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ABSTRACT

Background: Plant-rich diets are associated with lower car-
diometabolic risks and longer survival in the general population, but
their association with mortality in cancer survivors is still unclear.
Objectives: We aimed to examine the associations of 3 postdiagnos-
tic plant-based diet indices with all-cause mortality in omnivorous
long-term colorectal cancer (CRC) survivors.

Methods: Diet was assessed with FFQs at a median of 6 years
after diagnosis in 1404 CRC survivors (56% male; median age,
69 years) in a Northern German prospective cohort study. An
overall, a healthful plant-based, and an unhealthful plant-based diet
index were derived by scoring intakes of animal foods reversely
and intakes of healthy (whole grains, vegetables, fruits, legumes,
nuts, oils, tea/coffee) and less healthy plant foods (refined grains,
fruit juices, sugar-sweetened beverages, potatoes, sweets/desserts)
positively or reversely, depending on the index. Vital status follow-
up was conducted via population registries. Cox proportional hazards
regression was applied to estimate HRs for all-cause mortality
according to plant-based diet adherence.

Results: Within 7 years (median) after diet assessment, 204
deaths occurred. The overall plant-based diet index displayed a
significant, inverse association with all-cause mortality (HR per 10-
point increase in diet index, 0.72; 95% CI, 0.57-0.91). Although
not statistically significant, higher healthful plant-based diet scores
showed a strong tendency towards lower mortality (HR, 0.82;
95% CI, 0.67-1.01). The unhealthful plant-based diet index was
associated with higher mortality, but lost statistical significance after
multivariable adjustment (HR, 1.19; 95% CI, 0.96-1.48). A subgroup
analysis revealed that the tendency towards a positive association
of the unhealthful plant-based diet with mortality was restricted to
less physically active individuals (<95 metabolic equivalent of task
hours/week).

Conclusions: An overall plant-based diet was inversely associated
with all-cause mortality in long-term CRC survivors. However, more
research is needed to further disentangle the impacts of different
qualities of plant-based diets on cancer survivors’ health.  Am J
Clin Nutr 2021;114:441-449.

Keywords: plant-based diet, colorectal cancer, long-term survivors,
survival, mortality

Introduction

Colorectal cancer (CRC) is among the most common types
of cancer worldwide, and thus causes a substantial burden for
patients, their families, and the health-care system (1, 2). Earlier
and enhanced diagnostics, as well as progress and innovation in
treatment strategies, has reduced the mortality associated with
CRC, leading to a growing population of long-term survivors (2—
4). To further improve their general health, quality of life, and
survival after cancer, many CRC survivors are seeking advice,
particularly regarding beneficial lifestyle modifications (5, 6).
Several dietary factors, as well as adherence to defined dietary
patterns, have previously been shown to be associated with
survival after a diagnosis of CRC (7-9). For example, in a prior
analysis of the present CRC survivor cohort, greater adherence
to the Mediterranean diet or to the healthy Nordic diet was
associated with lower all-cause mortality (10).

Over the past decades, potential health effects of plant-based
diets have been increasingly recognized (11, 12). To assess the
degree of adherence to plant foods within an omnivorous diet,
Satijaet al. (13, 14) developed 3 different plant-based diet indices
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that allow a plant-based diet to be quantified on a continuous
scale instead of being a binary trait (e.g., vegetarian compared
with nonvegetarian), similar to the provegetarian food pattern
developed by Martinez-Gonzdlez et al. (15). The application of
these dietary indices also enables the appraisal of the quality
of a plant-based diet by providing an overall plant-based diet
index (PDI), a healthful plant-based diet index (hPDI), and an
unhealthful plant-based diet index (uPDI). Whereas the PDI
represents a general plant-based, less animal-based diet, the hPDI
emphasizes healthy plant foods, such as whole grains, vegetables,
fruits, nuts, and legumes, and the uPDI is defined by high intake of
rather unhealthy plant foods, like refined grains, sugar-sweetened
beverages, fruit juices, and sweets and desserts (14).

In prior publications, these plant-based diet indices revealed
statistically significant associations with diabetes mellitus, car-
diovascular diseases, weight change, obesity, visceral adipose
tissue, and mortality in general population-based cohorts (13, 14,
16-19). However, their relevance for survival in individuals after
a cancer diagnosis is still unknown.

Therefore, we aimed to investigate the associations of the
degree of adherence to the 3 different plant-based diet indices
(PDI, hPDI, uPDI) with all-cause mortality in a cohort of
omnivorous long-term CRC survivors.

Methods

Study design and study population

A cohort of 2733 patients with a histologically confirmed CRC
diagnosis was recruited by the biobank popgen between 2004
and 2007 and was followed up prospectively. The study design
has been previously reported in more detail (20-22). Briefly,
patients with a diagnosis of CRC between 2002 and 2005 were
identified through medical records of surgical departments from
23 hospitals in Northern Germany and via the cancer registry
of the state of Schleswig-Holstein. From the University Hospital
Kiel, patients who were diagnosed between 1993 and 2005 were
included. Patients were invited to participate in the study by
their treating physicians and were asked to fill in a questionnaire
about clinical and sociodemographic characteristics and selected
lifestyle factors. The study protocol was approved by the
institutional ethics committee of the Medical Faculty of Kiel
University, and written informed consent was provided by all
study participants.

A follow-up of study participants was conducted between
2009 and 2011, in which a total of 2263 patients who initially
agreed to be recontacted were asked to complete another
questionnaire on clinical and sociodemographic characteristics,
as well as an FFQ (23) with a set of additional questions
on usual physical activity attached. Of the 2263 individuals
contacted for this follow-up, 354 participants were deceased
and 31 were lost to follow-up (due to an unknown residential
address). Of the remaining 1878 participants, 1685 individuals
completed the general questionnaire; of these, 1452 filled in
the FFQ. Of the 1452 study participants with dietary data, we
excluded individuals with missing information on the year of
CRC diagnosis (n = 21) and those who had a diagnosis of
small intestinal cancer instead of CRC (n = 3). Furthermore,
participants with implausible information on the length of follow-
up (n = 3) and participants with missing information on vital
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status (n = 21) were excluded from analyses, resulting in a final
study sample of 1404 CRC survivors. A participant flow chart is
depicted in Supplementary Figure 1.

Ascertainment of vital status

The ascertainment of vital status has previously been described
in more detail (10). Vital status of all study participants was
updated from March to June 2016 via population registries, and
the date of death was recorded if participants were deceased. In
total, 204 deaths had occurred since diet assessment, and the date
of death could be verified for all cases. For the present study, the
start of survival follow-up was the date of diet assessment. The
follow-up ended with the verified date of death or the date of the
last vital status assessment, whichever came first.

Assessment of diet and calculation of diet indices

Usual dietary intake was assessed with a validated, semi-
quantitative, web-based FFQ that was developed by the De-
partment of Epidemiology at the German Institute of Human
Nutrition in Potsdam-Rehbriicke (23). A paper-based version
was available on request and was used by 84% of participants.
The 112-item FFQ evaluates the consumption frequencies of
predefined foods and beverages during the previous 12 months.
Frequency categories consisted of 4 to 11 options, ranging
from “never” and “once a day” to “eleven times a day or
more frequently.” Quantities were provided as portions, grams,
milliliters, slices, pieces, or spoons. Total daily energy intake and
intakes of each inquired food or food group in grams per day were
calculated for each participant based on the FFQ data using the
German Food Code and Nutrient Database (version I1.3) (24).
According to gram-per-day intake data of meat and fish products,
none of the study participants followed a vegetarian (exclusion of
meat and fish) or vegan (exclusion of all animal-derived foods)
diet.

Plant-based diet indices were calculated based on the available
dietary data using the approach developed and published by Satija
etal. (13, 14). Specifically, a total of 18 food groups were derived,
representing 3 food categories: /) healthy plant foods (whole
grains, vegetables, fruits, legumes, nuts, vegetable oils, and tea
and coffee); 2) less healthy plant foods (refined grains, potatoes,
fruit juices, sugar-sweetened beverages, and sweets and desserts);
and 3) animal foods (meat, animal fat, dairy, fish/seafood, eggs,
and miscellaneous animal-based foods).

The categorization of healthy and less healthy plant foods
was based on evidence concerning associations between different
foods and chronic disease outcomes (13). Alcoholic beverages,
which could not be clearly rated as healthy or less healthy, were
not included in the indices (13) but were adjusted for in the
multivariable regression analyses. Subsequently, based on the
intake values, each of the 18 food groups was ranked according
to sex-specific quintiles, and scores from 1 to 5 were assigned
positively (Q1 =1,Q2=2,Q3 =3,Q4 =4, Q5 =5) or reversely
Q5 =1,Q4 =2,0Q03 =3,Q2 =4, Ql =5), depending on
the respective diet index. For the overall PDI, food groups of
both healthy and less healthy plant-food categories were assigned
positive scores and food groups of the animal food category were
assigned reverse scores. To derive the hPDI, food groups of the
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healthy plant food category were given positive scores and food
groups of the less healthy plant food category and foods of the
animal food category were given reverse scores. For the uPDI,
food groups of the less healthy plant food category were scored
positively, and food groups of the healthy plant food category and
the animal food category were scored reversely. Finally, to obtain
the 3 plant-based diet indices, the scores of the food groups were
summed for each index, resulting in a total score ranging from 18
to 90, with a higher index indicating a more plant-based (overall,
healthful, or unhealthful) and less animal-based diet.

Clinical and sociodemographic data

Clinical factors, including information on tumor location, the
occurrence of metastases or other types of cancer (both reported
at baseline and follow-up), and use of neoadjuvant and adjuvant
cancer therapies in addition to surgery, were obtained from each
participant by self-administered questionnaires. In a subset of
181 patients, physician information was available and was used
to validate self-reported information on tumor location, type of
therapy, and metastases against medical records, which revealed
an overall good agreement (87% concordance).

Using questionnaires from study participants, we also assessed
information on sociodemographic factors, including sex, age at
diagnosis, age at diet assessment (follow-up), smoking status at
follow-up, and post-diagnostic body weight and height at follow-
up. BMI was defined as kg/m?. The FFQ included additional
validated questions on physical activity (walking, cycling, sports,
gardening, housework, home repair, stair climbing) during the
past 12 months (25). To obtain intensity levels that could
be summed to a value of total physical activity, we assigned
corresponding metabolic equivalent of task (MET) values,
according to the 2000 Compendium of Physical Activity (26),
to each activity (27).

Statistical analyses

Main participant characteristics were compared across quar-
tiles of the PDI, and tests for statistical differences included the
Kruskal-Wallis test for continuous variables and the chi-square
test for categorical variables.

Associations of each of the 3 plant-based diet indices (PDI,
hPDI, uPDI) with all-cause mortality were assessed using Cox
proportional hazard regression models, calculating HRs and
95% Cls for all-cause mortality according to diet index quartile
(considering Quartile 1 as the reference) and per 10-point
increases in the diet index (continuously). The time interval from
age at diet assessment to age at death or last follow-up was the
underlying time variable for this survival analysis. To control for
confounding factors, a first regression model was adjusted for
sex and age at diet assessment. A second model was additionally
adjusted for BMI at diet assessment (continuous in kg/m?),
physical activity (continuous in METs/week), total energy intake
(continuous in kcal/day), alcohol intake (continuous in g/day),
smoking status (never, former, current, unknown), survival time
from CRC diagnosis until diet assessment (continuous in years),
tumor location (colon, rectum, both, unknown), occurrence of
metastases (yes, no, unknown), occurrence of other cancers
(yes, no, unknown), and type of neo-/adjuvant therapy (none,
chemotherapy, radiation, both, unknown). The assumption of
proportional hazards was tested by the Schoenfeld residuals

method and by including time-dependent variables in the models.
Because 3 variables (age, BMI, and metastases) did not meet
the assumption of proportional hazards, respective multiplicative
time-covariate interaction terms (time x age, time x BMI, time
x metastases) were included in the models. We tested for a
linear trend across quartiles by modeling the median value of the
diet score quartiles as a continuous variable and included it as
exposure in the respective regression models.

We additionally tested for differences in slopes of hPDI
and uPDI in their relation to all-cause mortality in the Cox
proportional hazards regression models.

The presence of nonlinear associations between the 3 diet
indices and all-cause mortality was analyzed with restricted
cubic spline regression, fitted with 4 knots [5%, 35%, 65", and
95" percentiles (28)] and the median of the reference category
(Quartile 1) as a reference point. These regression analyses were
adjusted for the same covariates as the main multivariable models
(as described above).

We tested for statistical interactions of PDI, hPDI, and uPDI
with BMI, physical activity, and occurrence of metastases, by
including respective interaction terms (cross product of diet index
and covariate) in the multivariable-adjusted models. In cases
of significant statistical interactions, we performed subgroup
analyses stratifying the multivariable Cox proportional hazards
regression model, with the continuous (per 10-point increase) diet
score as exposure, by categories of the respective covariate.

To examine the effects of the individual food groups that
are components of the plant-based diet indices on survival,
we additionally conducted analyses relating each food group
separately to all-cause mortality and calculating HRs for the
food group quintiles, using Quintile 1 as the reference category
and adjusting for the same confounding variables as in the main
survival analysis (see above). Also for the food group analysis,
we calculated P values for a linear trend (procedure explained
above).

Furthermore, we conducted 3 sensitivity analyses. First, we
repeated the Cox regression analysis with the plant-based diet
indices as exposures, excluding BMI as a covariate to examine the
impact of the BMI adjustment on the association between dietary
indices and survival. Second, we investigated the association of
the post-diagnostic diet indices with all-cause mortality after
excluding CRC survivors who died within 12 months after diet
assessment, to exclude those patients whose dietary behavior
might have been influenced by malaise, suggesting reverse
causation. Third, we excluded individuals who had a diagnosis
of metastases related to their CRC, to preclude individuals with
an overall worse health status where the effect of dietary factors
on survival might be less strong.

All statistical analyses were conducted using SAS version 9.4
software (SAS Institute, Inc.), and 2-sided P values < 0.05 were
considered statistically significant.

Results

Participant characteristics of the overall study sample and
stratified by quartiles of the PDI are presented in Table 1. In
total, 56% of study participants were males, and the median
ages at diagnosis and at diet assessment were 62 and 69 years,
respectively. On average (median), there were 6 years between
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TABLE 1 Characteristics of the total sample of CRC survivors (n = 1404) and stratified by quartiles of the overall PDI

PDI quartiles
Participant characteristics Total sample Ql Q2 Q3 Q4 P!
Total number of individuals, n (%) 1404 (100) 331 (24) 332 (24) 406 (29) 335 (24)
Number of deaths during 204 (15) 59 (29) 50 (25) 65 (32) 30 (15) 0.01
follow-up, n (%)
Plant-based diet indices, score

PDI 54 (50-58) 47 (44-48) 51 (51-52) 56 (54-57) 61 (60-63)

hPDI 54 (49-59) 50 (47-55) 52 (48-57) 56 (50-60) 58 (54-63) <0.0001

uPDI 54 (49-59) 56 (51-61) 55 (51-60) 54 (48-58) 52 (48-57) <0.0001
Sex, n (%)

Male 788 (56) 181 (55) 183 (55) 236 (58) 188 (56)

Female 616 (44) 150 (45) 149 (45) 170 (42) 147 (44) 0.78
Age at diagnosis, y 62 (57-66) 62 (57-67) 63 (58-67) 61 (56-66) 61 (56-65) 0.004
Age at diet assessment, y 69 (64-73) 70 (65-75) 69 (65-74) 68 (63-73) 69 (64-73) 0.03
BMI, kg/m? 26.2 (23.9-29.3) 26.5(23.9-29.8) 26.4 (23.9-29.4) 26.3 (24.1-29.2) 25.8 (23.5-28.3) 0.08
BMI categories, n (%)

<20 kg/m? 47 (3) 10 (3) 10 (3) 9(2) 18 (5)

20 to <25 kg/m? 489 (35) 112 (34) 114 (34) 144 (36) 119 (36)

25 to <30 kg/m? 608 (43) 134 (40) 144 (44) 184 (45) 146 (44)

>30 kg/m? 260 (19) 75 (23) 64 (19) 69 (17) 52 (15) 0.19
Smoking status, n (%)

Never 565 (40) 130 (39) 134 (40) 159 (39) 142 (42)

Former 692 (49) 160 (48) 163 (49) 207 (51) 162 (48

Current 126 (9) 35(11) 28 (8) 37(9) 26 (8)

Unknown 21(2) 6(2) 7(2) 3(1) 5(1) 0.82
Physical activity, METs/wk 95 (63-132) 80 (51-117) 95 (65-130) 94 (61-131) 110 (73-150) <0.0001
Alcohol (ethanol) intake, g/day 7.0 (1.9-19.6) 6.3 (1.8-20.8) 7.4 (1.8-19.2) 6.7 (2.0-20.4) 6.7 (1.9-17.7) 0.94
Energy intake, kcal/d 2183 1847 2143 2253 2379 <0.0001

(1782-2605) (1590-2234) (1697-2539) (1853-2696) (2072-2952)
Time between CRC diagnosis and 6 (5-8) 6 (5-8) 6 (5-8) 7 (5-8) 6 (5-8) 0.16

diet assessment, y
Tumor location, n (%)

Colon 666 (47) 146 (44) 151 (45) 200 (49) 169 (50)

Rectum 594 (42) 150 (45) 143 (43) 169 (42) 132 (39)

Both 63 (5) 11(3) 17 (5) 22 (5) 13 (4)

Unknown 81 (6) 24 (7) 21 (6) 15 (4) 21 (6) 0.32
Metastases, n (%)

Yes 238 (17) 60 (18) 54 (16) 67 (17) 57 (17)

No 928 (66) 216 (65) 216 (65) 168 (66) 228 (68)

Unknown 238 (17) 55(17) 62 (19) 71 (17) 50 (15) 0.90
Other cancer, n (%)

Yes 297 (21) 71 (21) 64 (19) 89 (22) 73 (22)

No 1077 (77) 256 (77) 264 (80) 305 (75) 252 (75)

Unknown 30 (2) 4(1) 4(1) 12 (3) 10 (3) 0.38
Therapy, n (%)

None 734 (52) 164 (50) 177 (53) 215 (53) 178 (53)

Chemotherapy 313 (22) 74 (22) 68 (20) 94 (23) 77 (23)

Radiation 45 (3) 16 (5) 9(3) 13 (3) 7()

Chemotherapy and radiation 289 (21) 73 (22) 71 (21) 80 (20) 65 (19)

Unknown 23(2) 4(1) 7(2) 4(1) 8(2) 0.66

Values are n (%) or median (IQR).
Based on chi-squared test for categorical variables and Kruskal-Wallis test for continuous variables. Abbreviations: CRC, colorectal cancer; hPDI,
healthful plant-based diet index; MET, metabolic equivalent of task; PDI, plant-based diet index; Q, quartile; uPDI, unhealthful plant-based diet index.

CRC diagnosis and the assessment of dietary behavior. Of all
the CRC survivors, 17% reported a diagnosis of metastases and
21% had another cancer disease (before, during, or after CRC).
About half of the study participants had no indication for adjuvant
or neoadjuvant therapy and were only treated surgically. The
other half of the study participants underwent chemotherapy
or a combination of chemotherapy and radiation in addition to

surgery (Table 1). Comparing characteristics across quartiles of
PDI adherence, participants in a higher PDI quartile were slightly
younger, reported more physical activity, and had a higher total
energy intake when compared to participants in a lower PDI
quartile (Table 1).

During a median follow-up time of 7 years, 204 of the
1404 study participants died. In multivariable-adjusted Cox
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proportional hazards regression analyses, higher adherence to
the PDI (fourth compared with first quartile and per 10-
point increase in index) was statistically significantly associated
with lower all-cause mortality in CRC survivors (Table 2).
Specifically, a 10-point increment in PDI decreased the risk of
dying from all causes by 28% (95% CI, 9%—43%). The hPDI
also showed a strong tendency towards an inverse association
with all-cause mortality, but was not statistically significant
(HR per 10-point increase in hPDI, 0.82; 95% CI, 0.67-1.01;
P = 0.06). Additionally, when a linear trend was forced across
the hPDI quartiles, the association with mortality was not
statistically significant (P = 0.20; Table 2). Furthermore, a 10-
point increase in uPDI was related to higher all-cause mortality
in age- and sex-adjusted models, but this association lost
statistical significance after multivariable adjustment (Table 2).
Nevertheless, it is possible that the mortality associations with
healthful and unhealthful plant-based diets are significantly
different, as the test for differences in slopes revealed a P value of
0.04.

The test for nonlinearity resulted in a significant nonlinear
relationship between the uPDI and all-cause mortality (P = 0.02)
depicting a slightly overhead-N-shaped form (Figure 1). In
contrast, the PDI and the hPDI did not provide any evidence
for significant nonlinear associations with all-cause mortality (P
values > 0.05; Figure 1).

The tests for statistical interaction only revealed a significant
interaction between the uPDI and physical activity in the
association with mortality (P = 0.046). All other tested statistical
interactions resulted in a P value > 0.10 (data not shown). In
the subgroup analysis relating the uPDI to all-cause mortality,
stratified by the median level of physical activity (<95 MET-
hours/week compared with >95 MET-hours/week), we observed
a strong tendency towards an association between a higher
uPDI and greater mortality (HR per 10-point increment in
uPDI, 1.31; 95% CI, 0.99-1.73; P = 0.06) in participants who
were less physically active (<95 MET-hours/week; n = 698).
In contrast, in the group of participants with higher phys-
ical activity (=95 MET-hours/week; n = 706), the uPDI
and mortality showed no association (HR, 0.98; 95% CI,
0.67-1.42).

When examining the individual food groups that are com-
ponents of the plant-based diet indices with respect to their
association with survival, some food groups revealed statistically
significant associations with mortality, even though in most
cases the effect strengths varied across food group quintiles
(Table 3). Of the healthy plant food groups, whole grains, nuts,
legumes, and vegetable oils provided some evidence of an inverse
association with all-cause mortality. Among the less healthy plant
food groups, a high intake of sugar-sweetened beverages was
associated with a higher mortality risk, whereas moderate fruit
juice consumption (Quintiles 2 and 3) was significantly related to
lower all-cause mortality when compared to the lowest category
of fruit juice intake (Quintile 1). Regarding the animal food
groups, only greater intake of animal fat (Quintile 3 compared
with Quintile 1) was suggested to be associated with a higher
mortality risk. A significant linear trend across quintiles was only
found for nuts and sugar-sweetened beverages (both P values
= 0.004; Table 3).

In the sensitivity analysis of the Cox model excluding BMI as
a covariate, effect estimates were only very marginally different

TABLE 2 Associations between adherence to plant-based diets and all-cause mortality in 1404 CRC survivors

Continuous (per 10-point

Diet index quartiles

increase in diet index)

P trend!

Q2 Q3 Q4

Ql

Plant-based diet index

332 (50) 406 (65) 335 (30)

331 (59)

Total number of individuals (deaths), n

Score, median (IQR)

61 (60-63)
0.52 (0.33-0.81)
0.46 (0.29-0.75)

56 (54-57)
0.96 (0.67-1.28)
0.90 (0.62-1.31)

51(51-52)
0.88 (0.60-1.28)
0.86 (0.58-1.27)

47 (44-48)

0.76 (0.61-0.94)
0.72 (0.57-0.91)

0.01
0.01

1 (Ref.)

Age- and sex-adjusted, HR (95% CI)
Multivariable-adjusted,> HR (95% CT)

Healthful plant-based diet index

1 (Ref.)

354 (52) 314 (46) 363 (48)

373 (58)

Total number of individuals (deaths), n

Score, median (IQR)

62 (60—65)
0.83 (0.57-1.21)

56 (56-57)
0.92 (0.63-1.36)
0.87 (0.58-1.28)

52 (51-53)
0.88 (0.61-1.28)

0.87 (0.60-1.28)

46 (43-48)

0.86 (0.70-1.04)
0.82 (0.67-1.01)

0.38
0.20

1 (Ref.)

Age- and sex-adjusted, HR (95% CI)
Multivariable—adjusted,2 HR (95% CI)

Unhealthful plant-based diet index

0.76 (0.51-1.14)

1 (Ref.)

392 (44) 312 (53) 375 (66)

325 (41)

Total number of individuals (deaths), n

Score, median (IQR)

62 (60-65)
1.33 (0.90-1.97)

1.29 (0.84-1.98)

56 (56-57)
1.36 (0.91-2.05)

52 (50-53)
0.79 (0.52-1.21)

0.77 (0.50-1.19)

45 (43-47)

1.22 (1.00-1.48)

0.04
0.07

1 (Ref.)

Age- and sex-adjusted, HR (95% CI)
Multivariable-adjusted,> HR (95% CT)

1.19 (0.96-1.48)

1.37 (0.90-2.10)

1 (Ref.)

Associations are estimated with Cox proportional hazard regression.

! Calculated by modeling the median value of diet score quartiles as a continuous variable.

2 Adjusted for sex, age at diet assessment, BMI, physical activity, survival time from CRC diagnosis until diet assessment, tumor location, metastases, other cancer, type of therapy, smoking status, alcohol

intake, total energy intake, time x age, time x BMI, and time x metastases. Abbreviation: CRC, colorectal cancer
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95™ percentiles. The reference value is the median of the first quartile of the respective plant-based diet index. The models were adjusted for sex, age at diet
assessment, BMI, physical activity, survival time from CRC diagnosis until diet assessment, tumor location, metastases, other cancer, type of therapy, smoking
status, total energy intake, and alcohol intake. The P values for nonlinearity are (A) 0.25, (B) 0.41, and (C) 0.02 (Wald chi-square test). Abbreviations: CRC,
colorectal cancer; hPDI, healthful plant-based diet index; PDI, plant-based diet index; uPDI, unhealthful plant-based diet index.

(Supplementary Table 1) from the main results. Likewise, in
the 2 other sensitivity analyses, we observed slightly weaker but
similar associations of the plant-based diet indices with mortality,
excluding individuals who died within 12 months of the diet
assessment (n = 1,385,185 deaths; Supplementary Table 2)
or excluding individuals who had a diagnosis of metastases
(n = 1,166,149 deaths; Supplementary Table 3).

Discussion

We observed the following key results: first, a higher overall
PDI was associated with statistically significantly lower all-
cause mortality over 7 years (median) of survival follow-up.
The hPDI also showed a strong tendency towards an inverse
association with mortality, but was not statistically significant. By
contrast, higher adherence to the uPDI revealed a (nonsignificant)
association with higher mortality and displayed a statistically
significant nonlinear association with survival in restricted cubic
spline regression. Second, the combination of uPDI and physical
activity had a statistically significant interaction in the association
with mortality. A subgroup analysis revealed a strong tendency
towards a positive association between the uPDI and all-cause
mortality in individuals that were less physically active (<95
MET-hours/week), whereas no association between the uPDI
and mortality was observable in individuals with higher physical
activity (=95 MET-hours/week). Third, some of the individual
food groups (e.g., whole grains, nuts, legumes, sugar-sweetened
beverages, animal fat) revealed associations with mortality when
examined individually, although a clear linear trend across
quintiles was not evident in most cases.

The majority of studies investigating plant-based or vegetar-
ian/vegan diets in relation to cancer and/or mortality considered
the cancer incidence as an endpoint or analyzed disease-
specific and overall mortality in general population samples. A
meta-analysis including 10 prospective population-based cohort
studies reported a significantly reduced incidence of total cancer
in those who did not eat meat (vegans and vegetarians) but
no association with all-cause or cancer mortality (29). In a
community-based cohort of 12168 middle-aged adults, stronger

adherence to a healthy plant-based diet was associated with lower
risks of cardiovascular and all-cause mortality, while the less
healthy plant-based diet revealed no association with mortality
(30). In 2 large US cohorts, 12-year changes in PDI, hPDI, and
uPDI were associated with total and cardiovascular mortality.
However, only the PDI was associated with cancer mortality
(18). In our study, we examined survival in cancer survivors but
considered all-cause mortality as the endpoint.

While many analyses were conducted in general population
cohorts, there is initial evidence from cancer survivors. In
breast cancer survivors (mean survival time, 80 months), higher
consumption of fiber and vegetables was significantly associated
with better overall survival (31). However, dietary information
was assessed for the year before diagnosis, not after diagnosis like
in our study. A Newfoundland study of 529 CRC patients did not
observe any significant association between a posteriori-derived
prudent vegetable (similar to our hPDI) or high sugar patterns
(similar to our uPDI) and survival. Only a high processed meat
pattern was detrimentally associated with survival after CRC
diagnosis (32). To our knowledge, no prior study has examined
the 3 indices of PDI, hPDI, and uPDI in relation to mortality in
CRC survivors.

The potential beneficial effects of plant diets on cancer
survival are multifaceted. Plant-based diets are usually rich in
dietary fiber, plant proteins, micronutrients, and phytochemicals,
which have anti-inflammatory and anti-oxidative properties (33—
36) and may prevent CRC progression and recurrence, lower
blood glucose, blood lipid concentrations, and body weight,
and improve bowel function (7, 37-42). Polyphenols, for
example, exert chemopreventive effects and may induce tumor
cell apoptosis (43). Plant-based diets are additionally healthy
by limiting detrimental animal products and constituents like
saturated fats, dietary cholesterol, antibiotics from meat, heme
iron, and chemical contaminants from high-temperature cooking
of animal products (44, 45). Particularly for the incidence of
CRC, processed meat is among the most evident nutritional risk
factors (45).

The reasons for the less distinct associations of the hPDI
(inverse association) and of the uPDI (positive association) with
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Food group quintiles

Q1 Q2 Q3 Q4 Q5 P trend!
Healthy plant food groups
Whole grains, intake? 0.75 (0.63-0.81) 1.07 (0.95-1.17) 1.39 (1.35-1.42) 1.57 (1.50-1.71) 3.08 (2.42-3.67)
HR (95% CI) 1 (Ref.) 0.59 (0.39-0.90) 0.67 (0.44-1.02) 0.54 (0.35-0.83) 0.68 (0.44-1.06) 0.36
Fruits, intake? 82 (58-102) 157 (137-169) 200 (187-231) 305 (236-338) 481 (423-556)
HR (95% CI) 1 (Ref.) 1.05 (0.66-1.66) 1.03 (0.65-1.63) 1.04 (0.66-1.66) 1.12 (0.70-1.81) 0.70
Vegetables, intake? 119 (106-129) 154 (148-162) 183 (175-193) 230 (216-245) 362 (300-454)
HR (95% CI) 1 (Ref.) 0.64 (0.41-1.00) 0.79 (0.51-1.22) 0.65 (0.41-1.04) 0.78 (0.49-1.24) 0.62
Nuts, intake® 0.43 (0.43-0.44) 0.92 (0.77-0.92) 1.62 (1.07-2.87) 2.93(2.36-4.91) 9.25 (6.77-16.85)
HR (95% CI) 1 (Ref.) 0.71 (0.48-1.06) 0.88 (0.59-1.31) 0.68 (0.41-1.13) 0.48 (0.31-0.75) 0.004
Legumes, intake> 0.58 (0.58-0.58) 1.82(1.82-1.82) 1.20 (1.20-1.20) 3.69 (3.69-3.69) 6.81 (3.69-6.81)
HR (95% CI) 1 (Ref.) 0.88 (0.54-1.43) 0.51 (0.28-0.93) 0.92 (0.46-1.81) 0.88 (0.53-1.48) 0.91
Vegetable oils, intake? 3.7(2.7-4.5) 6.5 (5.8-7.0) 8.9 (8.1-9.6) 12.0 (11.1-13.1) 20.1 (16.3-25.3)
HR (95% CI) 1 (Ref.) 1.07 (0.71-1.59) 0.93 (0.61-1.42) 0.50 (0.30-0.82) 0.78 (0.50-1.22) 0.08
Tea and coffee, intake? 299 (233-247) 402 (388-418) 528 (484-593) 744 (670-839) 1134 (982-1421)
HR (95% CI) 1 (Ref.) 0.83 (0.55-1.25) 0.79 (0.52-1.20) 0.91 (0.60-1.37) 0.64 (0.39-1.06) 0.16
Less healthy plant food groups
Fruit juices, intake3 15 (14-18) 28 (24-33) 60 (46-75) 149 (121-193) 414 (322-630)
HR (95% CI) 1 (Ref.) 0.61 (0.39-0.94) 0.64 (0.42-0.98) 0.66 (0.43-1.02) 0.74 (0.49-1.13) 0.73
Sugar-sweetened beverages, 5.5(5.5-5.5) 14.3 (13.6-14.3) 49.4 (49.4-49.4) 157.7 (157.7-157.7)  806.5 (806.5-1734.5)
intake?
HR (95% CI) 1 (Ref.) 1.28 (0.89-1.85) 1.01 (0.60-1.72) 1.70 (0.97-2.94) 2.34 (1.32-4.16) 0.004
Refined grains, intake? 0.10 (0.08-0.15) 0.23 (0.21-0.29) 0.38 (0.35-0.43) 0.58 (0.53-0.64) 0.95 (0.81-1.29)
HR (95% CI) 1 (Ref.) 1.10 (0.71-1.71) 1.18 (0.76-1.83) 1.00 (0.64-1.55) 1.24 (0.78-1.97) 0.50
Potatoes, intake? 36 (23-45) 69 (61-93) 102 (85-105) 138 (116-148) 168 (142-183)
HR (95% CI) 1 (Ref.) 1.08 (0.70-1.68) 0.83 (0.53-1.32) 0.79 (0.49-1.26) 0.99 (0.63-1.55) 0.61
Sweets and desserts, intake’ 44 (34-50) 71 (64-77) 93 (87-103) 122 (111-137) 182 (157-215)
HR (95% CI) 1 (Ref.) 0.77 (0.49-1.19) 0.87 (0.56-1.34) 0.73 (0.46-1.15) 0.64 (0.38-1.06) 0.07
Animal food groups
Animal fat, intake? 1.5 (1.1-2.1) 43 (3.5-5.4) 9.8 (8.6-11.9) 16.2 (14.9-19.9) 24.8 (19.2-37.2)
HR (95% CI) 1 (Ref.) 1.39 (0.85-2.27) 1.45 (0.92-2.27) 1.69 (1.07-2.65) 1.33 (0.82-2.14) 0.21
Dairy, intake’ 88 (71-106) 159 (142-173) 223 (209-237) 309 (282-342) 465 (418-538)
HR (95% CI) 1 (Ref.) 1.09 (0.69-1.71) 1.10 (0.69-1.75) 1.42 (0.91-2.20) 1.30 (0.82-2.05) 0.18
Egg, intake® 4.1(2.9-7.9) 9.3 (8.8-10.0) 18.5(17.8-19.8) 20.3 (19.4-20.8) 23.8 (22.0-43.3)
HR (95% CI) 1 (Ref.) 1.43 (0.92-2.20) 1.25(0.81-1.94) 1.11 (0.70-1.77) 1.24 (0.76-2.01) 0.61
Fish and seafood, intake> 5.3 (3.6-7.3) 19.6 (14.0-19.6) 32.2(22.2-32.2) 44.4 (35.2-44.7) 57.1 (56.0-81.9)
HR (95% CI) 1 (Ref.) 1.04 (0.68-1.59) 1.06 (0.70-1.60) 0.99 (0.63-1.55) 0.79 (0.50-1.25) 0.33
Meat, intake> 41 (34-62) 84 (56-98) 116 (75-132) 151 (98-173) 205 (139-253)
HR (95% CI) 1 (Ref.) 1.15 (0.75-1.76) 0.99 (0.63-1.54) 1.10 (0.69-1.74) 1.05 (0.64-1.73) 0.93
Miscellaneous animal-based 0.03 (0.02-0.08) 0.22 (0.18-0.25) 0.32 (0.30-0.35) 0.42 (0.38-0.43) 0.56 (0.50-0.70)
foods, intake?
HR (95% CI) 1 (Ret.) 0.72 (0.46-1.12) 0.95 (0.63-1.43) 0.89 (0.58-1.36) 0.68 (0.44-1.05) 0.20

Associations were estimated with Cox proportional hazards regression, adjusted for sex, age at diet assessment, BMI, physical activity, survival time
from CRC diagnosis until diet assessment, tumor location, metastases, other cancer, type of therapy, smoking status, alcohol intake, total energy intake, time
x age, time x BMI, and time x metastases.

I'Calculated by modeling the median value of food group quintiles as a continuous variable.

2Intake in portions per day, values are medians (IQRs).

3Intake in grams per day, values are medians (IQRs). Abbreviations: CRC, colorectal cancer; Q, quintiles.

mortality are not entirely clear. It is conceivable, though, that
not all foods included in the plant food groups labeled as
“less healthy” (counting inversely in the hPDI and positively
in the uPDI) are as detrimental as assumed (e.g., potatoes,
fruit juices). This concept is supported by our analysis relating
individual food groups to mortality, where fruit juices, for
example, provided some evidence for an inverse association with
mortality. However, it is also possible that the FFQ used in our
study does not assess food intake in enough detail to clearly
differentiate between healthy and less healthy plant foods (e.g.,

refined and whole grains), and therefore does not enable a reliable
and biologically plausible categorization.

We observed that the association between greater adherence to
an unhealthful plant-based diet and a higher mortality risk was
stronger in CRC survivors who were less physically active (<95
MET-hours per week) than in those more physically active. Thus,
in this risk factor constellation, a healthy diet might be more
influential in increasing health and survival.

Strengths of our study are the relatively large sample size, use
of a standardized dietary assessment, long follow-up time, use of
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a validated vital status assessment, and application of predefined
dietary indices that model plant-based diets on a continuous
(rather than on a binary) scale. Limitations include that the
majority of our data were self-reported, bearing the potential of
information bias. However, a validation of self-reported clinical
information against medical records in a subset of 181 patients
revealed a concordance of 87%. The study sample is restricted
to long-term cancer survivors who, at baseline, had survived a
median of 6 years after CRC diagnosis, which might introduce
survivor bias. The generalizability of our results to all CRC
patients is therefore unknown. The relatively small number of
deaths in our cohort is also an indication for long-term survival.
As some observations only revealed tendencies but were not
statistically significant, we assume that a larger study sample with
more statistical power might have provided more statistically
significant associations. Unfortunately, no information on tumor
stage and comorbidities was available in our cohort, but data on
metastases and other cancers were used. Furthermore, we only
had information on all-cause mortality, but not on disease-specific
mortality. Thus, future studies examining the effects of plant-
based diets on cause-specific mortality are warranted.

In conclusion, our study results suggest that greater adherence
to overall plant-based diets may be associated with lower all-
cause mortality in CRC long-term survivors. While we found
some evidence that plant-based diet patterns may be differentially
associated with survival in long-term CRC survivors, further
studies with well-characterized study samples are needed to
strengthen the evidence and to clearly define the influence of
different qualities of plant-based dietary patterns on survival.
Lifestyle modifications, like transitioning to a more plant-based
diet and reducing or eliminating animal-based foods, might be
especially relevant in clinical practice because cancer survivors
would be able to actively improve their health and may even be
able to increase survival.
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