaths occurred within the first 5 years after diagnosis, and half of
all deaths in the first 5 years were CRC-specific deaths compared
to 13% after 5 years from diagnosis. While these results suggest
that the exposure-survival relationship may be strongest during
this time that is most critical for the biological history of CRC
progression and survival [33], another possible explanation for the
lack of association among people surviving >5 years post-
diagnosis may be the lower number of CRC-specific deaths in
that group.

A possible mechanism underlying the positive association
between post-diagnosis SSB and sugar intake and mortality may
be through alterations to the insulin-like growth factor axes [1].
Obesity [4], low physical activity [2, 5], and high glycemic load
[8, 28] are all associated with insulin resistance and have been
linked to both CRC incidence and survival. Insulin stimulates cell
proliferation and colon carcinogenesis in studies of colon cancer
cell lines and animal models [34, 35]. However, while we adjusted
for pre-diagnosis intake in our multivariable analyses, the
possibility that insulin resistance prior to diagnosis may have
contributed to more aggressive cancers cannot be excluded.
Inflammation is also hypothesised as a possible mechanism for
CRC survival. In one study, C-reactive protein, a general marker of
inflammation, was positively associated with CRC-specific and all-
cause mortality [36]. Added sugar, particularly in the form of SSBs,
contributes to inflammation [11]. In the HPFS, SSB consumption
was associated with an increased risk of plasma concentrations of
inflammatory cytokines [37].

In human and animal feeding studies, higher fructose intake
contributed to insulin resistance, impaired glucose tolerance, and
hyperinsulinemia [38, 39]. Fructose was also positively associated
with plasma C-peptide levels, a marker of insulin resistance in a
previous analysis in the NHS [40], and higher pre-diagnosis C-
peptide plasma levels were associated with almost a doubling of
all-cause mortality among non-metastatic CRC patients in the NHS
and HPFS [41]. Furthermore, unlike glucose, fructose is metabo-
lised predominantly in the liver and higher fructose intake can
alter hepatic insulin and lipid metabolism [16, 17]. Fructose intake
has also been linked to non-alcoholic fatty liver disease (NAFLD)
[42], the most common chronic liver disease worldwide [43],

which can increase inflammatory processes and alter the liver
immune microenvironment [44]. Correspondingly, most CRC
deaths are caused by liver metastases [45], and deaths caused
by liver metastases in early stage patients treated with resection
and chemotherapy are probably due to progression of liver micro-
metastases undetected at the time of diagnosis [46]. Taken
together, while the mechanisms remain unclear, it is possible that
an unfavourable liver microenvironment may at least in part
contribute to the initiation and progression of liver metastases;
[45] however, more research into a potential role of NAFLD and its
effect on the liver microenvironment and metastasis is needed
before any conclusions can be drawn. Interestingly, in a cross-
sectional analysis in the Framingham cohorts, higher SSB but not
diet soda intake was associated with higher risk of fatty liver
disease [47].

In addition to CRC-related deaths, higher consumption of
fructose and SSBs is also associated with weight gain, type 2
diabetes, and cardiovascular disease, which could explain the
positive association with non-CRC-related and all-cause mortality
in our analyses [11]. Higher cardiovascular disease-specific and
overall mortality has been observed among participants with high
added sugar, SSB, and total fructose intake when compared to
those with low intake [48-50].

We cannot explain the significant inverse association we
observed for post-diagnosis ASB consumption and CRC-specific
mortality. First, we cannot exclude the possibility of a chance
finding. Second, while replacement or substitution of SSBs with
ASBs possibly resulting in more favourable insulin and lipid
profiles may be one possible explanation, inverse associations
were still observed after adjusting for both pre- and post-
diagnosis SSB intake. Results also remained similar after further
adjustment for a composite diet quality score, the AHEI-2010,
suggesting that associations may not be driven by an overall
healthier diet pattern. Finally, different artificial sweeteners (e.g.
saccharin versus. aspartame) have distinct chemical characteristics
and properties, further hampering interpretation of our findings
[51]. Interestingly, the CALGB cohort, to our knowledge the only
other study that has examined post-diagnosis ASB consumption
and mortality, also reported lower cancer recurrence or mortality
with higher post-diagnosis ASB consumption among stage Il
colon cancer patients [15]. While pre-diagnosis ASB intake was not
adjusted for in the CALGB study, adjustment for pre-diagnosis
intake strengthened the inverse association for post-diagnosis ASB
intake and mortality in our study.

Strengths of our study include the prospective study design
with detailed collection of post-diagnosis dietary intake and other
covariate information, as well as pre-diagnosis intake data. Our
study had several limitations worth noting. First, although our
FFQs are well validated [52-55], exposure misclassification is still
possible as dietary intakes are self-reported. However, findings
from our cohorts on diet and CRC are similar to those observed in
other cohorts [2], and we also used cumulative updated intake
which better represents long-term intake over time. Moreover,
dietary information was collected prospectively and any mis-
classification of exposure would likely have biased findings
towards the null. Second, consumption of SSBs and sugars was
low in our participants, thus we could not assess these
associations at higher consumption levels. Third, we were neither
able to differentiate between the various types of artificial
sweeteners, nor could we account for total consumption of
artificial sweeteners in the diet from all sources. Fourth, we also
lacked detailed information on treatment; however, most patients
were diagnosed with stage | or Il disease, in which surgery alone
would generally be standard of care. Although differences in the
use of adjuvant chemotherapy is possible, we adjusted for stage of
disease and year of diagnosis, a proxy for differences in standard
chemotherapy treatments over the study period. Fifth, we also
cannot exclude the possibility of residual or unmeasured
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confounding. However, we adjusted for prognostic factors and
various lifestyle and dietary factors including major CRC risk
factors. Finally, for subgroup analyses, statistical power was
limited, as the number of CRC-specific deaths was relatively small.

In conclusion, higher post-diagnosis total fructose and glucose
intake was associated with higher all-cause mortality in stage | to
Il CRC patients. We also observed positive associations between
post-diagnosis SSBs and sugars and CRC-specific mortality, but
only up to 5 years after diagnosis, when more deaths were due to
CRC. Our results warrant further examination into the role of sugar,
SSBs and ASBs in CRC survival.
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