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ARTICLE HIGHLIGHTS

• Among people diagnosed with type 2 diabetes, adherence to low-carbohydrate diet patterns that emphasize
plant-sourced fat and protein may offer significant health benefits that lower the risk of premature death.

• Switching to a healthy version of low-carbohydrate diet patterns after type 2 diabetes diagnosis is associated
with lower overall, cardiovascular, and cancer mortality.

• The healthy low-carbohydrate diet patterns combined with other healthy lifestyle factors including no current
smoking, moderate-to-vigorous physical activity, and moderate alcohol consumption may provide additional
health benefits to lower mortality among people with type 2 diabetes.
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OBJECTIVE

The current study aims to prospectively examine the association between post-
diagnosis low-carbohydrate diet (LCD) patterns and mortality among individuals
with type 2 diabetes (T2D).

RESEARCH DESIGN AND METHODS

Among participants with incident diabetes identified in the Nurses’ Health Study and
Health Professionals Follow-up Study, an overall total LCD score (TLCDS) was calcu-
lated based on the percentage of energy as total carbohydrates. In addition, vegeta-
ble (VLCDS), animal (ALCDS), healthy (HLCDS), and unhealthy (ULCDS) LCDS were
further derived that emphasized different sources and quality of macronutrients.
Multivariable-adjusted Cox models were used to assess the association between the
LCDS andmortality.

RESULTS

Among 10,101 incident T2D cases contributing 139,407 person-years during follow-
up, we documented 4,595 deaths of which 1,389 cases were attributed to cardiovas-
cular disease (CVD) and 881 to cancer. The pooled multivariable-adjusted hazard ra-
tios (HRs, 95% CIs) of total mortality per 10-point increment of postdiagnosis LCDS
were 0.87 (0.82, 0.92) for TLCDS, 0.76 (0.71, 0.82) for VLCDS, and 0.78 (0.73, 0.84) for
HLCDS. Both VLCDS and HLCDS were also associated with significantly lower CVD
and cancer mortality. Each 10-point increase of TLCDS, VLCDS, and HLCDS from pre-
diagnosis to postdiagnosis period was associated with 12% (7%, 17%), 25% (19%,
30%), and 25% (19%, 30%) lower total mortality, respectively. No significant associa-
tions were observed for ALCDS and ULCDS.

CONCLUSIONS

Among people with T2D, greater adherence to LCD patterns that emphasize high-
quality sources of macronutrients was significantly associated with lower total,
cardiovascular, and cancer mortality.

The disruption of glucose metabolism is central to the pathogenesis of type 2 diabe-
tes (T2D) (1). Among patients with T2D, insulin resistance leads to persistently ele-
vated blood glucose levels upon the intake of carbohydrates, resulting in occurrence
of many comorbidities; as such, carbohydrate restriction is recommended to amelio-
rate hyperglycemia in patients with diabetes (2,3). Although the macronutrient distri-
butions are suggested to be based on an individualized assessment of current eating
patterns, preferences, and metabolic goals in patients with diabetes, the American
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Diabetes Association (ADA) recognizes po-
tential beneficial effects of reducing overall
carbohydrate intake on improving glyce-
mia (4). Dietary intervention studies have
suggested overall beneficial effects of a
low-carbohydrate diet (LCD) on promoting
weight loss and improving cardiovascular
risk factors, including HbA1c, blood glu-
cose, and triglycerides, among people with
established T2D (5). Recent systematic re-
views and meta-analyses of short-term di-
etary intervention studies concluded that
dietary carbohydrate restriction was effec-
tive in T2D management (6). However,
long-term randomized controlled trials
and prospective observational studies
that examine the long-term effects of an
LCD on health outcomes among individ-
uals with diabetes are lacking. Mean-
while, in the general population, LCDs
that emphasize animal products versus
plant-based foods or LCDs that consist of
different sources of fats and proteins
demonstrated divergent associations with
mortality (7,8). It is unclear whether these
different LCDsmight be differentially associ-
ated with the health consequences among
those with T2D.
In light of these knowledge gaps, the

purpose of the current study was to exam-
ine the associations between multiple LCD
scores (LCDS) and all-cause, cardiovascular
disease (CVD), and cancer mortality among
individuals with T2D. We leveraged data
from two prospective cohorts of U.S. men
and women with validated food frequency
questionnaire (FFQ) data repeatedly as-
sessed over 30 years to compute five LCDS
emphasizing different sources of macronu-
trients. We also evaluated the changes of
LCDS from the prediagnosis to postdiagno-
sis period in relation to mortality. In sec-
ondary analyses, we examined the joint
associations between LCD adherence and
postdiagnosis lifestyle factors and assessed
the substitution effects on mortality of re-
placing fat and protein with different sour-
ces of carbohydrates.

RESEARCH DESIGN AND METHODS

Study Population
The Nurses’ Health Study (NHS) is a pro-
spective cohort established in 1976 and con-
sists of 121,700 registered female nurses
between 30 and 55 years of age at base-
line (9). The Health Professionals Follow-
up Study (HPFS) is a prospective cohort es-
tablished in 1986 and consists of 51,529
male health professionals between 40 and

75 years of age at baseline (10). Biennial
questionnaires on lifestyle andmedical his-
tory were administered to participants.

The current study considered only par-
ticipants who developed T2D during the
follow-up, and we excluded participants
with prevalent diabetes (n 5 1,539 in
NHS and 1,637 in HPFS) at study base-
lines, which were 1980 for NHS and 1986
for HPFS. In a sensitivity analysis, we in-
cluded participants with prevalent T2D at
baseline as well.We also excluded partici-
pants with prevalent CVD or cancer (n 5
2,207 in NHS and 5,441 in HPFS), partici-
pants who completed the baseline ques-
tionnaire only (n5 694 in NHS and 653 in
HPFS), participants who had missing data
on LCDS (n5 30,205 time-dependent ex-
clusions from all cycles in NHS and 11,256
time-dependent exclusions from all cycles
in HPFS), and participants who developed
CVD or cancer before the occurrence of
T2D (n5 1,474 in NHS and 402 in HPFS).
After exclusions, there were 2,877 men
and 7,224 women included in the final
analysis. The study protocol was approved
by the institutional review boards of the
BrighamandWomen’sHospital andHarvard
T.H. Chan School of Public Health, and those
of participating registries as required.

Assessment of LCDS
Diet was assessed by a validated FFQ
every 4 years starting in 1980 and 1986
in the NHS and HPFS, respectively. The
energy-adjusted deattenuated Spearman
correlations betweenmacronutrients intake
assessed by 7-day diet records and the
semiquantitative FFQ are 0.69 for total
carbohydrates, 0.54 for protein, and 0.67
for fat with reasonable reproducibility over
time (r 5 0.63–0.66) (11). Daily nutrient
and energy intakes were calculated by mul-
tiplying the frequency of intake by the nutri-
ent and energy content and summing the
products across all food items.

We derived five LCDS which reflected
different compositions and quality of
macronutrients. Based on the percent-
age contributions to total energy, the in-
takes of fat and protein were ranked into
11 equal-sized categories in ascending
order, while carbohydrate intake level
was ranked in the same way but in de-
scending order (12,13). The carbohydrate
categories were scored from 10 (lowest
intake) to 0 (highest intake), whereas pro-
tein and fat categories were scored from
0 (lowest intake) to 10 (highest intake). We

then summed the rank from three macro-
nutrients to create the total LCDS (TLCDS).
Animal LCDS (ALCDS) and vegetable LCDS
(VLCDS) were calculated in the same man-
ner but using animal fat/protein and vegeta-
ble fat/protein instead of total fat/protein.
Two additional LCDSwere created to further
account for the quality of carbohydrates (8).
The unhealthy LCDS (ULCDS) was derived
by summing the rank of animal protein, the
rank of animal fat, and the reverse rank of
high-quality carbohydrates which were de-
fined as the sum of carbohydrate intake
from nonstarchy vegetables (excluding pota-
toes and French fries), fruits (excluding
added sugar from fruit juice), legumes,
and whole grains. Conversely, the healthy
LCDS (HLCDS) was calculated as the sum
of rank of vegetable protein, rank of vege-
table fat, and reverse rank of low-quality
carbohydrates defined as the sum of car-
bohydrates from potato, added sugar, and
refined grain from foods. All LCDS had a
range of 0 (highest carbohydrates intake)
to 30 (lowest carbohydrates intake).

Ascertainment of T2D and Deaths
T2D was ascertained using a supplementary
questionnaire sent to those who reported
the diagnosis and confirmed by study physi-
cians who were unaware of the study hy-
pothesis. We used the National Diabetes
Data Group criteria for cases identified be-
fore 1998 and the ADA criteria for cases af-
ter 1998 (14,15). Validation studies showed
that 97% of participants with self-reported
T2D confirmed by the questionnaire were
reconfirmed by review of medical records
(16,17).

The study outcomes were all-cause,
CVD, and cancer mortality after T2D diag-
nosis. Deaths occurring throughout the
study period were identified from vital re-
cords, the National Death Index, and re-
ports by the participants’ next of kin or
postal service (18). More than 97% of
deaths were identified in two cohorts.
Cause of death was identified from death
certifications or review of medical records.
Cardiovascular and cancer deaths were
determined by study physicians’ review of
medical records and death certificates
with diagnostic codes of the International
Classification of Diseases, 9th Revision.

Assessment of Covariates
The information on lifestyle factors and
disease status including age, smoking
status, vitamin supplements use, family
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history of diabetes, cancer, and myocar-
dial infarction, stroke, alcohol consump-
tion, body weight, menopausal status
and hormone use (NHS only), physician
diagnosed hypertension and hypercho-
lesterolemia, and other variables was
updated through a biennial follow-up
questionnaire since baseline in two co-
horts. BMI was calculated as weight in
kilograms divided by the square of height
in meters. Physical activities were repeat-
edly assessed in both cohorts, and the
metabolic equivalent tasks in hours per
week were calculated to represent the to-
tal physical activity level (19). Overall diet
quality was assessed using the Alternative
Health Eating Index (AHEI) score (20).

Statistical Analysis
Age-standardized characteristics at dia-
betes diagnosis are presented according
to quintiles of TLCDS as means (SD) or
frequencies. We cumulatively averaged
the LCDS after the diabetes diagnosis to
reflect the long-term postdiagnosis diet.
Prediagnosis LCDS were calculated from
the most recent FFQ before T2D diagno-
sis, and the change in LCDS was defined
as the absolute difference between time-
varying postdiagnosis LCDS and prediag-
nosis LCDS.

The person-time was calculated from
the date of the postdiagnosis questionnaire
return to death or the end of the study pe-
riod, set at 30 June 2018 for NHS and
31 January 2018 for HPFS. To assess the as-
sociation between LCDS and postdiagnosis
survival, we estimated hazard ratios (HRs)
and 95% CIs using age (years)– and calen-
dar year–stratified Cox proportional haz-
ards models that adjusted for race (White,
African American, Asian, others), total en-
ergy (quintile), physical activity (quintile), al-
cohol intake (0, 0.1–4.9, 5.0–9.9, 10.0–14.9,
15.0–29.9, and $30.0 g/d), prediagnosis
AHEI (quintile), smoking status (never
smoked; past smoker; currently smoke
1–14 cigarettes per day, 15–24 cigarettes
per day, or $25 cigarettes per day), pre-
diagnosis BMI (<21.0, 21.0–22.9, 23.0–24.9,
25.0–26.9, 27.0–29.9, 30.0–32.9, 33.0–34.9,
or$35.0 kg/m2), multivitamin use (yes, no),
family history of diabetes (yes, no), family
history of myocardial infarction (yes, no),
family history of cancer (yes, no), diabetes
duration (0–5 years, 5.1–10 years, 10.1–
15 years,>15 years), time interval between
diagnosis date and latest postdiagnosis FFQ
return date (months), menopausal hormone

use (women only; premenopausal, never,
former, current, or missing), oral hypoglyce-
mic drug use (women only; yes, no), and in-
sulin use (women only; yes, no). We also
conducted cubic spline regressions for each
LCDS to characterize potential nonlinear as-
sociationswith all-causemortality, while CVD
mortality and cancermortalitywere not ana-
lyzedbecauseof insufficient statistical power.
All LCDS and change of LCDS were catego-
rized into quintiles according to cohort-spe-
cific distributions, and the median values in
each quintile were used for calculating P val-
ues for trend.The interaction terms between
each categorical LCDS and duration of fol-
low-up calculated as months from post-
diagnosis FFQ return date to death or the
end of follow-up were additionally in-
cluded in the Cox models to test the pro-
portional hazards assumptions, and we did
not detect any violations in the analyses.
The time-varying covariates were adjusted
in all analyses except that changes in these
covariates from prediagnosis to postdiag-
nosis follow-up cycle (time-invariant) were
adjusted for in change analysis. The pre-
diagnosis LCDS were additionally adjusted
in the change analysis to ensure the results
were comparable among participants with
diabetes with different LCD adherence sta-
tuses before diagnosis. Data from two co-
horts were combined to maximize the
statistical power.

In a secondary analysis, we evaluated
the joint associations between LCDS and
the number of postdiagnosis low-risk life-
style factors. We defined three low-risk
lifestyle factors in the first follow-up cycle
after diabetes diagnosis (21): noncurrent
smoking, moderate to vigorous physical
activity ($7.5 METs h/week), and mod-
erate alcohol consumption (5–15 g/day
for women and 5–30 g/day for men). All
three factors were dichotomized and
summed up to create the number of
postdiagnosis low-risk lifestyle factors,
which had a range from zero to three.
Because only 4% of the participants had
zero low-risk lifestyle factors in the two
cohorts combined, the zero and one
low-risk lifestyle factors groups were
collapsed to preserve statistical power.
We categorized the number of post-
diagnosis low-risk lifestyle factor into
three groups: zero to one, two, and
three, and calculated the HRs (95% CIs) in
each category from the product terms be-
tween these categories with continuous
LCDS. Another secondary analysis was
conducted by stratifying the presence of

diabetes symptoms and diabetes drug use
to examine whether the disease severity
may modify the associations between
LCDS and all-cause mortality. The pres-
ence of diabetes symptoms was defined
as having reported any diabetes-related
symptoms including ketoacidosis; coma;
unintended weight loss; unusual hunger,
thirst, or frequency of urination; and pru-
ritus of vulva. Diabetes drug use status
was categorized into four levels: no drug
use, oral hypoglycemic drug use only, in-
sulin use only, and oral hypoglycemic
drug and insulin use. The P values for in-
teraction in all secondary analyses were
calculated using the Wald test. We fur-
ther conducted a substitution analysis
replacing 5% of energy from refined car-
bohydrates including potato, added sugar,
and refined grain with vegetable fat or
vegetable protein. The substitution model
simultaneously included total energy, ani-
mal fat, animal protein, vegetable fat,
vegetable protein, and total carbohydrates
minus the low-quality carbohydrates being
replaced (22).

We conducted several sensitivity analy-
ses to assess the robustness of the primary
findings. First, we reanalyzed the data in-
cluding participants with prevalent T2D at
baseline. Second, the time-varying change
of covariates was adjusted in the change
analysis. Finally, deaths that occurred within
5 years of diabetes diagnosis were excluded
to account for potential reverse causality.
Data were analyzed using SAS version 9.4
(SAS Institute) and R software (version
4.1.1), at a two-tailed a level of 0.05.

RESULTS

The study population consisted of 10,101
individuals with incident T2D who accrued
139,407 person-years of follow-up. A total
of 4,595 deaths were observed, including
1,389 CVD deaths and 881 cancer deaths.
Table 1 shows the age-standardized char-
acteristics of study participants at diabetes
diagnosis according to postdiagnosis TLCDS.
On average, participants having higher
TLCDS at diagnosis tended to be youn-
ger, were more likely to be male and cur-
rent nonsmokers, and had higher alcohol
consumption, total energy intake, and
prediagnosis BMI and TLCDS. The distri-
butions of other variables were similar
across quintiles of postdiagnosis TLCDS.

Pooled multivariable-adjusted HRs (95%
CIs) of mortality and low-carbohydrate
scores are shown in Table 2. Comparing
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extreme quintiles, the HRs (95% CIs) of
all-cause mortality were 0.77 (0.69, 0.85)
for TLCDS (P trend < 0.001), 0.91 (0.82,
1.01) for ALCDS (P trend 5 0.04), 0.70
(0.63, 0.78) for VLCDS (P trend < 0.001),
1.06 (0.95, 1.18) for ULCDS (P trend 5
0.52), and 0.71 (0.63, 0.79) for HLCDS
(P trend< 0.001). Each 10 points of TLCDS,
VLCDS, and HLCDS were associated with
13% (95% CI 8, 18), 24% (95% CI 18, 29),
and 22% (95% CI 16, 27) lower total
mortality. Higher VLCDS and HLCDS were
also associated with lower CVD mortality
(HR [95% CI] per 10 points 5 0.84 [0.74,
0.95] for VLCDS and 0.86 [0.75, 0.97] for
HLCDS) and cancer mortality (HR [95%
CI] per 10 points 5 0.80 [0.69, 0.93] for
VLCDS and 0.83 [0.72, 0.96] for HLCDS),
while no significant associations were
found for TLCDS, ALCDS, and ULCDS. We
did not detect any nonlinear relationships
between LCDS and all-cause mortality in
the spline regressions (all P values for non-
linearity > 0.05) (Supplementary Fig. 1).

The multivariable-adjusted HR (95%
CI) per 10-point increase of TLCDS from
prediabetes to postdiabetes diagnosis
was 0.88 (0.83, 0.93) for all-cause mor-
tality and 0.90 (0.81, 1.00) for CVD mor-
tality, while no statistically significant
associations were found for cancer mor-
tality (Table 3). The corresponding esti-
mates for VLCDS and HLCDS were 0.75
(0.70, 0.81) and 0.75 (0.70, 0.81) for all-
cause mortality, 0.81 (0.71, 0.92) and
0.79 (0.69, 0.90) for CVD mortality, and
0.82 (0.70, 0.96) and 0.83 (0.71, 0.97)
for cancer mortality, respectively. Increas-
ing ALCDS or ULCDS from prediagnosis to
postdiagnosis were not associated with
any mortality outcomes.

In a secondary analysis assessing po-
tential effect modification by a number
of postdiagnosis low-risk lifestyle fac-
tors, the inverse associations of TLCDS,
VLCDS, and HLCDS with total and CVD
mortality appeared to be more pro-
nounced among participants having more
low-risk lifestyle factors, although most
P values for interactions were not statisti-
cally significant (Fig. 1). A statistically sig-
nificant interaction was found between
lifestyle factors and VLCDS for all-cause
mortality (P 5 0.04 for interaction) where
the HRs (95% CIs) per 10 points of VLCDS
were 0.82 (0.74, 0.91) for participants
with zero or one low-risk lifestyle factors,
0.73 (0.66, 0.81) for two factors, and 0.66
(0.53, 0.84) for three factors. For CVD
mortality, significantly lower risks were also
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Table 2—Pooled HRs (95% CIs) of mortality for low-carbohydrate scores among participants with T2D in NHS (1980–2018)
and HPFS (1986–2018)

Q1 Q2 Q3 Q4 Q5 P trend Per 10 points

All-cause mortality
TLCDS

Median score 9.5 14.5 18.0 21.2 25.5
Cases/person-years 1,198/28,193 1,054/27,635 864/28,259 839/27,633 640/27,687 — —

Age-adjusted model 1 0.99 (0.91, 1.08) 0.88 (0.81, 0.97) 0.96 (0.88, 1.06) 0.84 (0.76, 0.93) <0.01 0.92 (0.88, 0.97)
Multivariable-adjusted model 1 0.91 (0.83, 1.00) 0.77 (0.70, 0.85) 0.89 (0.81, 0.99) 0.77 (0.69, 0.85) <0.0001 0.87 (0.82, 0.92)

ALCDS
Median score 8.5 14.0 18.0 21.8 26.0
Cases/person-years 1,035/27,598 1,006/27,737 984/28,360 836/28,323 734/27,388 — —

Age-adjusted model 1 1.07 (0.98, 1.18) 1.11 (1.01, 1.21) 1.05 (0.95, 1.15) 1.07 (0.97, 1.18) 0.15 1.04 (0.99, 1.09)
Multivariable-adjusted model 1 0.94 (0.85, 1.03) 0.94 (0.85, 1.03) 0.92 (0.83, 1.01) 0.91 (0.82, 1.01) 0.04 0.95 (0.90, 1.00)

VLCDS
Median score 10.0 13.3 16.0 18.8 22.7
Cases/person-years 1,200/27,718 1,030/27,390 973/28,172 802/28,104 590/28,022 — —

Age-adjusted model 1 0.93 (0.86, 1.02) 0.95 (0.87, 1.04) 0.80 (0.73, 0.88) 0.65 (0.58, 0.72) <0.0001 0.75 (0.70, 0.79)
Multivariable-adjusted model 1 0.93 (0.85, 1.02) 0.88 (0.80, 0.96) 0.79 (0.72, 0.88) 0.70 (0.63, 0.78) <0.0001 0.76 (0.71, 0.82)

ULCDS
Median score 8.0 13.3 17.0 20.0 24.5
Cases/person-years 970/28,212 998/27,406 938/28,369 883/27,673 806/27,745 — —

Age-adjusted model 1 1.17 (1.07, 1.28) 1.15 (1.05, 1.27) 1.20 (1.09, 1.32) 1.25 (1.13, 1.38) <0.0001 1.13 (1.07, 1.18)
Multivariable-adjusted model 1 1.07 (0.97, 1.18) 1.02 (0.92, 1.13) 1.03 (0.93, 1.14) 1.06 (0.95, 1.18) 0.52 1.02 (0.96, 1.08)

HLCDS
Median score 10.0 13.7 16.0 19.0 23.0
Cases/person-years 1,046/27,351 1,015/28,609 995/27,430 888/28,414 651/27,601 — —

Age-adjusted model 1 0.95 (0.86, 1.04) 0.95 (0.86, 1.04) 0.83 (0.75, 0.91) 0.62 (0.56, 0.69) <0.0001 0.74 (0.70, 0.78)
Multivariable-adjusted model 1 0.92 (0.84, 1.01) 0.91 (0.83, 1.00) 0.83 (0.75, 0.92) 0.71 (0.63, 0.79) <0.0001 0.78 (0.73, 0.84)

CVD mortality
TLCDS

Median score 9.5 14.5 18.0 21.2 25.5
Cases/person-years 378/28,193 309/27,635 250/28,259 253/27,633 199/27,687 — —

Age-adjusted model 1 0.94 (0.81, 1.11) 0.89 (0.76, 1.06) 1.00 (0.84, 1.18) 0.95 (0.79, 1.14) 0.48 0.97 (0.88, 1.06)
Multivariable-adjusted model 1 0.85 (0.72, 1.00) 0.77 (0.65, 0.92) 0.91 (0.76, 1.09) 0.86 (0.71, 1.04) 0.04 0.90 (0.82, 1.00)

ALCDS
Median score 8.5 14.0 18.0 21.8 26.0
Cases/person-years 319/27,598 312/27,737 288/28,360 246/28,323 224/27,388 — —

Age-adjusted model 1 1.14 (0.96, 1.34) 1.11 (0.94, 1.32) 1.08 (0.91, 1.28) 1.17 (0.98, 1.41) 0.20 1.06 (0.97, 1.15)
Multivariable-adjusted model 1 0.94 (0.79, 1.12) 0.94 (0.79, 1.12) 0.90 (0.75, 1.08) 0.97 (0.81, 1.18) 0.33 0.96 (0.87, 1.05)

VLCDS
Median score 10.0 13.3 16.0 18.8 22.7
Cases/person-years 357/27,718 297/27,390 312/28,172 270/28,104 153/28,022 — —

Age-adjusted model 1 0.96 (0.81, 1.12) 1.12 (0.95, 1.32) 1.00 (0.85, 1.18) 0.63 (0.52, 0.77) <0.001 0.81 (0.72, 0.90)
Multivariable-adjusted model 1 0.94 (0.80, 1.11) 1.03 (0.87, 1.22) 1.00 (0.84, 1.20) 0.69 (0.56, 0.85) <0.01 0.84 (0.74, 0.95)

ULCDS
Median score 8.0 13.3 17.0 20.0 24.5
Cases/person-years 305/28,212 317/27,406 276/28,369 255/27,673 236/27,745 — —

Age-adjusted model 1 1.17 (0.99, 1.38) 1.07 (0.90, 1.27) 1.12 (0.94, 1.34) 1.23 (1.03, 1.47) 0.03 1.11 (1.01, 1.21)
Multivariable-adjusted model 1 1.04 (0.88, 1.24) 0.92 (0.77, 1.10) 0.93 (0.77, 1.12) 1.01 (0.83, 1.23) 0.74 0.98 (0.89, 1.09)

HLCDS
Median score 10.0 13.7 16.0 19.0 23.0
Cases/person-years 303/27,351 314/28,609 295/27,430 287/28,414 190/27,601 — —

Age-adjusted model 1 1.01 (0.86, 1.19) 0.99 (0.83, 1.17) 0.93 (0.79, 1.11) 0.66 (0.55, 0.80) <0.0001 0.79 (0.70, 0.88)
Multivariable-adjusted model 1 0.98 (0.82, 1.17) 0.96 (0.81, 1.15) 0.93 (0.78, 1.12) 0.79 (0.64, 0.97) 0.02 0.86 (0.75, 0.97)

Cancer mortality
TLCDS

Median score 9.5 14.5 18.0 21.2 25.5
Cases/person-years 180/28,193 202/27,635 161/28,259 194/27,633 144/27,687 — —

Age-adjusted model 1 1.16 (0.94, 1.43) 0.97 (0.78, 1.21) 1.28 (1.03, 1.59) 0.98 (0.77, 1.23) 0.62 1.03 (0.92, 1.16)
Multivariable-adjusted model 1 1.11 (0.89, 1.37) 0.94 (0.75, 1.17) 1.27 (1.02, 1.59) 0.92 (0.72, 1.16) 0.98 1.00 (0.89, 1.13)

ALCDS
Median score 8.5 14.0 18.0 21.8 26.0
Cases/person-years 168/27,598 178/27,737 186/28,360 186/28,323 163/27,388 — —

Age-adjusted model 1 1.05 (0.84, 1.31) 1.17 (0.94, 1.45) 1.24 (1.00, 1.54) 1.18 (0.94, 1.48) 0.03 1.13 (1.01, 1.26)
Multivariable-adjusted model 1 1.02 (0.82, 1.28) 1.08 (0.86, 1.35) 1.19 (0.95, 1.49) 1.06 (0.84, 1.35) 0.27 1.06 (0.95, 1.19)

Continued on p. 880
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found for VLCDS (P value for interaction:
<0.01) among participants with more low-
risk lifestyle factors. No apparent patterns of
effect modifications by number of low-risk
lifestyle factors were observed for cancer
mortality. In the secondary analyses stratify-
ing by the presence of diabetes symptoms
and drug use, the associations appeared to
be slightly stronger among patients without
symptoms, although none of the P values
for interactions were statistically significant
(Supplementary Table 1). The risk estimates
were also similar across the diabetes drug
use categories, and no significant effect
modifications were detected (P values for
interaction all were>0.05).

Replacing refined carbohydrates with
vegetable fat or vegetable protein was
associated with lower all-cause mortality
(Supplementary Table 2). The HRs (95%
CIs) of all-cause mortality per 5% replace-
ment with vegetable fat were 0.98 (0.93,
1.05) for potato, 0.93 (0.89, 0.98) for re-
fined grain, 0.90 (0.85, 0.95) for added
sugar, and 0.90 (0.86, 0.94) for total re-
fined carbohydrates. The corresponding
estimates for substituting vegetable pro-
tein were 0.75 (0.63, 0.90), 0.76 (0.63,
0.90), 0.72 (0.60, 0.87), and 0.72 (0.61,
0.86). Despite a similar pattern of associa-
tions, no statistically significant associations
were found for CVD and cancer mortality.

In sensitivity analyses additionally includ-
ing participants with prevalent diabetes

at baseline, the results were largely un-
changed (Supplementary Table 3). Exclud-
ing participants who died within 5 years of
diabetes diagnosis and adjusting for time-
varying change of covariates instead of the
prediagnosis covariates slightly attenuated
the estimates in the change analysis, al-
though the results remained statistically
significant (Supplementary Tables 4 and 5).

CONCLUSIONS

In the current study among men and
women with T2D who were followed for
over 30 years, greater adherence to an over-
all low-carbohydrate dietary pattern as well
as reduction of carbohydrate intake from
the prediagnosis to postdiagnosis period
were associated with significantly lower all-
cause mortality. The inverse associations
were stronger for LCDs that emphasized
macronutrient intake from healthy plant-
based foods, and these LCDswere also asso-
ciated with significantly lower CVD and
cancer mortality. In contrast, LCDs that
emphasized animal protein or fat were not
significantly associated with any study out-
comes. The inverse associations were not
materially different among participants
with different disease severity and drug
use status, and the favorable associations
of LCDS were more pronounced among
participants with more low-risk lifestyle risk
factors. Isocaloric substitution of vegetable
fat and protein for refined carbohydrates

was associated with significantly lower all-
causemortality.These findings persisted af-
ter adjustment of a wide range of potential
confounders and in multiple sensitivity
analyses.

Abundant evidence from clinical trials
with intervention duration of up to 2 years
suggests favorable effects of LCDs on
weight control and improvement on glyce-
mia and lipids profiles in patients with dia-
betes (6,23). No long-term randomized
controlled trials have been conducted to
examine effects of LCDs on CVD and other
health outcomes among patients with dia-
betes, largely because of prohibitive cost
and expected low adherence. The current
analysis is the first prospective cohort
study that examines the relationship be-
tween adhering to LCD patterns and mor-
tality in a long-term setting in people with
T2D. Our findings support current guide-
lines from international bodies and profes-
sional groups such as the ADA that
endorse carbohydrate restriction as a le-
gitimate therapeutic strategy for people
with T2D (2–4). During up to 34 years of
follow-up for people with diabetes, we
found a 24% reduction of all-cause mor-
tality, comparing extreme quintiles of an
overall LCDS. However, only LCDs that
reflected on high-quality macronutrients
were robustly associated with lower mor-
tality. The robust beneficial associations
of VLCDS and HLCDS were in line with

Table 2—Continued

Q1 Q2 Q3 Q4 Q5 P trend Per 10 points

VLCDS
Median score 10.0 13.3 16.0 18.8 22.7
Cases/person-years 220/27,718 187/27,390 184/28,172 149/28,104 141/28,022 — —

Age-adjusted model 1 0.91 (0.75, 1.12) 0.94 (0.76, 1.15) 0.73 (0.59, 0.91) 0.73 (0.58, 0.91) <0.001 0.77 (0.67, 0.88)
Multivariable-adjusted model 1 0.96 (0.78, 1.18) 0.92 (0.74, 1.14) 0.77 (0.61, 0.96) 0.80 (0.64, 1.01) <0.01 0.80 (0.69, 0.93)

ULCDS
Median score 8.0 13.3 17.0 20.0 24.5
Cases/person-years 162/28,212 177/27,406 172/28,369 186/27,673 184/27,745 — —

Age-adjusted model 1 1.15 (0.92, 1.44) 1.13 (0.91, 1.42) 1.33 (1.07, 1.66) 1.41 (1.13, 1.76) <0.001 1.21 (1.08, 1.36)
Multivariable-adjusted model 1 1.09 (0.87, 1.37) 1.05 (0.83, 1.32) 1.20 (0.95, 1.51) 1.23 (0.97, 1.56) 0.06 1.12 (0.99, 1.27)

HLCDS
Median score 10.0 13.7 16.0 19.0 23.0
Cases/person-years 197/27,351 188/28,609 182/27,430 178/28,414 136/27,601 — —

Age-adjusted model 1 0.89 (0.72, 1.10) 0.93 (0.75, 1.15) 0.85 (0.69, 1.06) 0.66 (0.52, 0.82) <0.0001 0.75 (0.66, 0.86)
Multivariable-adjusted model 1 0.90 (0.72, 1.11) 0.96 (0.77, 1.19) 0.92 (0.73, 1.14) 0.77 (0.60, 0.98) 0.02 0.83 (0.72, 0.96)

Age (years)– and calendar year–stratified Cox model adjusted for race (White, African American, Asian, others), total energy (quintile), physi-
cal activity (quintile), alcohol intake (0, 0.1–4.9, 5.0–9.9, 10.0–14.9, 15.0–29.9, and $30.0 g/d), prediagnosis AHEI (quintile), smoking status
(never smoked; past smoker; currently smoke 1–14 cigarettes per day, 15–24 cigarettes per day, or $25 cigarettes per day), prediagnosis BMI
(<21.0, 21.0–22.9, 23.0–24.9, 25.0–26.9, 27.0–29.9, 30.0–32.9, 33.0–34.9, or $35.0 kg/m2), multivitamin use (yes, no), family history of dia-
betes (yes, no), family history of myocardial infarction (yes, no), family history of cancer (yes, no), diabetes duration (0–5 years, 5–10 years,
10–15 years, >15 years), time interval between diagnosis date and latest postdiagnosis FFQ return date (months), postmenopausal hormone
use (women only; premenopausal, never, former, current, or missing), oral hypoglycemic drug use (women only; yes, no), and insulin use
(women only; yes, no). Q, quintile.
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Table 3—Pooled HRs (95% CIs) of mortality according to changes in LCDS from prediabetes to postdiabetes diagnosis in
NHS (1980–2018) and HPFS (1986–2018)

Q1 Q2 Q3 Q4 Q5 P trend
Per 10 points

increase

All-cause mortality
TLCDS
Median score �8.0 �2.3 1.0 5.0 11.0
Cases/person-years 1,096/28,317 882/27,358 905/28,232 895/28,021 817/27,479 — —

Age-adjusted model 1 0.86 (0.79, 0.95) 0.88 (0.80, 0.96) 0.87 (0.79, 0.96) 0.86 (0.78, 0.94) <0.001 0.91 (0.86, 0.96)
Multivariable-adjusted model 1 0.86 (0.78, 0.95) 0.86 (0.77, 0.95) 0.83 (0.74, 0.93) 0.72 (0.64, 0.82) <0.0001 0.88 (0.83, 0.93)

ALCDS
Median score �9.0 �3.0 1.0 5.0 11.8
Cases/person-years 1,001/27,692 885/27,924 882/27,868 922/27,971 905/27,951 — —

Age-adjusted model 1 0.91 (0.83, 1.00) 0.91 (0.83, 1.00) 0.92 (0.84, 1.01) 0.96 (0.87, 1.05) 0.57 1.01 (0.96, 1.07)
Multivariable-adjusted model 1 0.95 (0.86, 1.05) 0.94 (0.84, 1.04) 0.95 (0.85, 1.06) 0.93 (0.82, 1.05) 0.21 0.97 (0.92, 1.02)

VLCDS
Median score �6.0 �2.0 1.0 4.0 8.7
Cases/person-years 1,106/28,354 949/27,148 916/28,661 838/27,014 786/28,229 — —

Age-adjusted model 1 0.96 (0.88, 1.06) 0.90 (0.82, 0.98) 0.93 (0.85, 1.02) 0.86 (0.78, 0.94) <0.0001 0.75 (0.70, 0.80)
Multivariable-adjusted model 1 0.91 (0.83, 1.01) 0.84 (0.76, 0.93) 0.8 1(0.72, 0.90) 0.68 (0.60, 0.77) <0.0001 0.75 (0.70, 0.81)

ULCDS
Median score �8.5 �3.0 0 3.7 9.0
Cases/person-years 906/27,539 883/27,758 940/28,567 889/27,731 977/27,811 — —

Age-adjusted model 1 0.95 (0.86, 1.05) 0.97 (0.88, 1.07) 0.95 (0.86, 1.05) 1.04 (0.94, 1.14) <0.001 1.11 (1.04, 1.17)
Multivariable-adjusted model 1 0.99 (0.89, 1.09) 1.01 (0.92, 1.12) 1.00 (0.90, 1.12) 1.09 (0.97, 1.23) 0.07 1.06 (0.99, 1.12)

HLCDS
Median score �5.3 �1.0 2.0 4.7 9.0
Cases/person-years 1,086/27,630 1,011/28,591 874/27,396 846/27,908 778/27,881 — —

Age-adjusted model 1 0.96 (0.87, 1.05) 0.93 (0.85, 1.02) 0.89 (0.81, 0.98) 0.86 (0.78, 0.95) <0.0001 0.74 (0.70, 0.79)
Multivariable-adjusted model 1 0.90 (0.82, 0.99) 0.85 (0.77, 0.95) 0.78 (0.70, 0.87) 0.69 (0.61, 0.78) <0.0001 0.75 (0.70, 0.81)

CVD mortality
TLCDS
Median score �8.0 �2.3 1.0 5.0 11.0
Cases/person-years 329/28,317 271/27,358 268/28,232 290/28,021 231/27,479 — —

Age-adjusted model 1 0.90 (0.76, 1.07) 0.87 (0.73, 1.03) 0.96 (0.82, 1.14) 0.84 (0.70, 1.00) 0.21 0.94 (0.85, 1.04)
Multivariable-adjusted model 1 0.94 (0.79, 1.12) 0.90 (0.74, 1.08) 0.96 (0.79, 1.18) 0.80 (0.63, 1.01) 0.05 0.90 (0.81, 1.00)

ALCDS
Median score �9.0 �3.0 1.0 5.0 11.8
Cases/person-years 306/27,692 278/27,924 247/27,868 290/27,971 268/27,951 — —

Age-adjusted model 1 0.98 (0.83, 1.16) 0.82 (0.69, 0.98) 0.95 (0.81, 1.13) 0.96 (0.81, 1.14) 0.57 1.03 (0.94, 1.13)
Multivariable-adjusted model 1 1.02 (0.86, 1.22) 0.85 (0.71, 1.03) 1.03 (0.84, 1.26) 0.98 (0.78, 1.23) 0.57 0.97 (0.88, 1.07)

VLCDS
Median score �6.0 �2.0 1.0 4.0 8.7
Cases/person-years 333/28,354 283/27,148 277/28,661 264/27,014 232/28,229 — —

Age-adjusted model 1 0.98 (0.83, 1.16) 0.93 (0.78, 1.10) 1.00 (0.84, 1.18) 0.91 (0.76, 1.09) <0.001 0.80 (0.71, 0.90)
Multivariable-adjusted model 1 0.96 (0.80, 1.14) 0.91 (0.75, 1.09) 0.92 (0.76, 1.13) 0.81 (0.64, 1.02) <0.01 0.81 (0.71, 0.92)

ULCDS
Median score �8.5 �3.0 0 3.7 9.0
Cases/person-years 268/27,539 270/27,758 288/28,567 266/27,731 297/27,811 — —

Age-adjusted model 1 1.01 (0.84, 1.20) 1.00 (0.84, 1.19) 0.93 (0.78, 1.11) 1.06 (0.89, 1.26) 0.11 1.09 (0.98, 1.21)
Multivariable-adjusted model 1 1.02 (0.85, 1.23) 1.03 (0.85, 1.24) 0.96 (0.78, 1.17) 1.09 (0.88, 1.36) 0.57 1.03 (0.93, 1.15)

HLCDS
Median score �5.3 �1.0 2.0 4.7 9.0
Cases/person-years 349/27,630 292/28,591 244/27,396 275/27,908 229/27,881 — —

Age-adjusted model 1 0.90 (0.77, 1.07) 0.83 (0.70, 0.99) 0.96 (0.82, 1.14) 0.84 (0.71, 1.01) <0.0001 0.78 (0.69, 0.88)
Multivariable-adjusted model 1 0.85 (0.72, 1.02) 0.76 (0.63, 0.92) 0.88 (0.72, 1.07) 0.73 (0.58, 0.91) <0.001 0.79 (0.69, 0.90)

Cancer mortality
TLCDS
Median score �8.0 �2.3 1.0 5.0 11.0
Cases/person-years 190/28,317 173/27,358 177/28,232 179/28,021 162/27,479 — —

Age-adjusted model 1 0.96 (0.78, 1.20) 0.96 (0.78, 1.19) 0.96 (0.77, 1.18) 0.93 (0.75, 1.16) 0.90 1.01 (0.89, 1.14)
Multivariable-adjusted model 1 0.99 (0.79, 1.24) 0.98 (0.78, 1.24) 1.03 (0.80, 1.32) 0.98 (0.74, 1.31) 0.86 1.01 (0.89, 1.15)

ALCDS
Median score �9.0 �3.0 1.0 5.0 11.8
Cases/person-years 182/27,692 174/27,924 180/27,868 173/27,971 172/27,951 — —

Continued on p. 882
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previous general population studies. For
example, in an earlier analysis in the NHS
and HPFS, comparing extreme deciles,
greater adherence to ALCDS was associ-
ated with 23% and 14% higher all-cause
and CVD mortality, while VLCDS predicted
20% and 23% lower all-cause and CVD
mortality (13). In a recent study in the Na-
tional Health and Nutrition Examination
Survey population, similar divergent asso-
ciations were observed between HLCDS
and ULCDS, where higher HLCDS was as-
sociated with significantly lower total mor-
tality (HR per 20-percentile increase in
scores: 0.89; 95% CI 0.85, 0.93) whereas
increased total mortality (HR per 20-
percentile increase in scores: 1.07; 95%
CI 1.02, 1.12) was found for participants
with higher ULCDS (8). The primarily null
associations for ALCDS and ULCDS in our
analysis suggest that simply reducing
overall carbohydrate intake while ignor-
ing macronutrient quality may not be
sufficient for maintaining overall health
among people with diabetes.

In addition to quantifying the time-
varying associations of LCDS and mortal-
ity, the results from the change analysis
suggested that individuals with diabetes
may benefit from transitioning to a healthy
version of LCD after diagnosis. Moreover,

we found that people with diabetes might
gain additional health benefits by adopting
concurrent healthy lifestyle behaviors after
diagnosis, including not smoking, moderate
alcohol consumption, regular moderate-
to-vigorous physical activity, and consum-
ing an overall high-quality diet. Our previ-
ous analysis has shown the effectiveness of
adherence to these healthy lifestyle factors
in lowering risk of CVD and CVD mortality
after T2D diagnosis (21). In addition, the
substitution analysis in the current analysis
found 11% and 26% lower all-cause mor-
tality when replacing total refined carbo-
hydrates with vegetable fat and protein,
respectively. These results may partly ex-
plain the stronger inverse associations ob-
served in VLCDS and HCLDS with mortality
and are consistent with the findings in a
meta-analysis of prospective cohort stud-
ies that shows 18% reduction of total mor-
tality when replacing total carbohydrates
with plant protein and fat (7). Such data
suggest that an optimal LCD consists of
protein and fat from plant-based foods
that replace low-quality carbohydrates
such as carbohydrates from potatoes, re-
fined grains, and added sugar. In light of
findings that suggest whole-grain intake
was associated with overall improved
health among people with diabetes (24),

the current and existing studies collectively
suggest that diet quality should remain the
focus when people with established T2D
construct their diet patterns for disease
management.

The mechanisms pertaining to the ther-
apeutic effects of an overall LCD on T2D
are postulated to be attributed to its influ-
ence on reducing circulating insulin (25). It
is suggested that reducing overall energy
and carbohydrate intake may reverse the
pathogenesis of T2D through lowering cir-
culating insulin, which subsequently leads
to reduced fat accumulation in liver and
pancreas, weight loss, improved insulin
sensitivity, and increased insulin secretion
(26). The health benefits were magnified
in VLCDS and HLCDS, probably due to
their higher proportions of plant-based
nutrients, including unsaturated fatty acid,
various vitamins and minerals, nuts, and
olive oil, which are associated with lower
mortality (27–30). Conversely, the favor-
able associations between lower overall
carbohydrate intake may be offset by a
higher consumption of red and processed
meat featured in ALCDS, which is related
to unfavorable health outcomes in both
people with T2D and the general popula-
tions (31–33). The null associations in
ULCDS may be related to its increased

Table 3—Continued

Q1 Q2 Q3 Q4 Q5 P trend
Per 10 points

increase

Age-adjusted model 1 0.92 (0.74, 1.15) 1.00 (0.80, 1.23) 0.96 (0.77, 1.20) 0.94 (0.76, 1.17) 0.15 1.09 (0.97, 1.22)
Multivariable-adjusted model 1 0.98 (0.79, 1.23) 1.07 (0.85, 1.35) 1.10 (0.86, 1.41) 1.13 (0.85, 1.49) 0.24 1.07 (0.95, 1.21)

VLCDS
Median score �6.0 �2.0 1.0 4.0 8.7
Cases/person-years 189/28,354 199/27,148 165/28,661 163/27,014 165/28,229 — —

Age-adjusted model 1 1.17 (0.95, 1.43) 0.91 (0.73, 1.13) 1.01 (0.81, 1.25) 0.96 (0.77, 1.19) <0.01 0.79 (0.68, 0.91)
Multivariable-adjusted model 1 1.12 (0.90, 1.39) 0.84 (0.67, 1.06) 0.90 (0.71, 1.15) 0.79 (0.60, 1.04) 0.01 0.82 (0.70, 0.96)

ULCDS
Median score �8.5 �3.0 0 3.7 9.0
Cases/person-years 186/27,539 165/27,758 183/28,567 163/27,731 184/27,811 — —

Age-adjusted model 1 0.86 (0.69, 1.07) 0.94 (0.76, 1.16) 0.87 (0.69, 1.08) 0.96 (0.77, 1.18) 0.03 1.15 (1.02, 1.31)
Multivariable-adjusted model 1 0.94 (0.75, 1.17) 1.05 (0.84, 1.32) 1.03 (0.81, 1.32) 1.19 (0.92, 1.56) 0.06 1.13 (0.99, 1.29)

HLCDS
Median score �5.3 �1.0 2.0 4.7 9.0
Cases/person-years 180/27,630 198/28,591 161/27,396 177/27,908 165/27,881 — —

Age-adjusted model 1 1.07 (0.87, 1.32) 0.98 (0.79, 1.22) 1.05 (0.85, 1.30) 0.98 (0.79, 1.23) <0.01 0.79 (0.68, 0.92)
Multivariable-adjusted model 1 0.98 (0.79, 1.22) 0.90 (0.71, 1.14) 0.93 (0.73, 1.19) 0.80 (0.61, 1.04) 0.02 0.83 (0.71, 0.97)

Age (years)– and calendar year–stratified Cox model adjusted for race (White, African American, Asian, others), prediagnosis LCDS (continu-
ous), pre-post change of total energy (quintile), pre-post change of physical activity change (quintile), pre-post change of alcohol intake
change (quintile), pre-post change of AHEI (quintile), pre-post change of smoking status (remain noncurrent smoker; current smoker to non-
current smoker; remain current smoker; noncurrent smoker to current smoker), pre-post change of BMI (decreased, unchanged, increased),
multivitamin use (yes, no), family history of diabetes (yes, no), family history of myocardial infarction (yes, no), family history of cancer (yes,
no), diabetes duration (0–5 years, 5–10 years, 10–15 years, >15 years), time interval between diagnosis date and latest postdiagnosis FFQ re-
turn date (months), postmenopausal hormone use (women only; premenopausal, never, former, current, or missing), oral hypoglycemic drug
use (women only; yes, no), and insulin use (women only; yes, no). Q, quintile.
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proportions of low-quality carbohydrates
at the expense of high-quality carbohy-
drates, which may counteract favorable
effects from reducing carbohydrate intake.
Several caveats from our study merit

discussion. First, in this observational
study, we were unable to establish causal
relationships between adopting an LCD
and mortality among people with diabe-
tes. Higher compliance with the medical
recommendation of an LCD diet may be
associated with greater compliance with
medications and other factors that we
could not directly measure. However,
given the extensive adjustment for de-
mographic and lifestyle factors and con-
sistent inverse associations observed in
the change analysis, it is unlikely that the
significant associations were completely
explained by unmeasured and residual
confounding. Second, although the cumu-
lative average approach may help reduce
random measurement errors in the as-
sessment of macronutrients intake, the
residual random errors are inevitable.
However, such errors are likely to be
nondifferential with respect to the study
outcome and attenuate the associations
toward the null. Third, in the current

analysis, participants in the highest quin-
tile of LCDS still consumed, on average,
30–40% of total energy from carbohy-
drates. Therefore, our findings cannot be
generalized to the effects of much lower
carbohydrate intake such as the keto-
genic diet. Nevertheless, according to a
survey conducted among U.K. dietitians
who provide dietary consultations to pa-
tients with diabetes, most of the partici-
pants would consider 30–39% of energy
from carbohydrates to be a realistic goal
for long-term adherence (34). Finally, our
findings may have limited generalizability
because the study participants consisted
of health professionals with European an-
cestries, higher health consciousness, and
better access to health care resources.

In conclusion, among individuals with
diabetes, adopting LCD patterns that em-
phasized high-quality sources of macronu-
trients was significantly associated with
lower total, cardiovascular, and cancer
mortality. Combining healthy versions of
the LCD with other healthy lifestyle behav-
iors after diabetes diagnosis may confer
additional health benefits. Replacing re-
fined carbohydrates with plant-sourced fat
and protein was also associated with

significantly longer survival. Our findings
provide support for the current recommen-
dations of carbohydrate restrictions for T2D
management and highlight the importance
of the quality and food sources of macro-
nutrients when assessing the health bene-
fits of LCD.
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