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Abstract

Background/Objectives: While the benefits of almond consumption in reducing levels of
TC and LDL-C are well established, the effects on additional lipids that have emerged as im-
portant predictors of cardiovascular disease, such as ApoB and the ratio of ApoB:ApoA, are
not well characterized. In this systematic review and meta-analysis, the effects of almond
consumption on blood lipids were comprehensively assessed. Methods: On 12 May 2025,
ProQuest Dialog™ was used to search ten literature databases (AdisInsight: Trials; Allied
& Complementary Medicine™; BIOSIS Previews®; CAB ABSTRACTS; Embase®; Embase
Preprints; Foodline®: SCIENCE; FSTA®; MEDLINE®; National Technical Information
Service). Randomized controlled trials at least 4 weeks in duration were included if the in-
vestigational product was almonds; the control was void of nuts/tree nuts; the subjects were
adults without CVD; and blood lipid levels were assessed. Health Canada’s Quality Ap-
praisal Tool for Intervention Studies was used to assess each study’s risk of bias. The mean
difference in the effect for each parameter was pooled across studies in a random effects
model, using the inverse of the variance as the weighting factor. Results: 36 publications
(48 almond-—control datasets) representing 2485 participants were included. Almond con-
sumption significantly reduced LDL-C (—0.132 mmol/L; 95% CI: —0.190, —0.075 mmol/L;
p <0.001), TC (—0.160 mmol/L; 95% CI: —0.218, —0.101 mmol/L; p < 0.001), non-HDL-C
(—0.204 mmol/L; 95% CI: —0.281, —0.127 mmol/L; p < 0.001), TC:HDL-C (—0.154; 95% CI:
—0.246, —0.063; p = 0.001), LDL-C:HDL-C (—0.112; 95% CI: —0.199, —0.026; p = 0.011),
ApoB (—4.552 mg/dL; 95% CI: —6.460, —2.645 mg/dL; p < 0.001), and ApoB:ApoA
(—0.027; 95% CI: —0.046, —0.008; p = 0.006), with a borderline significant reduction in
TG (—0.037 mmol/L; 95% CI: —0.079, 0.005; p = 0.085) and no effects on HDL-C, ApoA, or
Lpl[a]. The effects persisted when the analyses were limited to higher quality studies, except
for the reduction in TG. Conclusions: Almond consumption improves levels of LDL-C, TC,
non-HDL-C, TC:HDL-C, LDL-C:HDL-C, ApoB, and ApoB:ApoA, though dedicated clinical
trials are needed to better understand effects on TG levels.

Keywords: almonds; lipids; cholesterol; systematic review; meta-analysis

1. Introduction

According to the World Health Organization (WHO), the leading cause of mortality
globally is cardiovascular disease (CVD), with 32% of all global deaths in 2019 attributed
to CVD [1]. While certain CVD risk factors are not modifiable (i.e., family history, older
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age, male gender, and certain ethnicities [African Americans, Hispanics, Latinos, and
Southeast Asians]), other risk factors, including hypertension, diabetes, obesity, smoking,
poor diet, sedentary lifestyle, and hyperlipidemia, are modifiable [2]. Hyperlipidemia is a
major CVD risk factor, with elevations in atherogenic lipids contributing to atherosclerosis,
an inflammatory disease characterized by fatty deposits in vessel walls, leading to their
narrowing and hardening [3]. Atherosclerotic cardiovascular disease occurs when blood
flow is compromised, leading to heart attacks, strokes, and peripheral arterial disease [3].

Hyperlipidemia is highly prevalent globally, as evidenced by the first report of the
Global Diagnostics Network (GDN), which was published in 2023 by Martin et al. [4] and
included a total of 461,888,753 lipid results (including total cholesterol [TC], low-density
lipoprotein cholesterol [LDL-C], high-density lipoprotein cholesterol [HDL-C], and triglyc-
erides [TG]) collected between 2018 and 2020 from adults aged 20 to 89 years residing
in 17 countries on 5 different continents. An LDL-C cut-off of 3.36 mmol/L was met or
exceeded in at least 20% of males and 20% of females in all countries except India [4]. Fur-
thermore, the authors reported that the 5.0 mmol/L cut-off for TC established by the WHO
as indicative of elevated CVD risk was exceeded in 7 of the 17 countries, including Japan,
Australia, North Macedonia, Switzerland, Germany, Slovakia, and Austria [4]. As use of
lipid-lowering medications was not an exclusion criterion in the GDN study, individuals
presenting with normal levels of LDL-C and TC may have been pharmacologically treated
with lipid-lowering agents, thereby underestimating the true prevalence of hyperlipidemia.

Dietary and lifestyle modifications that can improve blood lipid levels are important
in reducing the risk of CVD. It has been demonstrated in several systematic reviews and
meta-analyses that almond consumption improves levels of LDL-C and TC, though effects
on TG and HDL-C have been less consistent [5-7]. The effects of almond consumption
on levels of other blood lipids, including apolipoproteins A and B (ApoA and ApoB) and
lipoprotein a (Lp[a]), have been investigated in the systematic review and meta-analysis
by Lee-Bravatti et al. [6], who reported significant reductions in ApoB, with no effects
on ApoAl or Lp[a]. Lee-Bravatti et al. [6] did not assess the effects on non-HDL-C or on
ApoB:ApoA; additionally, Lee-Bravatti et al. [6] conducted their literature search in 2017,
and 8 years have since elapsed. Thus, a re-evaluation of the effects of almonds on the levels
of the classic blood lipids (TC, LDL-C, HDL-C, and TG), as well as on levels of additional
blood lipids that have emerged as important predictors of CVD risk (non-HDL-C, ApoA,
ApoB, and Lpl[a]) is needed. In the systematic review and meta-analysis presented herein,
the effects of almonds on blood lipid levels are comprehensively assessed.

2. Methods
2.1. Literature Search

The present systematic review and meta-analysis was conducted in accordance with
the guidelines of the Preferred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) statement; the PRISMA checklist is provided in Supplementary Table S1 [8].

The literature search was conducted in duplicate by 2 reviewers working independently
of one another using a similar methodology to that described by Musa-Veloso et al. [5]. Using
the electronic search tool ProQuest Dialog™ (Version 75.0), 10 literature databases were
searched on 12 May 2025 (AdisInsight: Trials, Allied & Complementary Medicine™, BIOSIS
Previews®, CAB ABSTRACTS, Embase®, Embase Preprints, Foodline®: SCIENCE, FSTA®,
MEDLINE®, and National Technical Information Service). Articles were identified if at least
one exposure term (“almond”, “almonds”, “Prunus amygdalus”, “P. amygdalus”, “ Prunus
dulcis”, or “P. dulcis”) appeared in the title; at least one study population term (“men”,
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“person*”, “individual*”, or “patient*”) appeared in the title or abstract; and at least one
study design term (“random*” or “control*”) appeared in the title or abstract. To restrict
the search to studies conducted in humans, keywords related to pre-clinical studies (“ani-
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mal*”, “rat”, “rats”, “mice”, “mouse”, “dog”, “dogs”, “pig”, “pigs”, “rabbit*”, “hamster*”,
“monkey*”, “rodent*”, “in vitro”, or “ex vivo”) were required not to appear in the titles
of the articles. No limitations pertaining to the health outcomes of interest, language,
or year of publication were applied to the search. Following the automatic removal of
duplicates by ProQuest Dialog™, the relevance of the publications was determined in
duplicate at 3 stages using the titles, abstracts, and full-texts of publications. At each stage,
inclusion/exclusion criteria were applied to determine literature relevance. To ensure the
identification of all relevant studies, the reference lists of 6 relevant systematic reviews were
cross-checked against the references identified in the literature search [6,7,9-12]. Where
there were discrepancies in study inclusions and exclusions between the 2 reviewers, a 3rd
reviewer was consulted, and a decision was reached through discussion and consensus.

2.2. Literature Filtration

To be eligible for inclusion, the study had to be a randomized controlled trial pub-
lished as a full-length article in a peer-reviewed journal or as a publication pre-print or, if
unpublished, the full study report had to be available; at least 5 study participants had to
be enrolled per arm or group; study participants had to be adults (18 years of age or older,
non-pregnant, and non-lactating) who were generally healthy or had elevated risk factors
for CVD (e.g., diabetes, overweight/obesity, hyperlipidemia, family history of CVD) but
did not have CVD; the control had to consist of either no food or any food(s), so long as the
foods were not tree nuts/peanuts or fractions of tree nuts/peanuts; the amount of almonds
administered had to be reported and had to be at least 5 g/day; the supplementation period
had to be at least 4 weeks; the outcome of interest had to be related to fasting blood lipids
(e.g., LDL-C, TC, HDL-C, non-HDL-C, TG, apolipoproteins, lipoproteins, or ratios of these)
or risk of CVD; and the independent effects of almonds on blood lipid levels or risk of CVD
had to be isolatable.

2.3. Data Extraction and Study Quality

Study data extraction and synthesis were conducted using the same methodology
reported by Musa-Veloso et al. [5]. Specifically, data were extracted by 2 reviewers in-
dependently of one another, and the consistency of the 2 datasets was verified by a 3rd
reviewer. If inconsistencies or discrepancies between the 2 datasets were identified, the
original publication was consulted, and a consensus was reached via discussions between
the 3 reviewers. Data extracted from the studies consisted of the study design; country of
study conduct; initial and final sample sizes; study population (gender distribution, health
status, and mean age); dietary interventions (dose, form of almonds, provision of foods
or meals, and duration); mean blood lipid levels (i.e., LDL-C, TC, HDL-C, non-HDL-C,
TC:HDL-C; LDL-C:HDL-C, TG, ApoA, ApoB, ApoB:ApoA, Lp[a]) at baseline and end-of-
treatment; and the mean difference in the effect for each blood lipid parameter (see Data
Synthesis section for details on the calculation of the mean difference in the effect for the
crossover and parallel studies). For all studies, the end-of-treatment was defined as the day
following the end of the control and almond intervention periods, regardless of the length
of the supplementation period. A master spreadsheet was created with the references of
each included study entered as a row heading and each lipid-related outcome as a column
heading, thereby allowing for a detailed log of outcomes assessed across the studies and
the subsequent grouping of studies by outcome.
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Health Canada’s Quality Appraisal Tool for Intervention Studies [13] was used to
assess study’s quality. Using this tool, a quantitative score (zero or one) was assigned to
each of the 15 items included in the tool, and studies with scores of >8/15 were considered
to be “higher quality”, while studies with scores of <7/15 were considered to be “lower
quality”. A study with one or more of the following critical limitations was rated as “lower
quality”, irrespective of the quality score:

e  High attrition rate (>20%) and failure to conduct an intention-to-treat (ITT) analysis;

e  Failure to report background dietary intakes;

e  Significant differences between groups at baseline in energy, macronutrients, or fiber
without statistical adjustments (e.g., analysis of covariance);

e  Failure to report baseline lipid levels for each intervention group; or

e  Significant differences between groups at baseline in lipid levels without statistical
adjustments (e.g., analysis of covariance).

Study quality was appraised by 1 reviewer and verified by another reviewer. Where
there were discrepancies in ratings, consensus was reached by deliberation and involvement
of a 3rd reviewer.

2.4. Data Synthesis

The unit used for LDL-C, TC, HDL-C, non-HDL-C, and TG was mmol/L, while
mg/dL was used for ApoA, ApoB, and Lp(a). If results were reported in units different
from these, then conversion factors were applied to ensure consistency in the units. For each
lipid-related outcome, the results of the studies were pooled in a meta-analysis, with the
effect defined as the weighted mean difference, and the inverse of the variance used as the
weighting factor. For parallel studies, the mean difference in the effect for each parameter
was calculated as the change from baseline in the control group subtracted from the change
from baseline in the almond group. For crossover studies, the mean difference in the effect
for each parameter was calculated as the value at the end of the control phase subtracted
from the value at the end of the almond phase. As the majority of studies in which the
lipid-modifying effects of almonds were assessed did not report sufficient information for
the calculation of the pre—post correlation, an assumed pre—post correlation of 0.5 was used
for all studies, including studies in which computed effect sizes were reported, such that
any error would affect all studies equally [14].

A random effects model was used, according to the methods described by DerSimo-
nian and Laird [15], given that random effects models take into consideration the variability
in response both within and between studies. For studies with multiple almond-control
comparisons (hereinafter referred to as “strata”), each stratum was considered the unit of
analysis only if the variable that was different between the strata was the dose of almonds;
otherwise, the study was used as the unit of analysis. When each stratum was used as
the unit of analysis, the sample size of the group that was shared across the strata was
divided evenly amongst the comparisons so as to avoid a unit of analysis error (whereby
the weight of each stratum is artificially inflated due to double-counting of subjects in the
shared groups or arms) [16].

For the all the meta-analyses, sensitivity analyses were conducted for almond
dose (<45 versus >45 g/day); baseline LDL-C level (<3.36 mmol/L [optimal] versus
>3.36 mmol/L [not optimal]); study design (crossover versus parallel); study duration
(<12 weeks versus >12 weeks); use of lipid-lowering medication (no use versus use by
all or some subjects); provision of all meals and snacks to all subjects (provided versus
not provided); and study quality (higher versus lower). If significant improvements in
blood lipid levels were observed when analyses were limited to higher quality studies,
then there was increased confidence in the certainty of the evidence. Of note, unlike the
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previous sensitivity analyses conducted by Musa-Veloso et al. [5], for baseline lipid status,
the studies were segregated based only on LDL-C level at baseline so that the pools of
studies remained consistent and effects on each lipid outcome in individuals below and
above the LDL-C cut-off could be investigated. Additionally, unlike the previous sen-
sitivity analysis conducted by Musa-Veloso et al. [5], in the present sensitivity analysis,
3.36 mmol /L was the cut-off used to define an LDL-C level that was and was not opti-
mal, as an LDL-C value > 3.36 mmol/L is categorized as borderline-high by the National
Cholesterol Education Program in their Adult Treatment Panel III Guidelines [17].

The I? statistic was used to evaluate between-study heterogeneity, with a value > 50%
considered substantial [18]. When substantial heterogeneity was identified, studies were
removed sequentially to determine whether the heterogeneity was related to any specific
study. Publication bias was assessed using the Trim and Fill method described by Duval and
Tweedie [19]. According to this method, if asymmetry in the funnel plot was determined to
be the result of the presence of small studies (with large variances) in which large effect
sizes were reported, with an unbalanced number of small studies showing a small effect,
then those “missing” studies were imputed, and the pooled effect size was recalculated.
Heterogeneity and publication bias were assessed only for the main analyses (not the
sensitivity analyses); also, forest plots displaying individual study results and the overall
weighted mean difference are provided only for the main analyses (not the sensitivity
analyses). All analyses were conducted using Comprehensive Meta-analysis Software
(version 4.0.000). For weighted mean differences, p < 0.05 was considered statistically
significant, with 0.05 < p < 0.10 considered borderline significant.

3. Results
3.1. Literature Search Results and Overview of Included Studies

The literature search process flowchart, constructed using the PRISMA template [8],
is shown in Figure 1. The literature search resulted in the identification of 585 poten-
tially relevant titles, of which 36 met all the inclusion criteria and none of the exclusion
criteria [20-55]. Of note, no studies were excluded because the number of subjects per
group was less than 5.

The key characteristics of the 36 included publications are summarized in Table 1.
Across the 36 publications, the total number of subjects studied was 2485, with the num-
ber of study completers ranging from 6 to 178 per group in parallel studies and from
18 to 84 per arm in crossover studies. The 36 publications provided a total of 48 strata.
Of the 48 strata, 30 were from parallel studies and 18 were from crossover studies. In 43
of the 48 strata, both males and females were included; of the 5 remaining strata, only
females were studied in 3 strata [20] and [40] (strata 1 and 2), and only males were studied
in 2 strata [38] (strata 1 and 2). The subjects were described in the publications as gen-
erally healthy in 4 strata [23,29], and [43] (strata 1 and 2); habitual smokers but without
comorbidities in 2 strata [38] (strata 1 and 2); overweight or obese and without other co-
morbidities in 8 strata [20,31,36,39], [45] (strata 1 and 2) and [47,50] but with additional
comorbidities in 8 strata [22,24,26,32,33], [41] (strata 1 and 2), and [46]; on stable statin
therapy in 1 stratum [48]; having type 2 diabetes (T2D), prediabetes, or being at risk of
T2D in 13 strata [25,27,34,35,42], [44] (strata 1 and 2), [52], [54] (strata 1 through 4) and [55];
having dyslipidemia in 11 strata [21,28], [37] (strata 1 and 2), [40] (strata 1 and 2), [49]
(strata 1 and 2), [51] (strata 1 and 2), and [53]; and having above-average risk of developing
CVD in 1 stratum [30].

In 33 of the 48 strata, none of the subjects were taking medications, while medication
use by all or some of the subjects was reported in 15 of the strata. Notably, in 4 strata,
all subjects had T2D, and all or the majority of subjects were taking a stable dose of oral
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hypoglycemic agents [27], [44] (strata 1 and 2) and [42]; although use of lipid-lowering
medications was an exclusion criterion in 3 of these strata, in the study by Cohen and
Johnston [27], approximately half of the subjects in the almond and control groups were
taking a stable dose of lipid-lowering medications at the time of the study. In the study
by Ruisinger et al. [48], all subjects were taking a stable dose of statins. In an additional
10 strata, some but not all subjects were taking medications for diet-related diseases, in-
cluding hyperlipidemia [22,24-26,35], [37] (strata 1 and 2) and [46,52,55].

The baseline LDL-C level was considered optimal (<3.36 mmol/L) in 33 strata
and not optimal (>3.36 mmol/L) in 15 strata [20,21,28,30,33], [37] (strata 1 and 2), [41]
(strata 1 and 2), [42], [49] (strata 1 and 2), [51] (strata 1 and 2), and [53].

[ Identification of studies via databases* ]

Records identified from:
Databases on 12 May 2025 (n=585)

3 AdisInsight: Trials (n=2); Records removed before screening:

= Allied & Complementary Duplicate records removed (N/A)**

2 Medicine™ (n=3); —>] Records marked as ineligible by automation tools (N/A)
=] BIOSIS Previews® (n=105); Records removed for other reasons (n=0)

3 CAB ABSTRACTS (n=218);

Embase® (n=119);
Embase Preprints (n=2);
Foodline®: SCIENCE (n=6);
FSTA® (n=66);
MEDLINE® (n=61);
National Technical Information
Service (n=3)

Registers (not searched)

Records screened Records excluded at title or abstract filtering phases
(n=585) (n=540):

Investigational product was not almonds (n=273)
Outcomes were not related to fasting blood lipids or
risk of coronary heart disease (n=67)

Animal or in vitro study (n=3)

Not published as a full-length article (n=80)

Not a peer-reviewed study (n=1)

Subjects included children or pregnant/lactating women
(n=2)

Secondary research study (e.g., review or
meta-analysis) (n=13)

Not randomized and/or not controlled (n=9)
Intervention duration <4 weeks (n=7)

Changes from baseline in blood lipids not reported or
could not be calculated (n=2)

Independent effects of almonds were not isolatable
(n=2)

Study results were reported in a kin publication (n=9)
Manually identified duplicate record (n=72)

Screening

v

Reports sought for retrieval »| Reports not retrieved
(n=45) (n=0)

1

Reports assessed for eligibility Reports excluded (n=9):

(n=45) Subjects included children (n=1)

Subjects had a history of heart disease (n=2)
Secondary research study (n=6)***

Studies (strata) included in review
(n=48)

Reports included in review
(n=36)

n = number; N/A = not applicable

* Source: Page MJ, et al. BMJ 2021;372:n71. doi: 10.1136/bmj.n71. This work is licensed under CC BY 4.0. To view a copy of
this license, visit https://creativecommons.org/licenses/by/4.0/

**Duplicates across databases are automatically removed by ProQuest Dialog™.

***The reference lists of six relevant systematic reviews/meta-analyses were cross-checked to ensure the identification of all
relevant studies; see Section 2.1 of the manuscript for further details.

Figure 1. Flowchart of the literature search process [8].
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Table 1. Overview of studies in which the effects of almonds on blood lipids were assessed (1 = 36 publications and 48 strata).
. . Population ¢ Investigational Product Baseline Demographics ¢
a
Reference Design®  Duration o yngry Intended Age BMI pLc  Packeround
(Quality) (wk) n (Gender) Health Status Almonds (n) Control (1) Matching y) (kg/m?) Status £ Diet
P 2 50g/d NFD CHO, E,
Abazarfard et al. [20] LQ 12 Iran 100F BMI > 25 kg/m (n = 50) (n = 50) PRO, TF 427+71 296 +1.5 N.O. LCD
ow; . BW
Berryman et al. [21] HXQ 6 US. (221\;‘;82 6F) elevated TC and 425g/d 10267gg/ fd“];‘;ﬁler; * E, SFA 499494 262428 N.O. maintenance
! LDL-C ' diets
SB, P . 76 OW or OB; T2D or 56 g/d 72 g/d biscuits . .
Bowen et al. [22] HO 8 Australia (45M, 31F) clevated FBG (n = 39) (n =37) E 60.7 £7.7 33.8+5.6 (@] Habitual diet
Cookies +
SB, P 109 Normal/ 425¢g/d Usual snacks
Brown et al. [23] HO 52 New Zealand (GDNR) ow (n =57) c(;aikSezr)s E 356 +134  23.7+3.0 (@) replaced
SB.P 106 OW or OB, with 30050 ¢/d Cereal bar + rice LCD&/\% wk);
Carter et al. [24] 8 g 36 Australia HTN and HC in & crackers E 475+ 10.9 30.7 £ 0.8 O .
HQ (GD NR) . (n =55) maintenance
some subjects (n=>51)
(24 wk)
NCEP Step II
X . 33 E, PRO, BW
Chen et al. [25] HOQ 12 Taiwan (13M, 20F) T2D 60g/d NFD PUFA, SFA 549 +10.5 255+4.2 O maintenance
diet
SB.P 128 OW /OB, with 57 ¢/d Biscuits + potato
Coates et al. [26] & H,Q 12 Australia (GD NR) HTN and HC in (n —g63) chips E 65+8 304 £3.7 (@) Habitual diet
some subjects B (n=65)

Cohen and P 13 28¢g/d Two sticks of No instructions
Johnston [27] 8 HQ 12 Us. (7M, 6F) 2D (n=6) cheese (n=7) E, TF, CHO 66+ 8.4 348+80 o provided
Damasceno et al. [28] 81]-31'Qx 4 Spain (91\/}89}:) Moderately HC ~ 50to75g/d 0% 8&/d E, TF 5613 257423  NO ediemanean

Low/
77.5 g/d graham . .
Dhillon et al. [29] SE'QP 8 Us. (321\23 1) Caré?(iﬁf;ﬁohc 5(27_%{3;1 crackers E 180+NR 255447 o No nsrucrions
' risk ) (n =35) P
. SB, P 102 Above- 56 g/d Muffins . .
Dikaryanto et al. [30] HO 6 UK (GDNR) average CVD risk (n=53) (n = 49) E 56.2 £ 104 27.0+ 44 N.O. Habitual diet
56 g/d + Habitual diet (1
Foster et al. [31] le) 72 Us. (GS?\H{) ow LCD N“&fr_ei;CD N/A 4684125 340436 o wk) followed
(n=47) - by LCD
OW and OB;
Gayathri et al. [32] I—fQ 12 India ( G]?Z’)SIEIR) elevated CMD risk (':413:g1/7(jl) (nliFBg) N/A 37.7 £ 8.6 28.5+ 3.8 (@] Habitual diet

factors
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Table 1. Cont.
. . Population ¢ Investigational Product Baseline Demographics ¢
a
Reference Design®  Duration o yngry Intended Age BMI pLc  Packeround
(Quality) (wk) n (Gender) Health Status Almonds (n) Control (1) Matching y) (kg/m?) Status £ Diet
Dutch
.. X 34 OW and OB; .
Gravesteijn et al. [33] LQ 21 NL (22M, 12F) prediabetic 50g/d NFD N/A 63.7 +£10.1 29.6 +5.3 N.O. gilgz?irges
Guidelines for
. P ~13 . 60 o 60 g/d NFD :
Gulati et al. [34] HO (90 d) India (GDNR) Prediabetic (n = 30) (n = 30) N/A 42.0+8.2 31+42 O Iﬁsggs
P 81 56 g/d 83.4 g/d pretzels No
Huang et al. [35] HO 16 UsS. (23M, 58F) Elevated HbAlc (n=39) (n = 42) E 494 +12.6 352+7.7 O }%3;3?;;5
Hunter et al. [36] HPQ 2% Us. (G]1311§IR) OW or OB ﬁi %;1 (;f5D9) N/A 370+ NR 335+ NR o Habitual diet
ki t al. 75+3¢g/d
]e[r;ﬁ“(zfl)a X 4 Canad 27 HC Vel i Hro, 64+9 257430  NO Low-fat
Jenkins et al. LQ anada (15M, 12F) 73+3¢/d 147+ 6g/d PUFA S,F A ’ ’ o therapeutic diet
[37] (st 2) & muffins ’
. 84¢g/d
Jia et al. [38] (st 1) P ) o o N . (1 = 10) NED . 223+1.8 - o Army unit
ina abitual smokers _
Jia et al. [38] (st 2) HQ }Sszgl/o C)l (n=10) 221418 canteen
Jung et al. X Republic of 84 . . .
[39] HO 4 Korea (1M, 73F) OW/OB 56 g/d 70 g/d cookies E 524 4+ 0.6 254 +0.22 O Habitual diet
Kurlandsky and Stote 60g/d NFD
[40] (st 1) (n=12) (n=12) N/A - 4664104 257+38 Self-selected
P 60g/d + diet based on
Kurlandsky and Stote HQ 6 UsS. 478 HC 41 g/d dark 41 g/d dark N/A 411+ 111 255 + 3.8 o Ni?g?rﬂ I
[40] (st 2) chocolate chocolate (n = 12) ’ ’ ’ ’ - die
(n=11) guidelines
Butter, cheese,
[%ﬁ (esttall)' 05g/d and E
refined grains
OW and OB; mildly  42.5g/d + 18 .
SE/ X 4 uUs. . 81\211% elevated g/d 18g/d 463+100 296428 N.O. Amgifgcﬁldiet
Lee et al. Q ( ’ ) LDL-C natural cocoa powder + E
[41] (st 2) cocoa + 43 43 g/d dark
g/d dark chocolate

chocolate
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Table 1. Cont.
ot Design®  Duration Country Population ¢ Investigational Product I — - Baseline De];nl\zigraphics d Background
eterence (Quality) (wk) ® n (Gender) Health Status Almonds (1) Control (1) l\jllzt;:hi:\g (;7;)9 (kg/m?) Diet ©
BW
Li et al. X . 20 E, PRO, maintenance
[42] HQ 4 Taiwan (OM, 11F) T2D; HC 56¢g/d NFD SFA 58 + 8.9 26.0 £ 3.1 NCEP
Step II diet
Liu et al. Pre-meal: 56
[43] (st 1) g/d
SB, P Republic of 169 (n = 58) 66 g/d cookies : .
/ 16 Health _—— E 26.33 £5.55 22.59 4+ 3.04 Habitual diet
. LQ Korea (77M, 92F) earthy Snack: 56 (n =56) abitval die
Liu et al. ¢/d
[43] (st 2) (n = 55)
High fat: 57
to 113 g/d, High fat: olive or CI\/TIUOI;AE/
Lovejoy et al. depending canola oil (37% PRO !
[44] (st 1) on EER (37% fat, 10% from PUFA S’F A
fat, 10% from MUFAs in oil) Tllz ’
1 d BW
Dgl X 4 US. . 1\?0171: 2D e 55)7 53.8+ 104 33.0+ 547 maintenance
Q (13M, 17F) s CHO, E, diets
to113 g/d, Low fat: olive or MUFA
Lovejoy et al. depending canola oil (25% PRO !
[44] (st 2) on EER (25% fat, 10% from PUFA S/F A
fat, 10% from MUFAs in oil) TI,: ’
almonds)
Mustra Rakic et al. 42 ¢/d
[45] (st 1) SB P 0 " =g19) 100 g/dsnack ~ E,PRO,TF 623459  290+27 BW
g 24 uUsS. OW and OB mix maintenance
Mustra Rakic et al. HQ (33M, 27F) 84¢g/d _ .
[45] (st 2) (n = 24) (n=17) CHO 614464 290427 diets
33
Palacios et al. [46] Lé 6 Us. (17M, 16F) (}m’ dizgezz' 85g/d CH&%‘?“‘ E "‘182'35 305 + 4.02 Habitual diet
26
Rayo et al. [47] HXQ 8 Us. (GD NR) ow 57g/d isocﬁgﬁcggr‘itzels E 372463 262431 Habitual diet
- ) P 48 On stable statin 100 g/d NFD ATP-III TLC
Ruisinger et al. [48] HO 4 UsS. (24M, 24F) therapy (n=22) (n = 26) N/A 59.6 £ 11.0 292 +43 diet
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Table 1. Cont.
ot Design®  Duration Country Population ¢ Investigational Product I — - Baseline De];nl\zigraphics:DL - Background
eterence (Quality) (wk) P n (Gender) Health Status Almonds (1) Control (1) ntende ge 2 Y Diet ©
Matching (y) (kg/m?) Status
Sabaté et al. .
[49] (st 1) X 25 ) 34g/d Isoenergetic
Sabate ot al. HO 4 US. (14M, 11F) Mildly HC NFD E, PRO 41 +13 NR N.O. NCEP Step
) 68g/d diets
[49] (st 1)
Siegel et al. [50] HQ 8 UK (111\251 4F) Mildly OW 57 g/d 86 g/d pretzels E 35.1+£47 258 3.6 (@) Habitual diet
48 g
olive oil +
. 113g
Sgliler etlal. cottage cheese + E, TF, PRO
[51] (st 1) 21grye Some foods
P 4 crackers/d provided for
u 4 Us. 12M533F HC 100 gl/Sd (n = 15) 53 +10 NR N.O.  participants to
Q (12M, 335 (=19 85 g cheddar prepare (eg.
h 8 lentils)
Spiller et al. cheese +28 g
F’l] ot2) butter + 21 grye  E, TF, PRO
7 crackers/d
n=12)
Sweazea et al. [52] 8 ;Q 12 U.s. (9M2112F) T2D (i?):g{(c)l) (nNzFll:)l) N/A 562 +7.5 353 £8.3 O Habitual diet
. SB, X 30 . E, CHO, NCEP Step I
Tamizifar et al. [53] HO 4 Iran (17M, 13F) Mildly HC 25g/d NFD PRO 56 £ 6.1 241 +45 N.O. diet
Breakfast: 43
Tan and Mattes [54]
(st1) g/d 308+106 27.6+4.6
(n=28)
Morning
Tan and Mattes [54] snack:
(st2) 13¢/d 282+102 279+47
P 4 Australia 137 OW or OB; (n=28) NFD N/A ©) Habitual diet
HQ (48M, 89F) increased T2D risk Lunch: n=27)
Tan and Mattes [54] 13g/d 2904117 280 +42
(st3) (n = 26)
Afternoon
Tan and Mattes [54] snack:
(st 4) 13g/d 2894+108 27.6+48
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Table 1. Cont.

.. . Population ¢ Investigational Product Baseline Demographics ¢
Reference Design Dumhf,’ " Country Intended Age BMI LDL-C Background
(Quality)  (wk) n (Gender) Health Status Almonds (n) Control (1) . & 2 t Diet ¢
Matching (y) (kg/m?) Status
P 54 608/d + NFD
Wien et al. [55] HQ 16 U.s. (GDNR) Prediabetic A(]]i)é §l5l)et (n = 29) E 53.5 +10.0 29.5 +5.0 (@] ADA diet plan

ADA = American Diabetes Association; ATP = Adult Treatment Program; BMI = body mass index; BW = body weight; CHO = carbohydrate; CMD = cardiometabolic disease;
CVD = cardiovascular disease; d = day; DB = double-blind; E = energy; EER = estimated energy requirement; F = females; FIB = fiber; FBG = fasting blood glucose; GD = gender
distribution; HbAlc = glycated hemoglobin; HC = hypercholesterolemic; HQ = higher quality; HTN = hypertension; LCD = low-calorie diet; LDL-C = low-density lipoprotein cholesterol;
LQ = lower quality; M = males; MUFA = monounsaturated fatty acids; n = number; N/A = not applicable; NCEP = National Cholesterol Education Program; NFD = nut-free diet;
NL = Netherlands; N.O. = not optimal; NR = not reported; O = optimal; OB = obese; OW = overweight; P = parallel; PRO = protein; PUFA = polyunsaturated fatty acids; SB = single-blind;
SD = standard deviation; SFA = saturated fatty acids; st = stratum; T2D = type 2 diabetes; TC = total cholesterol; TF = total fat; TLC = Therapeutic Lifestyle Changes; UK = United
Kingdom; U.S. = United States; X = crossover; wk = week(s); y = years. Values that are italicized were converted by the authors. # All studies were randomized and controlled, as required
by the study inclusion criteria. ® Duration refers to supplementation period and for X studies is per arm. ¢ Study population (1) represents the number of subjects analyzed. ¢ For P
studies, values are reported as pooled mean + pooled SD. ¢ Shaded cells indicate that all study meals and snacks were provided to participants. f A mean LDL-C level > 3.36 mmol /L,
categorized as borderline-high by NCEP [17], was considered not optimal (N.O.); otherwise, the baseline LDL C level was categorized as optimal (O). & For these studies, the indicated
amount of investigational product was consumed 6 d/wk [24,26], 5 d/wk [27], or 5 to 7 d /wk [52].
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3.2. Almond Interventions

Across all the studies, the average daily intake of almonds ranged from 25 to 168 g/day,
and the duration of the almond consumption periods ranged from 4 to 72 weeks. Almonds
were required to be consumed every day in all the studies except 4, in which subjects
consumed 43 g of almonds 5 to 7 days per week [52], 28 g of almonds 5 days per week [27],
57 g of almonds 6 days per week [26], or 30 to 50 g of almonds 6 days per week [24].

Whole, raw (unblanched, unsalted) almonds were consumed in 18 strata [20,22,24,26,28,32-35],
[37] (strata 1 and 2), [46-48,50], [51] (strata 1 and 2)] and [52]. In 5 strata [27] and [54]
(strata 1 through 4), the almonds that were administered to the subjects were not specifi-
cally described as raw, unblanched almonds; however, based on the reported caloric value
of the almonds, it was assumed that the almonds were most likely raw, unblanched almonds.
Dry, roasted almonds were consumed in 5 strata [29,30,36,39,55]; a variety of almonds,
namely whole (raw), roasted, and flavored almonds were administered in 1 stratum [31]; a
choice of raw and/or roasted almonds was given in 1 stratum [23]; and almond powder
was consumed in 1 stratum [53]. In 6 strata, the types of almonds administered (whole
[raw] versus roasted) were not specified [40] (strata 1 and 2), [43] (strata 1 and 2), [45]
(strata 1 and 2). In 11 strata, the almonds were provided to the subjects by incorporating
the almonds into meals and snacks [21,25], [38] (strata 1 and 2), [41] (strata 1 and 2), [42], [44]
(strata 1 and 2), and [49] (strata 1 and 2). The almonds administered were described in the
studies by Berryman et al. [21], in which unsalted, whole, natural almonds with skins were
provided to subjects as a snack; Li et al. [42] and Chen et al. [25], in which roasted, unsalted
whole almonds with skins or derived powder were used in the preparation of meals and/or
snacks; and Jia et al. [38] (strata 1 and 2), in which almond powder was used in the formu-
lation of meals provided in the army unit canteen. In the remaining 6 strata in which all
meals and snacks were provided, it was assumed that whole almonds, almond pieces, and
ground almonds were used to prepare the meals [41] (strata 1 and 2), [44] (strata 1 and 2),
and [49] (strata 1 and 2).

3.3. Control Foods and Diets

In 11 of the 48 strata, subjects were provided with all their meals and snacks, and
the control and almond diets were matched for energy [41] (strata 1 and 2); energy and
saturated fat (SFA) [21]; energy and protein [49] (strata 1 and 2); energy, protein, and
SFA [42]; energy, protein, polyunsaturated fat (PUFA), and SFA [25]; and energy, carbohy-
drate, protein, monounsaturated fat (MUFA), PUFA, SFA, and total fat [44] (strata 1 and 2).
Although the method through which the provided diets were matched in the study by Jia
et al. [38] (strata 1 and 2) was not reported, it was assumed that the active and control diets
were isocaloric, given that the subjects were provided with all their meals and snacks at
an army canteen unit. In 22 of the 48 strata, the “control food” was prescribed (e.g., pret-
zels, cookies, muffins) and was matched for energy in 13 strata [22-24,26,29,30,35,39], [43]
(strata 1 and 2), and [46,47,50]; energy and total fat in 1 stratum [28]; energy, total fat, and
carbohydrate in 1 stratum [27]; energy, total fat, and protein in 3 strata [45] (stratum 1)
and [51] (strata 1 and 2); carbohydrate in 1 stratum [45] (stratum 2); and energy, protein,
PUFA, SFA, and fiber in 2 strata [37] (strata 1 and 2); macronutrient matching was not
detailed for stratum 2 of Kurlandsky and Stote [40]. In 15 strata, a control food was not
provided, and study subjects were instructed to consume their habitual diets [32,36,52],
and [54] (strata 1 through 4) or to follow a specific healthy diet, such as a National Choles-
terol Education Program diet [33,34], [40] (stratum 1), [48,53,55] or a low-calorie diet [20,31].
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3.4. Study Quality

All 36 publications had a score of 8 or greater based on Health Canada’s Quality
Appraisal Tool for Intervention Studies [13]; however, 7 of the publications (representing
10 strata) were downgraded to “lower quality” due to critical limitations. In the study by
Liu et al. [43] (strata 1 and 2), there was a high attrition rate with no ITT analysis, and there
were significant differences between groups in baseline LDL-C levels, though statistical
adjustments (e.g., analysis of covariance) were not made. In the study by Gravesteijn
et al. [33], there was a high attrition rate with no ITT analysis, and dietary intakes were not
reported. In 3 additional studies, there was a high attrition rate with no ITT analysis [37]
(strata 1 and 2), [41,46], and in 2 additional studies, background dietary intakes were not
reported [20,31].

In the majority of the publications (24 of 36), 2 of 15 points were lost due to lack
of blinding of subjects and outcome assessors (which is not unexpected, given that the
investigational product was almonds or meals/snacks formulated with almonds). Of the
12 remaining publications, only that by Lovejoy et al. [44] (strata 1 and 2) was described
as double-blinded; the other 11 publications were described as single-blinded, and each
lost 1 of 15 points due to a lack of blinding of the subjects [22-24,26,28-30,41,43,45,53].
Across all 36 publications, the limitations that were identified included lack of reporting of
allocation concealment (1 = 31 publications); lack of reporting of randomization method,
meaning the “appropriateness” of the randomization method, which also is a quality
factor, could not be judged (n = 15 publications); results of an ITT analysis not provided
(n =26 publications); inclusion/exclusion criteria (for subject selection) not provided (n =3
publications); potential confounders not considered (n = 3 publications); reasons for subject
attrition not provided (n = 1 publication); and the methodology used to measure the health
effect not provided (n = 2 publications). A detailed summary of the limitations identified
across the studies is provided in Supplementary Table S2.

3.5. Effects of Almonds on Fasting Blood Lipids

A summary of the outcomes evaluated in each study is provided in Supplementary
Table S3. The effects of almond consumption on TC and TG were assessed in all 48 strata,
while the effects on LDL-C and HDL-C were assessed in 46 and 45 strata, respectively. For
all of the other lipid-related outcomes, effects were reported in 9 to 18 strata. In Table 2
below, the pooled results, heterogeneity, and publication bias are presented for all outcomes.
In Supplementary Table S4, the meta-analysis results, including the sensitivity analyses for
the main analyses, are presented for all outcomes.

Table 2. Effects of almonds on blood lipid levels: Meta-analysis results.

WMD . o e .
Outcome (95% CI) p-Value Heterogeneity Publication Bias
r Value Missing WMD
(%) oy (L or R of WMD) ? (95% CI) ®
LDL-C (mmol/L) —0.132 —0.11
(n = 35 studies, 46 strata, 2455 subjects)  (~0.190, —0.075) <0001 63215 <0.001 5®) (~0.16, —0.05)
TC (mmol/L) —0.160 —-0.13
(n = 36 studies, 48 strata, 2485 subjects)  (~0218, —0.101) <0001 31123 0.034 3(R) (—0.20, —0.07)
HDL-C (mmol/L) —0.002 N/A; no
(n = 34 studies, 45 strata, 2442 subjects) (—0.020, 0.016) 0.815 32936 0.029 0 (L) publication bias
Non-HDL-C (mmol/L) —0.204 —0.20
(n = 8 studies, 10 strata, 621 subjects) (—0.281, —0.127) <0.001 0.000 0.901 1(R) (—-0.27, —0.12)
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Table 2. Cont.

Outcome (:;{,2481) p-Value Heterogeneity Publication Bias
I Missing WMD
(%) pValue 1 o1 R of WMD) 2 (95% CI) b
(=15 studiesT%Igg;f,loso subjects) (70.2712; 153.063) 0.001 38129 0.061 5®) (,0._1%’,007,03)
n=8 studi]g]s?]i_lcs:tl;la[t);_;S subjects) (—0.1;(9); 1—13.026) 0.011 0.000 0-936 2 (R) (—0.179(3-1—00‘02)
(n=36 studi;?4(55n;?;§:a/,[g485 subjects) (—0.6;)9.(,]?).7005) 0.085 23299 0.097 3®) (—O;)(;-,O(?.OS)
n=12 stu?ﬁzgﬁénsltgr;ti}g; subjects) (—Z.g’a?(‘)?llz.l402) 0.508 0.000 0.965 2 (L) (—3;)?',9?.15)
(n=12 studliz};??S(gé{iIé)86 subjects) (—6.4;§;SE§.645) <0.001 4349 0.403 0(R) pubﬁc/aﬁ;ﬁobias
(=7 studi?sP,nl)(? :;?r};(t)?, ;68 subjects) (—0.071(6);0—23.008) 0.006 0.000 0-955 1®) (—0.85?'830.01)
n=6 stud?eps(,a; s(,:l;ag’rgfi}9)7 subjects) (—0.3?6.2,6?.492) 0.235 0.000 0.99 4R (—O.(1)-96,91 .57)

Apo = apolipoprotein; CI = confidence interval; HDL-C = high-density lipoprotein cholesterol; L = left;
LDL-C = low-density lipoprotein cholesterol; Lp(a) = lipoprotein A; n = number; N/A = not applicable; R = right;
TC = total cholesterol; TG = triglycerides; WMD = weighted mean difference. Bolded values indicate statistical
significance (p < 0.05). # Denotes the number of strata found to be missing either to the right or left of the
WMD, using the Trim and Fill method of Duval and Tweedie [19]. ® The presented WMD is calculated with the
imputation of the studies found to be missing according to the Trim and Fill method of Duval and Tweedie [19]).
¢ For the studies that reported the results for ApoAl, the results for this outcome were combined with ApoA in
the meta-analysis. @ For the studies that reported the results for the ratio of ApoB:ApoAl, the results for this
outcome were combined with the results for the ratio of ApoB:ApoA in the meta-analysis.

3.5.1. LDL-C

LDL-C was significantly reduced with the consumption of almonds versus a control
when the results from all 46 strata were pooled (—0.132 mmol/L; 95% confidence interval
[CI]: —0.190, —0.075 mmol/L; p < 0.001; Figure 2). Publication bias was significant, with
5 studies found to be missing from the right of the pooled effect; with the imputation of
these 5 studies, the reduction in LDL-C was —0.11 mmol /L (95% CI: —0.16, —0.05 mmol /L).
Substantial heterogeneity was observed when all 46 strata were pooled; however, removal
from the meta-analysis of the study by Abazarfard et al. [20] resulted in a reduction of the
I statistic from 63.215% to 6.609% and a change in the associated p-value for heterogeneity
from <0.001 to 0.355. The pooled reduction in LDL-C without the study by Abazarfard
et al. [20] was —0.14 mmol/L (95% CI: —0.18, —0.10 mmol/L; p < 0.001). A significant
reduction in LDL-C was observed in each of the sensitivity analyses except when the 10
lower quality strata were pooled, in which case the —0.101 mmol/L reduction in LDL-C
approached significance (95% CI: —0.209, 0.008 mmol/L; p = 0.068). Of note, the magnitude
of LDL-C lowering was similar, irrespective of almond dose (<45 g/day versus >45 g/day),
use of lipid-lowering medication, or the provision of all meals and snacks. However, the
reduction in LDL-C was greater when strata in which the baseline LDL-C level was not
optimal were pooled (—0.229 mmol/L) compared to when strata in which the baseline
LDL-C level was optimal were pooled (—0.094 mmol/L); when strata that were crossover
in design were pooled (—0.179 mmol/L) compared to when strata that were parallel in
design were pooled (—0.090 mmol/L); and when strata that were <12 weeks in duration
were pooled (—0.156 mmol/L) compared to when strata that were >12 weeks in duration
were pooled (—0.083 mmol/L).
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Study name Baseline LDL-C  Quality  Almond Intake (g/d) Statistics for each study Difference in means and 95% CI

Difference Lower Upper

in means limit limit p-Value
Spiller et al. (1998 st 1&2) Unhealthy Higher 100.0 -0.630 -1.116  -0.144 0.011 e e
Tamizifar et al. (2005) Unhealthy Higher 25.0 -0.570  -0.853  -0.287 0.000 i
Lietal. (2011) Unhealthy Higher 56.0 -0.400 -0.738  -0.062 0.020 —_—
Mustra Rakic et al. (2022 st 1) Healthy Higher 42.0 -0.360 -1.050 0.330 0.307
Gulati et al. (2023) Healthy Higher 60.0 -0.320 -1.119 0.479 0.432
Wien et al. (2010) Healthy Higher 60.0 -0.290 -0.718 0.138 0.185 e o ]
Sabate et al. (2003 st 2) Unhealthy Higher 68.0 -0.260  -0.831 0.311 0.372 e o ]
Huang et al. (2024) Healthy Higher 56.0 -0.259  -0.612 0.095 0.152 e
Damasceno et al. (2011) Unhealthy Higher 62.5 -0.247 -0.518 0.024 0.074 —
Dikaryanto et al. (2020) Unhealthy Higher 56.0 -0.240  -0.442  -0.038 0.020 ——
Jung et al. (2018) Healthy Higher 56.0 -0.220  -0.379  -0.061 0.007 L
Lee et al. (2017 st 1&2) Unhealthy Lower 43.0 -0.215  -0.350  -0.080 0.002 ==
Jenkins et al. (2002 st 2) Unhealthy Lower 73.0 -0.210 -0.552 0.132 0.228 it
Carter et al. (2023) Healthy Higher 345 -0.200  -0.477 0.077 0.156 —t
Gravesteijn et al. (2023) Unhealthy Lower 50.0 -0.200 -0.447 0.047 0.113 i
Ruisinger et al. (2015) Healthy Higher 100.0 -0.190  -0.521 0.141 0.260 —_—
Mustra Rakic et al. (2022 st 2) Healthy Higher 84.0 -0.180 -0.809 0.449 0.575
Bowen et al. (2019) Healthy Higher 56.0 -0.160 -0.331 0.011 0.067 L =
Siegel et al. (2023) Healthy Higher 57.0 -0.160 -0.453 0.133 0.284 e
Berryman et al. (2015) Unhealthy Higher 425 -0.150 -0.303 0.003 0.054 e
Liu et al. (2017 st 1&2) Healthy Lower 56.0 -0.140  -0.315 0.035 0.117 =i
Chen et al. (2017) Healthy Higher 60.0 -0.130  -0.370 0.110 0.289 —
Jenkins et al. (2002 st 1) Unhealthy Lower 37.0 -0.120 -0.462 0.222 0.491 e
Gayathri et al. (2022) Healthy Higher 43.0 -0.100  -0.210 0.010 0.074
Foster et al. (2012) Healthy Lower 56.0 -0.077 -0.264 0.110 0.421
Hunter et al. (2022) Healthy Higher 425 -0.070 -0.285 0.145 0.524
Coates et al. (2020) Healthy Higher 49.0 -0.060  -0.360 0.240 0.695
Kurlandsky and Stote (2006 st 1&2) Healthy Higher 60.0 -0.050 -0.162 0.062 0.381
Sabate et al. (2003 st 1) Unhealthy Higher 34.0 -0.040  -0.611 0.531 0.891
Lovejoy et al. (2002 st 1&2) Healthy Higher 85.0 -0.035  -0.224 0.154 0.716
Rayo et al. (2025) Healthy Higher 57.0 0.013  -0.251 0.277 0.923
Abazarfard et al. (2014) Unhealthy Lower 50.0 0.030 0.014 0.046 0.000
Palacios et al. (2020) Healthy Lower 825 0.050 -0.279 0.379 0.766
Brown et al. (2023) Healthy Higher 425 0.061 -0.540 0.662 0.843
Tan and Mattes (2013 st 1-4) Healthy Higher 43.0 0.068  -0.269 0.405 0.693
Sweazea et al. (2014) Healthy Higher 37.0 0.120 -0.353 0.593 0.619 e —
Dhillon et al. (2018) Healthy Higher 56.7 0.150 -0.124 0.424 0.284 i
Cohen and Johnston (2011) Healthy Higher 20.0 0.300 -0.301 0.901 0.328 —_——l
Pooled -0.132  -0.190  -0.075 0.000 *

-2.00 -1.00 0.00 1.00 2.00

Reduced LDL-C Increased LDL-C

CI = confidence interval; d = day; LDL-C = low-density lipoprotein cholesterol; n = number; st = stratum (strata).

Figure 2. Effects of almonds on LDL-C across all studies (1 = 35 publications and 46 strata) [20-37,39-55].
In this forest plot, for each study or stratum, a square symbol is used to represent the point esti-
mate, bounded on either side by the 95% CI; the size of the square is proportional to the weight
contributed by the study or stratum. A random effects model was used. With a mean almond intake
of 20 to 100 g/d, the pooled change in LDL-C and associated 95% CI, represented by the diamond
symbol, is —0.132 mmol/L (95% CI, —0.190, —0.075 mmol/L; p < 0.001).

3.5.2. TC

TC was significantly reduced with the consumption of almonds versus a control when
the results from all 48 strata were pooled (—0.160 mmol/L; 95% CI: —0.218, —0.101 mmol/L;
p < 0.001; Figure 3). Publication bias was significant, with 3 studies found to be missing
from the right of the pooled effect; with the imputation of these 3 studies, the reduction
in TC was —0.13 mmol/L (95% CI: —0.20, —0.07 mmol/L). The I? statistic was less than
50%, so heterogeneity was considered not substantial, despite being statistically signifi-
cant. A significant reduction in TC was observed in each of the sensitivity analyses. Of
note, the magnitude of TC lowering was similar, irrespective of almond dose (<45 g/day
versus >45 g/day), study design, study duration, use of lipid-lowering medication, or
the provision of all meals and snacks. However, the reduction in TC was greater when
strata from lower quality studies were pooled (—0.228 mmol/L) compared to when strata
from higher quality studies were pooled (—0.140 mmol/L), and when strata in which the
baseline LDL-C level was not optimal were pooled (—0.290 mmol/L) compared to when
strata in which the baseline LDL-C level was optimal were pooled (—0.109 mmol/L).
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Study name Baseline LDL-C  Quality ~ Almond Intake (g/d Statistics for each study Difference in means and 95% ClI

Difference Lower Upper

in means limit limit p-Value
Abazarfard et al. (2014) Unhealthy Lower 50.0 -0.920 -1.277 -0.563 0.000 R
Spiller et al. (1998 st 1&2) Unhealthy Higher 100.0 -0.765  -1.316  -0.214 0.007 e —
Mustra Rakic et al. (2022 st 1) Healthy Higher 42.0 -0.500 -1.346 0.346 0.247
Wien et al. (2010) Healthy Higher 60.0 -0.430 -0.921 0.061 0.086 ——
Mustra Rakic et al. (2022 st 2) Healthy Higher 84.0 -0.420 -1.147 0.307 0.258
Tamizifar et al. (2005) Unhealthy Higher 250 -0.410  -0.701 -0.119 0.006 e
Gulati et al. (2023) Healthy Higher 60.0 -0.360 -0.716 -0.004 0.048
Carter et al. (2023) Healthy Higher 345 -0.300  -0.577  -0.023 0.033 ——
Lietal (2011) Unhealthy Higher 56.0 -0.300  -0.690 0.090 0.132 e ——
Jung et al. (2018) Healthy Higher 56.0 -0.290 -0.496 -0.084 0.006 —t—
Jia et al. (2006 st 1) Healthy Higher 84.0 -0.250  -0.860 0.360 0.422 —_—
Sabate et al. (2003 st 2) Unhealthy Higher 68.0 -0.240  -0.756 0.276 0.362 ——
Jenkins et al. (2002 st 2) Unhealthy Lower 73.0 -0.230 -0.639 0.179 0.270 e
Lee et al. (2017 st 1&2) Unhealthy Lower 43.0 -0.225 -0.401 -0.049 0.012 i
Dikaryanto et al. (2020) Unhealthy Higher 56.0 -0.210  -0.451 0.031 0.087 e
Gravesteijn et al. (2023) Unhealthy Lower 50.0 -0.200 -0.494 0.094 0.183 s
Jenkins et al. (2002 st 1) Unhealthy Lower 37.0 -0.190 -0.599 0.219 0.362 e o
Ruisinger et al. (2015) Healthy Higher 100.0 -0.190  -0.609 0.229 0.374 —_—
Damasceno et al. (2011) Unhealthy Higher 62.5 -0.185 -0.614 0.243 0.396 ———
Jia et al. (2006 st 2) Healthy Higher 168.0 -0.180 -0.746 0.386 0.533 ——
Bowen et al. (2019) Healthy Higher 56.0 -0.170  -0.359 0.019 0.078 -
Huang et al. (2024) Healthy Higher 56.0 -0.158 -0.563 0.248 0.446 ———
Liu et al. (2017 st 182) Healthy Lower 56.0 -0.155  -0.365 0.055 0.148 -t
Coates et al. (2020) Healthy Higher 49.0 -0.150 -0.478 0.178 0.370 e o el
Gayathri et al. (2022) Healthy Higher 43.0 -0.140 -0.260 -0.020 0.023 L .
Berryman et al. (2015) Unhealthy Higher 425 -0.130 -0.334 0.074 0.211 e ol
Hunter et al. (2022) Healthy Higher 425 -0.080 -0.295 0.135 0.466
Foster et al. (2012) Healthy Lower 56.0 -0.050 -0.287 0.187 0.679
Kurlandsky and Stote (2006 st 1&2) Healthy Higher 60.0 -0.050 -0.183 0.083 0.462
Sabate et al. (2003 st 1) Unhealthy Higher 34.0 -0.050 -0.566 0.466 0.849
Siegel et al. (2023) Healthy Higher 57.0 -0.050 -0.336 0.236 0.732
Chen et al. (2017) Healthy Higher 60.0 -0.040 -0.329 0.249 0.786
Lovejoy et al. (2002 st 1&2) Healthy Higher 85.0 -0.030 -0.294 0.234 0.824
Rayo et al. (2025) Healthy Higher 57.0 0.041 -0.289 0.372 0.806 ———
Palacios et al. (2020) Healthy Lower 825 0.054 -0.321 0.429 0.778 e o]
Tan and Mattes (2013 st 1-4) Healthy Higher 43.0 0.070 -0.310 0.450 0.718
Brown et al. (2023) Healthy Higher 42.5 0.070 -0.972 1.112 0.895
Sweazea et al. (2014) Healthy Higher 37.0 0.190 -0.310 0.690 0.456 e wn ]
Dhillon et al. (2018) Healthy Higher 56.7 0.360 -0.018 0.738 0.062 | ]
Cohen and Johnston (2011) Healthy Higher 20.0 0.400 -0.129 0.929 0.138 e —
Pooled -0.160 -0.218 -0.101 0.000 '3

-2.00 -1.00 0.00 1.00 2.00
Reduced TC Increased TC

CI = confidence interval; d = day; LDL-C = low-density lipoprotein cholesterol; #n = number; st = stratum (strata); TC = total cholesterol.

Figure 3. Effects of almonds on TC across all studies (1 = 36 publications and 48 strata) [20-55]. In this
forest plot, for each study or stratum, a square symbol is used to represent the point estimate, bounded
on either side by the 95% CI; the size of the square is proportional to the weight contributed by the
study or stratum. A random effects model was used. With a mean almond intake of 20 to 168 g/d, the
pooled change in TC and associated 95% CI, represented by the diamond symbol, is -0.160 mmol/L
(95% CI, —0.218, —0.101 mmol/L; p < 0.001).

3.5.3. HDL-C

There was no significant effect of almonds versus a control on HDL-C when the results
from all 45 strata were pooled (—0.002 mmol/L; 95% CI: —0.020, 0.016 mmol/L; p = 0.815;
Figure 4). Publication bias was not significant, as no studies were found to be missing to the
left of the pooled effect. The I? statistic was less than 50%, so heterogeneity was considered
not substantial, despite being statistically significant. Among the sensitivity analyses, a very
small but significant reduction in HDL-C was observed with the consumption of almonds
versus a control only when strata from lower quality studies were pooled (—0.008 mmol/L;
95% CI: —0.014, —0.002 mmol/L; p = 0.009). Borderline significant reductions in HDL-C
with the consumption of almonds versus a control were observed when strata in which
the baseline LDL-C level was not optimal were pooled (—0.028 mmol/L; 95% CI: —0.060,
0.004 mmol/L; p = 0.083) and when strata from studies that were crossover in design were
pooled (—0.025 mmol/L; 95% CI: —0.052, 0.003 mmol/L; p = 0.077).
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Study name Baseline LDL-C  Quality  Almond Intake (g/d) Statistics for each study Difference in means and 95% CI
Difference Lower Upper

in means limit limit p-Value
Dhillon et al. (2018) Healthy Higher 56.7 0.220 0.043 0.397 0.015
Coates et al. (2020) Healthy Higher 49.0 0.200 0.089 0.311 0.000
Siegel et al. (2023) Healthy Higher 57.0 0.070 -0.046 0.186 0.237 e —
Sweazea et al. (2014) Healthy Higher 37.0 0.070 -0.014 0.154 0.104 L e
Foster et al. (2012) Healthy Lower 56.0 0.060 -0.059 0.179 0.323 e —
Ruisinger et al. (2015) Healthy Higher 100.0 0.060 -0.133 0.253 0.543
Kurlandsky and Stote (2006 st 1&2) Healthy Higher 60.0 0.055 -0.004 0.114 0.069 ——
Berryman et al. (2015) Unhealthy Higher 425 0.050 -0.047 0.147 0.311 e
Jenkins et al. (2002 st 2) Unhealthy Lower 73.0 0.040 -0.194 0.274 0.738
Huang et al. (2024) Healthy Higher 56.0 0.036 -0.124 0.197 0.658 ———
Sabate et al. (2003 st 2) Unhealthy Higher 68.0 0.020 -0.116 0.156 0.773 ————
Jenkins et al. (2002 st 1) Unhealthy Lower 37.0 0.020 -0.200 0.240 0.859
Palacios et al. (2020) Healthy Lower 825 0.017 -0.121 0.155 0.810 ———
Liu et al. (2017 st 1&2) Healthy Lower 56.0 0.004 -0.096 0.104 0.938 ——
Gayathri et al. (2022) Healthy Higher 43.0 0.002 -0.025 0.029 0.883 L
Lee etal. (2017 st 182) Unhealthy Lower 43.0 0.000 -0.220 0.220 1.000 —
Gulati et al. (2023) Healthy Higher 60.0 0.000 -0.107  0.107 1.000 ——
Spiller et al. (1998 st 1&2) Unhealthy Higher 100.0 0.000 -0.282 0.282 1.000
Carter et al. (2023) Healthy Higher 345 0.000 -0.082 0.082 1.000
Lietal (2011) Unhealthy Higher 56.0 0.000 -0.339 0.339 1.000
Abazarfard et al. (2014) Unhealthy Lower 50.0 -0.008 -0.014 -0.002 0.009 [ ]
Tan and Mattes (2013 st 1-4) Healthy Higher 43.0 -0.008 -0.181 0.165 0.928 fr—
Sabate et al. (2003 st 1) Unhealthy Higher 34.0 -0.010 -0.146 0.126 0.885 ——
Bowen et al. (2019) Healthy Higher 56.0 -0.010 -0.071 0.051 0.747 ——
Rayo et al. (2025) Healthy Higher 57.0 -0.011 -0.143 0.121 0.870 ——
Jung et al. (2018) Healthy Higher 56.0 -0.020 -0.080 0.040 0.510 ——
Damasceno et al. (2011) Unhealthy Higher 62.5 -0.023 -0.187 0.141 0.783 ————
Mustra Rakic et al. (2022 st 1) Healthy Higher 42.0 -0.026 -0.312 0.260 0.858
Mustra Rakic et al. (2022 st 2) Healthy Higher 84.0 -0.026 -0.398 0.346 0.891
Chen et al. (2017) Healthy Higher 60.0 -0.031 -0.146 0.084 0.596 ————
Lovejoy et al. (2002 st 1&2) Healthy Higher 85.0 -0.035 -0.110 0.040 0.359 e
Gravesteijn et al. (2023) Unhealthy Lower 50.0 -0.060 -0.151 0.031 0.195 ———
Brown et al. (2023) Healthy Higher 425 -0.077 -0.436 0.283 0.676
Wien et al. (2010) Healthy Higher 60.0 -0.080 -0.252 0.092 0.362
Hunter et al. (2022) Healthy Higher 425 -0.080 -0.151 -0.009 0.028 |
Dikaryanto et al. (2020) Unhealthy Higher 56.0 -0.080 -0.163 0.003 0.059 ——
Tamizifar et al. (2005) Unhealthy Higher 250 -0.130 -0.205 -0.055 0.001 e
Pooled -0.002 -0.020 0.016 0.815 L 2

-0.50 -0.25 0.00 0.25 0.50
Reduced HDL-C Increased HDL-C

CI = confidence interval; d = day; HDL-C = high-density lipoprotein cholesterol; LDL-C = low-density lipoprotein cholesterol;
n = number; st = stratum (strata).

Figure 4. Effects of almonds on HDL-C across all studies (n = 34 publications and
45 strata) [20-26,28-37,39-55]. In this forest plot, for each study or stratum, a square symbol is
used to represent the point estimate, bounded on either side by the 95% CI; the size of the square is
proportional to the weight contributed by the study or stratum. A random effects model was used.
With a mean almond intake of 25 to 100 g/d, the pooled change in HDL-C and associated 95% CI,
represented by the diamond symbol, is —0.002 mmol/L (95% CI, —0.020, 0.016 mmol/L; p = 0.815).

3.5.4. Non-HDL-C

Non-HDL-C was significantly reduced with the consumption of almonds versus a
control when the results from all 10 strata were pooled (—0.204 mmol/L; 95% CI: —0.281,
—0.127 mmol/L; p < 0.001; Figure 5). Publication bias was significant, with 1 study found
to be missing from the right of the pooled effect; with the imputation of this one study,
the reduction in non-HDL-C was —0.20 mmol/L (95% CI: —0.27, —0.12 mmol/L). The
I? statistic was 0%, indicating no heterogeneity. A significant reduction in non-HDL-C
was observed in each of the sensitivity analyses. Of note, the magnitude of non-HDL-
C lowering was similar, irrespective of almond dose (<45 g/day versus >45 g/day),
baseline LDL-C level (<3.36 mmol/L versus >3.36 mmol/L), study design, study duration,
use of lipid-lowering medication, or the provision of all meals and snacks. However,
the reduction in non-HDL-C was greater when strata from higher quality studies were
pooled (—0.232 mmol/L) compared to when strata from lower quality studies were pooled
(—0.167 mmol/L).

3.5.5. TC:HDL-C

The TC:HDL-C ratio was significantly reduced with the consumption of almonds
versus a control when the results from all 18 strata were pooled (—0.154; 95% CI: —0.246,
—0.063; p = 0.001; Figure 6). Publication bias was significant, with 5 studies found to be
missing from the right of the pooled effect; with the imputation of these 5 studies, the
reduction in TC:HDL-C was —0.07 (95% CI: —0.18, 0.03). The I? statistic was 38.129%,
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indicating no substantial heterogeneity. A significant reduction in TC:HDL-C was observed
in each of the sensitivity analyses except when all 5 strata in which all meals and snacks
were provided were pooled and when the 10 strata in which the baseline LDL-C was
optimal were pooled, with the latter reduction approaching significance (—0.084; 95% CI:
—0.171, 0.003; p = 0.057). The reduction in TC:HDL-C was similar, irrespective of study
design, use of lipid-lowering medication, or the provision of all meals and snacks. However,
the reduction in TC:HDL-C was greater when strata in which the baseline LDL-C level
was not optimal were pooled (—0.291) compared to when strata in which the baseline
LDL-C level was optimal were pooled (—0.084); when strata in which the almond dose
was <45 g/day were pooled (—0.239) compared to when strata in which the almond dose
was >45 g/day were pooled (—0.123); when strata from studies that were >12 weeks in
duration were pooled (—0.242) compared to when strata from studies that were <12 weeks
in duration were pooled (—0.110); and when strata from studies that were lower quality
were pooled (—0.270) compared to when strata from studies that were higher quality were
pooled (—0.088).

Study name Baseline LDL-C  Quality  Almond Intake (g/d) Statistics for each study Difference in means and 95% CI

Difference  Lower  Upper

inmeans  lmit limit  p-Value
Carter et al. (2023) Healthy Higher 345 -0.300 -0.577 -0.023 0.033
Ruisinger etal. (2015)  Healthy Higher 100.0 0261 0618 0095 0151
Jung et al. (2018) Healthy Higher 56.0 0250 -0447 0053 0013 —
Leeetal. (20175t 182)  Unhealthy Lower 430 0224 0393 005 0010 —-—
Dikaryanto et al. (2020)  Unhealthy Higher 56.0 0220 0426 0014 0036 —a—
Berryman etal. (2015)  Unhealthy Higher 425 0180 -0.384 0024 0083 —
Liuetal. (2017 5t182)  Healthy Lower 56.0 0150 -0.325 0025 0093 ——
Palacios et al. (2020) Healthy Lower 825 0.036 -0.341 0.413 0.853 ———
Pooled 0204 -0281 0127  0.000 R 2

1.00 0.50 0.00 0.50 1.00
Non-HDL-C Non-HDL-C

CI = confidence interval; d = day; HDL-C = high-density lipoprotein cholesterol; LDL-C = low-density lipoprotein cholesterol;

n = number; st = strata.

Figure 5. Effects of almonds on non-HDL-C across all studies (n = 8 publications and
10 strata) [21,24,30,39,41,43,46,48]. In this forest plot, for each study, a square symbol is used to
represent the point estimate, bounded on either side by the 95% CI; the size of the square is propor-
tional to the weight contributed by the study. A random effects model was used. With a mean almond
intake of 34.5 to 100 g/d, the pooled change in non-HDL-C and associated 95% CI, represented by
the diamond symbol, is —0.204 mmol/L (95% CI, —0.281, —0.127 mmol/L; p < 0.001).

Study name Baseline LDL-C Quality Almond Intake (g/d) Statistics for each study Difference in means and 95% CI

Difference  Lower  Upper

inmeans  limit limit  p-Value
Abazarfard et al. (2014) Unhealthy Lower 50.0 -0.740  -1.105 -0.375 0.000 -+——
Tamizifar et al. (2005) Unhealthy Higher 250 -0600 -1.176  -0.024 0.041
Jenkins et al. (2002 st 2) Unhealthy Lower 73.0 -0.310  -0.950 0.330 0.342
Lee et al. (2017 st 182) Unhealthy Lower 430 -0250 -0.438 -0.062 0.009 -
Berryman et al. (2015) Unhealthy Higher 425 -0.240  -0.495 0.015 0.065 —i—
Wien et al. (2010) Healthy Higher 60.0 -0220  -0.679 0.239 0.348 —_—
Jenkins etal. (2002 st 1) Unhealthy Lower 37.0 -0.210  -0.863 0.443 0.529 e o ]
Carter et al. (2023) Healthy Higher 345 -0200 -0.477 0.077 0.156 —
Coates et al. (2020) Healthy Higher 49.0 -0.170  -0.534 0.194 0.360 ———
Bowen et al. (2019) Healthy Higher 56.0 -0.110  -0.275 0.055 0.191
Jung et al. (2018) Healthy Higher 56.0 -0.110  -0.337 0.117 0.342
Foster et al. (2012) Healthy Lower 56.0 -0.100  -0.377 0.177 0.480
Palacios et al. (2020) Healthy Lower 825 -0.070  -0.432 0.292 0.705
Dikaryanto et al. (2020) Unhealthy Higher 56.0 0.010 -0.141 0.161 0.897
Lovejoy et al. (2002 st 1&2) Healthy Higher 85.0 0.050 -0.138 0.238 0.602
Brown et al. (2023) Healthy Higher 42.5 0216  -0.526 0.958 0.568
Pooled -0.154  -0.246  -0.063 0.001

2,00 -1.00 0.00 1.00 2.00

Reduced TC:HDL-C Increased TC:HDL-C

CI = confidence interval; d = day; HDL-C = high-density lipoprotein cholesterol; LDL-C = low-density lipoprotein cholesterol;
n =number; st = stratum (strata); TC = total cholesterol.

Figure 6. Effects of almonds on the ratio of TC:HDL-C across all studies (1 = 15 publications and
18 strata) [20-24,26,30,31,37,39,41,44,46,53,55]. In this forest plot, for each study or stratum, a square
symbol is used to represent the point estimate, bounded on either side by the 95% CI; the size of the
square is proportional to the weight contributed by the study or stratum. A random effects model was
used. With a mean almond intake of 25 to 85 g/d, the pooled change in the ratio of TC:HDL-C and
associated 95% CI, represented by the diamond symbol, is —0.154 (95% CI, —0.246, —0.063; p = 0.001).
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Study name

Lietal. (2011)

Sabate et al. (2003 st 2)
Jenkins et al. (2002 st 2)
Damasceno et al. (2011)
Berryman et al. (2015)
Jenkins et al. (2002 st 1)
Jung et al. (2018)

Chen et al. (2017)
Sabate et al. (2003 st 1)

Unhealthy
Unhealthy
Unhealthy
Unhealthy
Unhealthy
Unhealthy
Healthy

Healthy

Unhealthy

Lovejoy et al. (2002 st 1&2) Healthy

Pooled

3.5.6. LDL-C:HDL-C

The LDL-C:HDL-C ratio was significantly reduced with the consumption of almonds
versus a control when the results from all 11 strata were pooled (—0.112; 95% CI: —0.199,
—0.026; p = 0.011; Figure 7). Publication bias was significant, with 2 studies found to be
missing from the right of the pooled effect; with the imputation of these 2 studies, the
reduction in LDL-C:HDL-C was —0.10 (95% CI: —0.19, —0.02). The I? statistic was 0%,
indicating no heterogeneity. A sensitivity analysis could not be conducted for the effect
of study design, as all strata were from studies that were crossover in design; likewise, a
sensitivity analysis could not be conducted for study duration, as there was only 1 stratum
from a study > 12 weeks in duration. Among the remaining sensitivity analyses, the
reduction in LDL-C:HDL-C was significant or nearly significant, except for when strata in
which the baseline LDL-C level was optimal were pooled; when strata in which some or all
subjects were taking lipid-lowering medications were pooled; and when strata from lower
quality studies were pooled. The reduction in LDL-C:HDL-C was similar, irrespective of
the provision of all meals and snacks. However, the reduction in LDL-C:HDL-C was greater
when strata in which the almond dose was <45 g/day were pooled (—0.174) compared to
when strata in which the almond dose was >45 g/day were pooled (—0.088).

Baseline LDL-C Quality Almond Intake (g/d) Statistics for each study Difference in means and 95% CI

Difference  Lower  Upper

in means limit limit p-Value
Higher 56.0 -0.300 -0.819 0.219 0.257 ———
Higher 68.0 -0.300 -1.061 0.461 0.440
Lower 73.0 -0.240 -0.744 0.264 0.351 ———
Higher 62.5 -0.200 -0.546 0.146 0.258 e
Higher 425 -0.190 -0.366  -0.014 0.035 E =
Lower 37.0 -0.120  -0.639 0.399 0.651 ———
Higher 56.0 -0.090 -0.259 0.079 0.297
Higher 60.0 -0.070  -0.332 0.192 0.600
Higher 34.0 0.000 -0.761 0.761 1.000
Higher 85.0 0.000 -0.188 0.188 1.000

-0.112  -0.199  -0.026 0.011
-2.00 -1.00 0.00 1.00 2.00

Reduced LDL-C:HDL-C Increased LDL-C:HDL-C

CI = confidence interval; d = day; HDL-C = high-density lipoprotein cholesterol; LDL-C = low-density lipoprotein cholesterol;
n = number; st = stratum (strata).

Figure 7. Effects of almonds on the ratio of LDL-C:HDL-C across all studies (1 = 8 publications and
11 strata) [21,25,28,37,39,42,44,49]. In this forest plot, for each study or stratum, a square symbol is
used to represent the point estimate, bounded on either side by the 95% CI; the size of the square is
proportional to the weight contributed by the study or stratum. A random effects model was used.
With a mean almond intake of 34 to 85 g/d, the pooled change in the ratio of LDL-C:HDL-C and
associated 95% ClI, represented by the diamond symbol, is —0.112 (95% CI, —0.199, —0.026; p = 0.011).

357. TG

There was a small but borderline significant reduction in TG with the consumption of
almonds versus a control when all 48 strata were pooled (—0.037 mmol/L; 95% CI: —0.079,
0.005 mmol/L; p = 0.085; Figure 8). Publication bias was significant, with 3 studies found
to be missing to the right of the pooled effect; with the imputation of these 3 studies, the
reduction in TG was not significant (—0.02 mmol/L; 95% CI: —0.07, 0.03 mmol/L). The
I2 statistic was 23.299%, for which heterogeneity was considered not substantial. Among
the sensitivity analyses, a small but significant reduction in TG was observed with the
consumption of almonds versus a control only when strata from studies that were parallel
in design were pooled (—0.067 mmol/L; 95% CI: —0.127, —0.007 mmol/L; p = 0.028).
Borderline significant reductions in TG with the consumption of almonds versus a control
were observed when strata in which the baseline LDL-C level was optimal were pooled
(—0.034 mmol/L; 95% CI: —0.071, 0.003 mmol/L; p = 0.075), when strata in which some or
all subjects were using lipid-lowering medications were pooled (—0.073 mmol/L; 95% CI:
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Study nhame

Abazarfard et al. (2014)
Mustra Rakic et al. (2022 st 2)
Ruisinger et al. (2015)
Spiller et al. (1998 st 1&2)
Jenkins et al. (2002 st 1)
Mustra Rakic et al. (2022 st 1)
Cohen and Johnston (2011)
Carter et al. (2023)

Jenkins et al. (2002 st 2)
Coates et al. (2020)

Jia et al. (2006 st 1)
Sweazea et al. (2014)
Lietal. (2011)

Liu et al. (2017 st 1&2)

Tan and Mattes (2013 st 1-4)
Gayathri et al. (2022)

Jia et al. (2006 st 2)
Berryman et al. (2015)
Gulati et al. (2023)

Sabate et al. (2003 st 2)
Jung et al. (2018)
Kurlandsky and Stote (2006 st 1&2)
Wien et al. (2010)

Dhillon et al. (2018)
Palacios et al. (2020)
Sabate et al. (2003 st 1)
Bowen et al. (2019)
Dikaryanto et al. (2020)

Lee et al. (2017 st 1&2)
Rayo et al. (2025)

Hunter et al. (2022)

Foster et al. (2012)

Siegel et al. (2023)
Gravesteijn et al. (2023)
Lovejoy et al. (2002 st 1&2)
Huang et al. (2024)

Brown et al. (2023)
Damasceno et al. (2011)
Tamizifar et al. (2005)

Chen et al. (2017)

Pooled

Baseline LDL-C

Unhealthy
Healthy
Healthy
Unhealthy
Unhealthy
Healthy
Healthy
Healthy
Unhealthy
Healthy
Healthy
Healthy
Unhealthy
Healthy
Healthy
Healthy
Healthy
Unhealthy
Healthy
Unhealthy
Healthy
Healthy
Healthy
Healthy
Healthy
Unhealthy
Healthy
Unhealthy
Unhealthy
Healthy
Healthy
Healthy
Healthy
Unhealthy
Healthy
Healthy
Healthy
Unhealthy
Unhealthy
Healthy

—0.155, 0.009 mmol/L; p = 0.079), and when strata in which all meals and snacks were not
provided were pooled (—0.042 mmol/L; 95% CI: —0.091, 0.007; p = 0.095).

Quality  Almond Intake (g/d) Statistics for each study Difference in means and 95% CI
Difference Lower Upper

in means limit limit p-Value
Lower 50.0 -0.720 -0.996 -0.444 0.000
Higher 84.0 -0.430 -1.403 0.543 0.386
Higher 100.0 -0.320 -0.950 0.310 0.319
Higher 100.0 -0.230 -0.719 0.259 0.356 ———
Lower 37.0 -0.220 -0.532 0.092 0.168 ———
Higher 42.0 -0.210 -0.779 0.359 0.469 ———
Higher 20.0 -0.200 -1.559 1.159 0.773
Higher 345 -0.200 -0.477 0.077 0.156
Lower 73.0 -0.160 -0.472 0.152 0.316 e
Higher 49.0 -0.160 -0.342 0.022 0.085 i
Higher 84.0 -0.140 -0.626 0.346 0.573 —
Higher 37.0 -0.100 -0.411 0.211 0.529 s
Higher 56.0 -0.100 -0.490 0.290 0.615 e ]
Lower 56.0 -0.095 -0.221 0.031 0.140
Higher 43.0 -0.093 -0.388 0.202 0.536
Higher 43.0 -0.080 -0.182 0.022 0.123
Higher 168.0 -0.080 -0.539 0.379 0.733
Higher 425 -0.070 -0.248 0.108 0.441
Higher 60.0 -0.060 -0.236 0.116 0.505
Higher 68.0 -0.050 -0.566 0.466 0.849
Higher 56.0 -0.050 -0.153 0.053 0.341
Higher 60.0 -0.050 -0.148 0.048 0.319
Higher 60.0 -0.030 -0.361 0.301 0.859
Higher 56.7 -0.030 -0.230 0.170 0.768
Lower 825 -0.030 -0.211 0.151 0.746
Higher 34.0 0.000 -0.516 0.516 1.000
Higher 56.0 0.020 -0.249 0.289 0.884
Higher 56.0 0.030 -0.124 0.184 0.702
Lower 43.0 0.055 -0.270 0.380 0.740
Higher 57.0 0.058 -0.158 0.273 0.600
Higher 425 0.060 -0.096 0.216 0.451
Lower 56.0 0.070 -0.118 0.258 0.464
Higher 57.0 0.080 -0.077 0.237 0.319
Lower 50.0 0.090 -0.184 0.364 0.520 ——
Higher 85.0 0.095 -0.244 0.434 0.583 e
Higher 56.0 0.135 -0.166 0.437 0.379 welf—
Higher 425 0.140 -0.110 0.390 0.273 e
Higher 62.5 0.149 -0.141 0.438 0.314 ——
Higher 25.0 0.190 -0.106 0.486 0.208 e
Higher 60.0 0.250 -0.123 0.623 0.189 e

-0.037 -0.079 0.005 0.085 4
-2.00 -1.00 0.00 1.00 2.00
Reduced TG Increased TG

CI = confidence interval; d = day; LDL-C = low-density lipoprotein cholesterol; n = number; st = stratum (strata); TG = triglycerides.

Figure 8. Effects of almonds on TG across all studies (n = 36 publications and 48 strata) [20-55]. In this
forest plot, for each study or stratum, a square symbol is used to represent the point estimate, bounded
on either side by the 95% CI; the size of the square is proportional to the weight contributed by the
study or stratum. A random effects model was used. With a mean almond intake of 20 to 168 g/d, the
pooled change in TG and associated 95% CI, represented by the diamond symbol, is —0.037 mmol /L
(95% CI, —0.079, 0.005 mmol/L; p = 0.085).

3.5.8. ApoA

There was no significant effect of almond consumption versus a control on ApoA
when the results from 15 strata were pooled (—0.714 mg/dL; 95% CI: —2.830, 1.402 mg/dL;
p = 0.508; Figure 9). Publication bias was significant, with 2 studies found to be missing to
the left of the pooled effect; with the imputation of these 2 studies, the pooled effect for
ApoA was —0.93 mg/dL (95% CI: —3.01, 1.15 mg/dL). The I? statistic was 0%, indicating
no heterogeneity. There were no significant effects of almond consumption versus a control
on ApoA in any of the sensitivity analyses.
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Study name Baseline LDL-C  Quality  Almond Intake (g/d) Outcome Statistics for each study Difference in means and 95% CI

Difference Lower Upper

in means limit limit p-Value
Palacios et al. (2020) Healthy Lower 82.5 ApoA1 6.780 -7.830  21.390 0.363
Jenkins et al. (2002 st2)  Unhealthy Lower 73.0 ApoA1 3.000 -14.848 20.848 0.742
Sabate et al. (2003 st 2) Unhealthy Higher 68.0 ApoA 2.900 -9.331 15131 0.642 ———
Berryman et al. (2015) Unhealthy Higher 425 ApoA1 2.000 -3.879 7.879 0.505
Sabate et al. (2003 st 1) Unhealthy Higher 34.0 ApoA 1.100 -11.131  13.331 0.860 %
Carter et al. (2023) Healthy Higher 345 ApoA1 0.800 -4.751 6.351 0.778
Chen et al. (2017) Healthy Higher 60.0 ApoA1 0.200 -7.942 8.342 0.962 i
Jenkins et al. (2002 st 1)  Unhealthy Lower 37.0 ApoA1 0.000 -16.331 16.331 1.000 ——
Lietal (2011) Unhealthy Higher 56.0 ApoA1 0.000 -21.236 21.236 1.000
Leeetal. (2017 st18&2)  Unhealthy Lower 430 ApoA1 1250 -5.388  2.888 0.554 -
Brown et al. (2023) Healthy Higher 425 ApoA1 -2.461 -37.262  32.340 0.890
Jung et al. (2018) Healthy Higher 56.0 ApoA -3.380 -8.920 2.160 0.232 i
Gayathri et al. (2022) Healthy Higher 43.0 ApoA -4.400 -10.878 2.078 0.183 ——
Damasceno et al. (2011)  Unhealthy Higher 62.5 ApoA1 -6.000 -21.719 9.719 0.454
Pooled -0.714 -2.830 1.402 0.508 L 4

-40.00 -20.00 0.00 20.00 40.00
Reduced ApoA Increased ApoA

Apo = apolipoprotein; CI = confidence interval; d = day; LDL-C = low-density lipoprotein cholesterol; n = number; st = stratum (strata).

Figure 9.  Effects of almonds on ApoA across all studies (n = 12 publications and
15 strata) [21,23-25,28,32,37,39,41,42,46,49] 2. In this forest plot, for each study or stratum, a square
symbol is used to represent the point estimate, bounded on either side by the 95% CI; the size of the
square is proportional to the weight contributed by the study or stratum. A random effects model was
used. With a mean almond intake of 34 to 82.5 g/d, the pooled change in ApoA and associated 95%
CI, represented by the diamond symbol, is —0.714 mg/dL (95% CI, —2.830, 1.402 mg/dL; p = 0.508).
2 For the studies that reported the results for ApoAl, the results for this outcome were combined
with the results for ApoA in the meta-analysis.

3.5.9. ApoB

ApoB was significantly reduced with the consumption of almonds versus a con-
trol when the results from all 15 strata were pooled (—4.552 mg/dL; 95% CI: —6.460,
—2.645 mg/dL; p < 0.001; Figure 10). Publication bias was not significant, as no studies
were found to be missing to the right of the pooled effect. The I? statistic was 4.349%,
indicating no substantial heterogeneity. A significant reduction in ApoB was observed in
each of the sensitivity analyses except those limited to strata from studies that were parallel
in design and those limited to strata with a duration >12 weeks. Of note, the magnitude of
ApoB lowering was similar, irrespective of almond dose (<45 g/day versus >45 g/day),
use of lipid-lowering medication, study quality, or the provision of all meals and snacks.
However, the reduction in ApoB was greater when strata in which the baseline LDL-C
level was not optimal were pooled (—5.776 mg/dL) compared to when strata in which the
baseline LDL-C level was optimal were pooled (—3.149 mg/dL); when strata from studies
that were crossover in design were pooled (—4.757 mg/dL) compared to when strata from
studies that were parallel in design were pooled (—2.914 mg/dL); and when strata from
studies that were shorter than 12 weeks in duration were pooled (-5.111 mg/dL) compared
to when strata from studies that were >12 weeks were pooled (-2.145 mg/dL).

3.5.10. ApoB:ApoA

The ApoB:ApoA ratio was significantly reduced with the consumption of almonds
versus a control when the results from all 10 strata were pooled (—0.027; 95% CIL: —0.046,
—0.008; p = 0.006; Figure 11). Publication bias was significant, with 1 study found to be
missing to the right of the pooled effect; with the imputation of this study, the reduction
in ApoA:ApoB was —0.03 (95% CI: —0.05, —0.01). The 12 statistic was 0%, indicating no
heterogeneity. A sensitivity analysis could not be conducted for the effect of study design,
as all strata were from studies that were crossover in design; likewise, a sensitivity analysis
could not be conducted for study duration, as there was only one stratum that was from
a study >12 weeks in duration. Among the remaining sensitivity analyses, the reduction
in ApoB:ApoA was significant or nearly significant, except when strata in which the dose
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of almonds was >45 g/day were pooled, strata in which the baseline LDL-C was optimal
were pooled, strata in which some or all subjects were taking lipid-lowering medications
were pooled, and strata in which all meals and snacks were not provided were pooled.

Study name Baseline LDL-C  Quality = Almond Intake (g/d) Statistics for each study Difference in means and 95% CI

Difference Lower Upper

in means limit limit p-Value
Lietal. (2011) Unhealthy Higher 56.0 -22.900 -35.640 -10.160 0.000 e
Damasceno et al. (2011)  Unhealthy Higher 62.5 -6.667 -15.980 2.646 0.161
Sabate et al. (2003 st 2) Unhealthy Higher 68.0 -6.600 -21.821 8.621 0.395
Carter et al. (2023) Healthy Higher 345 -6.000 -11.551 -0.449 0.034 ——
Jenkins et al. (2002 st 2)  Unhealthy Lower 73.0 -6.000 -14.166 2.166 0.150 ———
Berryman et al. (2015) Unhealthy Higher 425 -5.000 -8.921 -1.079 0.012 e -
Lee et al. (2017 st 1&2) Unhealthy Lower 43.0 -4.750 -9.218 -0.282 0.037 —il—
Jung et al. (2018) Healthy Higher 56.0 -4.330 -8.571 -0.089 0.045 =
Jenkins et al. (2002 st 1)  Unhealthy Lower 37.0 -4.000 -12.166 4.166 0.337 e o ol
Palacios et al. (2020) Healthy Lower 82.5 -1.000 -10.693 8.693 0.840 ———
Sabate et al. (2003 st 1) Unhealthy Higher 34.0 -0.900 -16.121 14.321 0.908 —
Chen et al. (2017) Healthy Higher 60.0 0.900 -7.098 8.898 0.825 e —
Gayathri et al. (2022) Healthy Higher 43.0 1.900 -7.701 11.501 0.698 ——
Brown et al. (2023) Healthy Higher 425 3.303 -16.076 22.683 0.738
Pooled -4.552 -6.460 -2.645 0.000 L 2

-40.00 -20.00 0.00 20.00 40.00
Reduced ApoB Increased ApoB

Apo = apolipoprotein; CI = confidence interval; d = day; LDL-C = low-density lipoprotein cholesterol; 7 = number; st = stratum (strata).

Figure 10. Effects of almonds on ApoB across all studies (1 = 12 publications and
15 strata) [21,23-25,28,32,37,39,41,42,46,49]. In this forest plot, for each study or stratum, a square
symbol is used to represent the point estimate, bounded on either side by the 95% CI; the size of the
square is proportional to the weight contributed by the study or stratum. A random effects model
was used. With a mean almond intake of 34 to 82.5 g/d, the pooled change in ApoB and associated
95% CI, represented by the diamond symbol, is —4.552 mg/dL (95% CI, —6.460, —2.645 mg/dL;

p <0.001).
Study name Baseline LDL-C Quality Almond Intake (g/d) Outcome Statistics for each stud: Difference in means and 95% CI
Difference Lower Upper
in means limit limit p-Value
Sabate et al. (2003 st 2) Unhealthy Higher 68.0 ApoB:ApoA -0.060 -0.196 0.076 0.387
Jenkins et al. (2002 st 2) Unhealthy Lower 73.0 ApoB:ApoA1 -0.050 -0.132 0.032 0.230
Lee etal. (2017 st 1&2)  Unhealthy Lower 43.0 ApoB:ApoA1 -0.050 -0.113 0.013 0.122 ———
Berryman et al. (2015) Unhealthy Higher 425 ApoB:ApoA1 -0.040 -0.080 -0.000 0.048 —i—
Jung et al. (2018) Healthy Higher 56.0 ApoB:ApoA -0.020 -0.052 0.012 0.225 -
Jenkins et al. (2002 st 1) Unhealthy Lower 37.0 ApoB:ApoA1 -0.020 -0.118 0.078 0.690
Sabate et al. (2003 st 1) Unhealthy Higher 34.0 ApoB:ApoA -0.010 -0.146 0.126 0.885
Lietal. (2011) Unhealthy Higher 56.0 ApoB:ApoA1 -0.010  -0.069 0.049 0.739 e .
Chen et al. (2017) Healthy Higher 60.0 ApoB:ApoA1 0.000 -0.068 0.068 1.000 ——
Pooled -0.027 -0.046  -0.008 0.006 L 2
-0.25 -0.13 0.00 0.13 0.25

Reduced ApoB:ApoA Increased ApoB:ApoA

Apo = apolipoprotein; CI = confidence interval; d = day; LDL-C = low-density lipoprotein cholesterol; n = number; st = stratum (strata).

Figure 11. Effects of almonds on the ratio of ApoB:ApoA across all studies (n = 7 publications and
10 strata) [21,25,37,39,41,42,49] 2. In this forest plot, for each study or stratum, a square symbol is
used to represent the point estimate, bounded on either side by the 95% CI; the size of the square
is proportional to the weight contributed by the study or stratum. A random effects model was
used. With a mean almond intake of 34 to 73 g/d, the pooled change in the ratio of ApoB:ApoA and
associated 95% CI, represented by the diamond symbol, is —0.027 (95% CI, —0.046, —0.008; p = 0.006).
2 For the studies that reported the results for the ratio of ApoB:ApoAl, the results for this outcome
were combined with the results for the ratio of ApoB:ApoA in the meta-analysis.

3.5.11. Lp(a)

There was no significant effect of almond consumption versus a control on Lp(a) when
the results from all 9 strata were pooled (0.563 mg/dL; 95% CI: —0.366, 1.492 mg/dL;
p = 0.235; Figure 12). Publication bias was significant, with 4 studies found to be missing to
the right of the pooled effect; with the imputation of these 4 studies, the pooled effect for
Lp(a) was 0.69 mg/dL (95% CI: —0.19, 1.57 mg/dL). The I? statistic was 0%, indicating no
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Study name

Damasceno et al. (2011)
Jenkins et al. (2002 st 2)
Sabate et al. (2003 st 1)
Ruisinger et al. (2015)
Sabate et al. (2003 st 2)
Jenkins et al. (2002 st 1)
Lee et al. (2017 st 1&2)
Berryman et al. (2015)
Pooled

heterogeneity. In none of the sensitivity analyses was there an effect of almond consumption
versus a control on Lp(a), though there were insufficient data to examine the effects of
almond consumption versus a control in studies in which the baseline LDL-C level was
optimal, in studies with a parallel design, and in studies with a duration >12 weeks.

LDL-C  Quality Almond Intake (g/d) Statistics for each study Difference in means and 95% CI

Difference Lower Upper

in means limit limit p-Value
Unhealthy Higher 62.5 -2.000 -18.365 14.365 0.811
Unhealthy Lower 73.0 -1.300 -9.633 7.033 0.760 ———
Unhealthy Higher 34.0 -1.000 -20.026 18.026 0.918
Healthy Higher 100.0 -0.200 -3.166 2.766 0.895 ——
Unhealthy Higher 68.0 -0.200 -19.226  18.826 0.984
Unhealthy Lower 37.0 -0.100 -8.811 8.611 0.982 ——
Unhealthy Lower 43.0 0.497 -0.793 1.787 0.450
Unhealthy Higher 425 1.000 -0.567 2.567 0.211

0.563 -0.366 1.492 0.235
-22.00 -11.00 0.00 11.00 22.00
Reduced Lp(a) Increased Lp(a)

CI = confidence interval; d = day; LDL-C = low-density lipoprotein cholesterol; Lp(a) = lipoprotein A; n = number; st = stratum (strata).

Figure 12.  Effects of almonds on Lp(a) across all studies (n = 6 publications and
9 strata) [21,28,37,41,48,49]. In this forest plot, for each study or stratum, a square symbol is used
to represent the point estimate, bounded on either side by the 95% CI; the size of the square is
proportional to the weight contributed by the study or stratum. A random effects model was used.
With a mean almond intake of 34 to 100 g/d, the pooled change in Lp(a) and associated 95% CI,
represented by the diamond symbol, is 0.563 mg/dL (95% CI, —0.366, 1.492 mg/dL; p = 0.235).

4. Discussion

Based on the analyses presented herein, almond consumption is associated with
significant reductions in LDL-C, TC, non-HDL-C, the ratios of TC:HDL-C and LDL-C:HDL-
C, ApoB, and the ratio of ApoB:ApoA, with a borderline significant reduction in TG, and
no significant effects on HDL-C, ApoA, or Lp(a). These observations are largely consistent
with those reported in previous systematic reviews and meta-analyses, though our finding
of almond-associated reductions in the ratio of ApoB:ApoA is entirely novel [5-7].

The measurement of serum TC represents the total amount of cholesterol in the
blood, which is mainly composed of LDL-C, HDL-C, and very low-density lipoprotein
cholesterol [56]. LDL-C, commonly referred to as “bad cholesterol”, is associated with the
initiation and progression of atherosclerosis [57,58]. The cumulative exposure of LDL-C
over time increases the atherosclerotic plaque burden as more LDL particles accumulate in
the artery wall; this buildup can lead to the obstruction of blood flow, resulting in CVD
outcomes such as angina, myocardial infarction, and mortality [57]. In contrast, HDL-C,
often referred to as “good cholesterol”, provides anti-atherosclerotic properties, such as the
reverse transport of excess cholesterol from cells in the artery walls to the liver for removal,
anti-inflammatory effects, and modulation of platelet aggregation [58-61]. Almond con-
sumption is associated with significant reductions in LDL-C, with no effects on HDL-C,
hence the observed reductions in other blood lipid outcomes, including non-HDL-C and a
shift in the ratios of TC:HDL-C and LDL-C:HDL-C towards more protective cholesterol.

The effects of almond consumption on LDL particle size have been investigated in
several studies [21,24,41,46,48]. Although Ruisinger et al. [48] reported a significant shift
in LDL particle size from Pattern A (large, buoyant) to Pattern B (small, dense) in almond
consumers versus non-consumers, this finding is not supported by any of the other studies
in which the effects of almond consumption on LDL particle size were assessed [21,24,41,46].
In all of these studies, almond consumption was associated with significant reductions in
small, dense LDL particles, which are particularly atherogenic compared to larger LDL
particles, given that small, dense LDL particles can more easily penetrate the endothelium
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by fitting through tiny gaps, remaining in circulation longer, and triggering inflammation
and plaque formation, as they are more prone to oxidation. Subjects in whom almond
consumption improved LDL particle size from small, dense to large, buoyant included
those with elevated TC and LDL-C at baseline [21]; subjects who were overweight and
obese with mildly elevated LDL-C [41]; subjects who were overweight and obese following
energy-restricted diets [24]; and subjects with prediabetes [46]. Importantly, diets were
rigidly controlled in the studies by Berryman et al. [21] and Lee et al. [41], as all meals and
snacks were provided to all study participants. The reasons for the discrepant results for
LDL particle size reported by Ruisinger et al. [48], who specifically studied individuals on
a stable dose of statins, are unclear and require further investigation.

CVD risk is strongly influenced by lipid-related factors. Beyond traditional cholesterol
measures (e.g., TC, LDL-C, HDL-C, and ratios of these), apolipoproteins are also important
markers of risk, as they carry lipids in the bloodstream. ApoA1 is a structural and functional
protein that constitutes up to 70% of high-density lipoprotein (HDL), often called “good
cholesterol” [62]. ApoAl is synthesized and secreted in the liver and plays a crucial role
in reverse cholesterol transport, which is the process of removing excess cholesterol from
peripheral tissues and delivering it back to the liver for excretion [63,64]. ApoAl is also
a cofactor for lecithin cholesterol acyl transferase, which helps esterify free cholesterol
on HDL, allowing HDL to carry cholesterol more effectively in blood [62]. Through
these functions, ApoAl-rich HDL particles can extract cholesterol from plaque-laden
macrophages in arteries and therefore protect against atherosclerosis [65]. As higher ApoA1l
levels correlate with higher HDL and better cholesterol clearance from arteries, it can be
viewed as a proxy for HDL functionality. Additionally, ApoAl has anti-inflammatory and
antioxidant roles as part of HDL and helps maintain endothelial health [65]. In healthy
adults, ApoAl levels roughly range from 75 to 160 mg/dL in men and 80 to 175 mg/dL
in women [66]. ApoAl levels below ~75 mg/dL in men or ~80 mg/dL in women are
considered low and possibly associated with higher risk of coronary artery disease [66].
Recent studies have even found that decreased serum ApoAl levels are associated with
poor survival [67]. In our meta-analysis, the impact of almond consumption on ApoA was
assessed in 15 strata. There was no significant effect of almonds relative to a control on
ApoA levels, not in the main analysis nor in any of the sensitivity analyses—a finding also
corroborated in the systematic reviews and meta-analyses by Lee-Bravatti et al. [6] and
Morvaridzadeh et al. [10]. Thus, it appears that almonds do not reduce TC and LDL-C
levels via reverse cholesterol transport.

On the other hand, ApoB is a “bad cholesterol”, where its large form, ApoB-100, is
the primary protein carrier of all major atherogenic lipoproteins found in blood, including
LDL, very low-density lipoprotein, intermediate-density lipoprotein, and Lp(a). The other
form, ApoB-48, is irrelevant, as it is primarily made in intestines for chylomicrons [68].
Each lipoprotein particle contains exactly one molecule of ApoB-100, meaning the plasma
ApoB concentration reflects the number of circulating LDL (and other Apo-B-containing)
particles. This is important because atherosclerosis risk closely relates to the number of
LDL particles that can infiltrate the arterial wall (i.e., particle count) rather than just the
total cholesterol amount [69]. LDL and related lipoproteins carrying ApoB can enter the
subendothelial space, where they may be retained and oxidized, triggering inflammation
and plaque formation [41]. Thus, ApoB drives the development of atherosclerosis by
ferrying cholesterol into arterial plaques. In healthy adults, ApoB levels roughly range
from 66 to 133 mg/dL in men and 60 to 117 mg/dL in women [70]. ApoB levels over
~133 mg/dL in men or ~117 mg/dL in women are considered elevated. Individuals with
normal LDL-C levels can still have elevated ApoB if they have a large number of small
LDL particles. Therefore, elevated ApoB is strongly associated with greater risk of coronary
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artery disease, even if LDL levels are normal. Indeed, multiple studies have reported that
ApoB levels correlate with CVD risk more robustly than LDL-C levels. For example, a
meta-analysis conducted by Sniderman et al. [71] on 233,455 subjects found that ApoB
(relative risk reduction [RRR] = 1.43) was the strongest predictor of cardiovascular events
when directly compared to LDL-C (RRR = 1.34). Based on our meta-analysis results, the
consumption of almonds was associated with a significant reduction in ApoB; this was
observed in the main meta-analysis involving all 15 strata in which effects on ApoB were
assessed and in 12 of the 14 sensitivity analyses. Only in the sensitivity analyses restricted
to studies that were parallel in design and that were 12 weeks or longer in duration were
there no effects of almonds on ApoB levels; however, the parallel studies and the longer-
duration studies were conducted primarily in subjects with LDL-C levels that were optimal
at baseline, and it is well-established that the magnitude of lipid lowering is very much
a function of baseline lipid level (discussed further below). By reducing ApoB levels, the
consumption of almonds interferes with the development of atherosclerosis by reducing
the ferrying of cholesterol into arterial plaques.

The ApoB:ApoAl ratio is the balance of atherogenic and anti-atherogenic factors [72].
In simple terms, it is a measure of the balance between “bad” cholesterol vehicles (ApoB)
and “good” cholesterol vehicles (ApoA1l) in the blood. An elevated ApoB:ApoAl ratio
signals that either ApoB, which promotes plaque formation, is increasing, or that ApoAl,
which promotes plaque clearance, is decreasing. Overall, it indicates an unfavorable lipid
profile and higher CVD risk, whereas a low ratio is protective. This ratio has also been
considered by many experts as a CVD risk indicator; in fact, this ratio has been found to be
a powerful predictor of myocardial infarction risk [73]. Based on a large international case—
control study INTERHEART) spanning 52 countries, the ApoB:ApoAl ratio was shown to
be a better marker for heart attack risk than the traditional TC:HDL-C ratio [73]. Based on
another study conducted in China, the ApoB:ApoAl ratio was a more effective predictor
of coronary heart disease risk in overweight and obese individuals than traditional lipid
measures like LDL-C [74]. The ratio was significantly associated with coronary heart
disease occurrence and showed the highest predictive value among lipid markers in the
overweight group [74]. In our main analysis and in 8 of the 12 sensitivity analyses, there
was a statistically significant or borderline significant reduction in the ratio of ApoB:ApoA.
In no other systematic review and meta-analysis was the effect of almond consumption on
the ratio of ApoB:ApoA investigated.

Lp(a) is a specialized lipoprotein particle closely resembling LDL, but with an ex-
tra protein attached. Structurally, an Lp(a) particle consists of an LDL core (containing
ApoB-100), with ApoA covalently bound to ApoB. The ApoA protein is unique to Lp(a)
and has a peculiar kringle domain structure similar to plasminogen, though ApoA itself
is not enzymatically active. This structural difference gives Lp(a) proatherogenic, proin-
flammatory, and antifibrinolytic properties. Because of its unique properties, Lp(a) is
recognized as an independent risk factor for CVD. Not only can it contribute to arterial
plaque buildup, but it is also associated with calcific aortic valve stenosis, a condition where
heart valves become hardened and narrowed [75]. Unfortunately, Lp(a) levels are over 90%
genetically determined by the Lp(a) gene, which encodes for ApoA, and diet or lifestyle
has minimal impact on Lp(a) levels [76]. Indeed, as expected, the consumption of almonds
had no significant impact on Lp(a), neither in our main meta-analysis nor in any of the
sensitivity analyses—a finding that is consistent with reports by Lee-Bravatti et al. [6] and
Morvaridzadeh et al. [10].

Based on the sensitivity analyses, greater improvements in lipid levels were observed
when the meta-analyses were limited to strata in which the baseline LDL-C level was not op-
timal, an observation that has been reported previously for many different functional foods
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and food ingredients, including flaxseed [77], soy protein [78], oat beta-glucans [79,80],
plant sterols and stanols [81,82], green tea catechins [83], nuts, in general [84], and almonds,
specifically [5]. Of note, most of the studies in which the baseline LDL-C was not optimal
were <12 weeks in duration and were crossover in design; thus, sensitivity analyses in
which the pooled effect is larger for studies with a duration <12 weeks or those that were
crossover in design are likely reflective of studies in which the baseline LDL-C level was
not optimal. Likewise, most of the higher-dose studies were conducted in subjects with
healthy baseline LDL-C levels, thereby obscuring an assessment of the impact of almond
dose on the magnitude of lipid modification in subjects whose baseline LDL-C level was
not optimal. In each of the studies by Jenkins et al. [37] and Sabaté et al. [49], the effects of
2 different doses of almonds on blood lipid levels were assessed in subjects whose baseline
LDL-C levels were not optimal. In both studies, there was evidence of a dose-response,
such that greater improvements in blood lipid levels were achieved with greater intakes
of almonds.

The statistically significant improvements in levels of LDL-C, TC, non-HDL-C,
TC:HDL-C, LDL-C:HDL-C, ApoB, and ApoB:ApoA observed in the main analyses persisted
in our sensitivity analysis when higher quality studies were pooled separately from lower
quality studies, thereby increasing confidence in the certainty of the findings. However,
the reduction in TG levels, which was borderline significant in the main analysis, was not
significant when the meta-analysis was restricted to either higher quality or lower quality
studies, so the effect of almond consumption on TG levels remains uncertain. Fasting TG
levels are associated with “extraordinarily high” intraindividual variability [85]. Indeed,
based on measurements taken on 3 occasions, Bookstein et al. [86] reported that day-to-day
variability in TC, LDL-C, and HDL-C ranged between 5 and 10%, while that for TG was 20%.
Likewise, based on 2 clinic visits, Jacobs and Barrett-Connor [87] reported coefficients of
variation of approximately 8% for TC and 25% for TG. Based on 4 blood samples collected
at 2-week intervals, the coefficient of biological variation ranged between 6 and 9% for TC,
HDL-C, ApoAl, ApoB, and LDL-C, but it was 28% for TG [88]. It is likely that dedicated
clinical studies that are appropriately powered to assess the effects of almond consumption
specifically on TG levels are needed.

The mechanisms by which blood lipid levels are improved with the consumption of al-
monds have been reviewed previously [5-7]. Almonds contain the phytosterol 3-sitosterol,
which inhibits cholesterol absorption through the displacement of dietary cholesterol from
bile salt micelles [89]. Moreover, oleic acid and linoleic acid, the most abundant unsat-
urated fatty acids in almonds, have been shown to favorably improve serum fatty acid
profiles [90-92]. Given the low SFA content of almonds, increased almond consumption
could result in decreased intakes of potentially atherogenic SFA from the overall diet.
Almonds have also been shown to significantly reduce body weight, waist circumference,
and fat mass [93], and these favorable changes may contribute to improvements in blood
lipid levels. Finally, almonds are an excellent source of vitamin E, which plays an important
role in the protection of lipids from oxidative damage [94,95].

The results reported herein are consistent with those reported in previous systematic
reviews and meta-analyses on the lipid-lowering effects of almond consumption [5-7].
Of note, the beneficial effects of almond consumption on the ratio of ApoB:ApoA are en-
tirely novel and highly encouraging. Beyond improvements in blood lipid levels, almonds
are nutrient-dense, and their consumption is associated with improvements in several
other cardiometabolic risk factors, including body weight and waist circumference [93],
endothelial function [30], blood pressure [96], markers of inflammation (e.g., C-reactive
protein and interleukin-6) [97], and markers of oxidative stress (e.g., malondialdehyde) [98].
CVD is a complex disease precipitated not only by the deposition of atherogenic lipids
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into vessel walls and the formation of atherosclerotic plaque but also oxidation and in-
flammation [99,100]. Indeed, in prospective observational studies, the consumption of
nuts, including almonds, was associated with reduced risks of CVD incidence and mortal-
ity [101,102]. Additionally, in the PREDIMED randomized controlled trial, a Mediterranean
diet supplemented with either nuts (including almonds) or olive oil was associated with
significant reductions in the risks of CVD events and mortality compared to a control diet
low in fat [103].

Our systematic review and meta-analysis has many strengths, including the con-
ducting of the literature search and data extraction in duplicate (i.e., by 2 individuals,
independently of one another), the assessments of heterogeneity and publication bias, and
the conducting of several sensitivity analyses. We did not search grey literature (such
as clinical trial registries) or for dissertations and theses, nor did we utilize quantitative
methods to address potential bias arising from selective reporting—2 notable limitations.
Also, in all of our included studies, it was not possible to blind subjects and investigators,
given that the investigational product was almonds; the degree to which performance bias
impacts subject/investigator behaviors and ultimately the results of studies of whole foods
on blood lipid levels is unknown. Likewise, although many of the identified studies were
funded by industry, the risk of industry bias is low, as the cardioprotective value of nuts,
including almonds, has been corroborated in prospective observational studies and even a
randomized controlled trial (the PREDIMED study), which were funded predominantly by
government agencies, not industry [101-103]. Finally, because this systematic review and
meta-analysis builds on a systematic review and meta-analysis published almost a decade
ago by Musa-Veloso et al. [5], some of the study data had already been extracted, and the
work could not be prospectively registered on PROSPERO.

5. Conclusions

Almond consumption is associated with significant reductions in blood lipid lev-
els, including LDL-C (—0.132 mmol/L; p < 0.001), TC (—0.160 mmol/L; p < 0.001), non-
HDL-C (-0.204 mmol/L; p < 0.001), TC:HDL-C (—0.154; p = 0.001), and LDL-C:HDL-C
(—0.112; p = 0.011), and a borderline significant reduction in TG (—0.037 mmol/L; p = 0.085),
with no effects on HDL-C. ApoAl is not significantly impacted by almond consumption
(-0.714 mg/dL; p = 0.508); thus, reverse control transport is not a mechanism by which
almonds improve lipid levels. In contrast, ApoB is significantly reduced with the consump-
tion of almonds (—4.552 mg/dL, p < 0.001), as is the ApoB:ApoAl ratio (-0.027 mg/dL,
p = 0.006), implying that almonds reduce the ferrying of cholesterol into arterial plaques,
which could reduce the risk of CVD outcomes. Unsurprisingly, Lp(a) levels are not signif-
icantly impacted by the consumption of almonds, likely because these levels are largely
genetically determined and unlikely to change with dietary interventions. For lipid out-
comes that were significantly improved with the consumption of almonds, the magnitude
of the effect was larger when the analyses were limited to studies in which the baseline LDL-
C level was not optimal. Almond consumption improves blood lipid levels, especially in
those in whom LDL-C levels are not optimal, thereby potentially improving cardiovascular
health and reducing the risk of CVD.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/nul7172791/s1: Supplementary Table S1: PRISMA 2020 Checklist;
Supplementary Table S2: Summary of study quality using Health Canada’s Quality Appraisal Tool;
Supplementary Table S3: Summary of outcomes reported across the studies; Supplementary Table S4:
Main and sensitivity analysis results.
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