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In the past, consensus guidelines often focused on target 
levels of low-density lipoprotein cholesterol (LDL-C). 

For patients at high risk of cardiovascular disease, a tar-
get LDL-C <1.8 mmol/L (≈70 mg/dL) has been a common 
recommendation.1

The GLAGOV study (Global Assessment of Plaque 
Regression With a PCSK9 Antibody as Measured by 
Intravascular Ultrasound)2 recently reported that lower levels 
of LDL-C were associated with greater regression of coronary 
plaque. Evolocumab or placebo was given in addition to statin 
therapy. Mean levels of LDL-C were 1.21 mmol/L with evo-
locumab versus 2.45 mmol/L with placebo, and plaque regres-
sion occurred in 64.3% of those on evolocumab versus 47.3% 
of those on placebo. A linear relationship between achieved 
LDL-C and regression was observed. Normalized total ath-
eroma volume decreased 0.9 mm3 with placebo and 5.8 mm3 
with evolocumab (P<0.001). It is notable that even with mean 
LDL-C of 1.21 mmol/L, 45.7% of patients receiving evo-
locumab did not achieve plaque regression.

In 2002, our group reported3 that carotid plaque burden, 
measured as total plaque area (TPA), was a strong predictor of 
cardiovascular risk. That finding was validated in the Tromsø 
study4,5 and in the High Risk Plaque Study.6 We also found that 
despite treatment according to consensus guidelines, more 
than half of our patients had plaque progression during the 
first year of follow-up, and those with progression had twice 
the risk of patients with stable plaque or regression.3

The recognition that treatment according to guidelines 
was failing half of our patients led us to a new approach to 
prevention, treating arteries instead of treating risk factors,7 
implemented in our clinic in 2003. The goal of therapy was 
to achieve regression of plaque, or at least stop progression 
of plaque, rather than to simply achieve guideline-based tar-
gets for risk factors, such as a blood pressure <140/90 mm Hg 
and an LDL-C <1.8 mmol/L. In 2010, we reported that among 
high-risk patients with asymptomatic carotid stenosis, treating 
arteries was associated with a reduction of the 2-year risk of 
stroke or myocardial infarction by >80%.8 Efforts are under 

Background and Purpose—Recent studies indicate that patients with lower levels of low-density lipoprotein cholesterol 
(LDL-C) have greater regression of coronary plaque. In 2002, we found that carotid plaque progression doubled 
cardiovascular risk. In 2003, we therefore implemented a new approach, treating arteries instead of risk factors. Since 
then, we have seen many patients with carotid plaque progression despite very low levels of LDL-C, suggesting other 
causes of atherosclerosis. We studied the relationship of achieved LDL-C and change in LDL-C to progression/regression 
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P<0.0001), and plaque progression was significantly less after 2003 (2.94±37.11 versus 12.62±43.24 mm2; P<0.0001). 
Many patients with LDL-C <1.8 mm had plaque progression (47.5%), and change in LDL-C was not correlated with 
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Conclusions—Many patients have Resistant Atherosclerosis, failing to achieve regression of atherosclerosis despite 
low levels of LDL-C. Instead of relying on LDL-C, measuring plaque burden may be a more useful way of assessing 
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way to implement a randomized controlled trial of usual care 
versus treating arteries.

Over the years, J.D.S. has observed that some patients 
required very low levels of LDL-C to achieve regression or 
stop progression. In this study, we explored the relationship 
between achieved LDL-C and change in LDL-C and progres-
sion/regression of TPA.

For reasons discussed below, we hypothesized that (1) con-
sensus target levels of LDL-C <1.8 mmol/L would not reliably 
predict progression or regression of atherosclerosis; (2) there 
would be interindividual variability of achieved LDL-C levels 
among patients who achieved plaque regression; (3) there may 
be sex differences in the relation of LDL-C to plaque changes; 
and (4) that atherosclerosis may be more resistant to lower-
ing of LDL-C with increasing age and with increasing serum 
creatinine.

Methods
The study is a retrospective analysis of a prospective clinic database, 
comparing patients assessed before and after 2003.

Data Sources
This study was conducted at the Stroke Prevention and Atherosclerosis 
Research Center of the Robarts Research Institute, London, Ontario, 
Canada. The study was approved by the Western University Health 
Science Research Ethics Board.

Study Population and Eligibility Criteria
Patients in the database were referred to J.D.S. for prevention of cardio-
vascular events. Before 1995, they were referred to the Hypertension 
Clinic or the Stroke Prevention Clinic at Victoria Hospital; after 1995, 
to the Stroke Prevention Clinic, Urgent TIA Clinic, or the Premature 
Atherosclerosis Clinic at University Hospital, London, Canada. 
Routine measurement of carotid plaque area for monitoring of ther-
apy began at the Stroke Prevention and Atherosclerosis Research 
Center in 1996. A previous history of stroke, myocardial infarction, 
or transient ischemic attack was present in 23.7% of patients. Patients 
included in the study had measurements of LDL-C levels and carotid 
plaque at least twice, approximately a year apart. Follow-up mea-
surements of plaque, performed to monitor success of therapy, were 
usually done at approximately annual intervals. We excluded those 
with a change in TPA per year >200 mm2 because in our experience 
of >40 000 plaque measurements, greater increases in TPA would 
be likely to be because of occlusion, with an artifactual increase in 
plaque area because of inclusion of the entire branch as plaque area, 
and greater decreases in TPA would be because of surgical removal 

of plaque at the time of endarterectomy or obscuration of plaque mea-
surement by a stent.

Lipid-Lowering Therapy
Before 2003, attempts were made to reduce LDL-C to <1.8 using diet 
and statins, with addition of fibrates or niacin in patients with high 
triglycerides and low high-density lipoprotein. After 2003, when we 
began to implement treating arteries, ezetimibe was commonly added 
in patients with plaque progression (regardless of the LDL-C).

Measurement of Serum Lipids and 
Carotid Plaque Burden
Fasting plasma lipids were mostly measured at local commercial 
laboratories, and, in some cases, plasma lipids were measured at the 
University Hospital Biochemistry Laboratory at the time of a clinic 
visit, by routine methods. As described previously,3 carotid athero-
sclerosis burden was measured as TPA using a high-resolution duplex 
ultrasound scanner. (Details are in the online-only Data Supplement.) 
Figure 1 shows the tracing of a plaque.

Change in TPA per year was divided into 3 categories: regression, 
stable, and progression, defined as an change in TPA of 5 mm2 per 
year, the median change in TPA in a previous publication from this 
study population,3 in which plaque progression was shown to double 
the 5-year risk of stroke, myocardial infarction, or death.

Statistical Analyses
Patient characteristics were compared between those referred before 
and after 2003 and between those who achieved consensus target 
LDL-C <1.8 mmol/L and those who did not, using a 2-sample t test 
(continuous variables) or χ2 (categorical variables). To assess the 
effect of achieving LDL-C <1.8 on plaque outcome, we used linear 
regression adjusting for confounders, including age, sex, pack-years 
of smoking, systolic blood pressure, high-density lipoprotein choles-
terol, and diabetes mellitus. To further explore the effect of LDL-C at 
follow-up and LDL-C change from baseline on the change in plaque 
burden, we stratified patients based on quartiles of LDL-C at follow-
up and quartiles of LDL-C change. We then compared the change in 
TPA per year as a continuous dependent variable by quartiles using 
1-way ANOVA with Bonferroni correction.

Effects of age and serum creatinine on resistance of plaque to low-
ering of LDL-C <1.8 mmol/L were analyzed graphically.

Data were analyzed using IBM SPSS Statistics v. 23 (IBM Inc) 
and Stata SE v. 13 (Stata Corp). A 2-tailed P value <0.05 was con-
sidered statistically significant. Data were expressed as percentages 
(%) for categorical variables, mean±SD and median and interquar-
tile range for normally and non-normally distributed continuous 
variables, respectively. For variables that did not meet assumptions 
for parametric analysis, the equivalent nonparametric test was per-
formed. The results of ordinal logistic regression were presented as 

Figure 1. Change in carotid plaque area and composition over months. Plaque regression and change in composition is much faster than 
most would expect. A, Soft plaque at the origin of the left external carotid in a 64-y-old man using ezetimibe alone because of myalgias 
and cramps with statins. His plaque had progressed from 20 mm2 6 mo earlier to 28 mm2 after stopping rosuvastatin. After adding back 
rosuvastatin 5 mg daily, the plaque area regressed to 0.19 mm2 over 3.5 mo (B). The plaque had also become denser, with regression of 
the soft plaque and more calcification. Reprinted from Spence and Hackam.7
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the likelihood of being in a higher plaque category (ie, a more severe 
plaque outcome).

Results
The clinic database included 8539 patients. Of those patients, 
4512 with complete data for analyses were included in the 
study; 2025 (44.9%) had their baseline plaque measurement 
before December 31, 2003 and 2487 (55.1%) after 2003. 
Table 1 compares baseline characteristics of the patients 
assessed after versus before 2003. A previous history of 
stroke, transient ischemic attack, or myocardial infarction was 
present in 23.7% of the patients.

During follow-up (median, 454 days and 386 days for lipid 
measurements and ultrasound assessments of carotid plaque, 
respectively), there were 1518 (33.6%) who achieved LDL-C 
<1.8 mmol/L and 2994 (66.4%) who did not; their baseline 
characteristics are described in Table I in the online-only Data 
Supplement. Table II in the online-only Data Supplement 
shows characteristics of patients included and excluded from 
the study.

Plaque Progression and Regression 
After 2003 Versus Earlier
Baseline TPA was significantly higher after 2003 
(129.56±134.32 versus 113.33±121.52 mm2; P<0.0001), 
and plaque progression was significantly less after 2003 
(2.94±37.11 versus 12.62±43.24 mm2; P<0.0001). After 
2003, more patients achieved a target LDL-C <1.8 (43.1% 
versus 22%; P<0.0001), more had plaque regression (33% 
versus 25%; P<0.0001), and fewer had progression (39.3% 
versus 47.9%). Nevertheless, there were many patients with 
LDL-C <1.8 mmol/L who had plaque progression (44.7%), 

and the distribution of LDL-C among patients with progres-
sion versus regression of plaque was not different (mean LDL-
C, 2.04±0.98 versus 2.03±0.96; P=0.80).

Target LDL-C Levels and Plaque Outcome
Neither LDL-C at follow-up nor change in LDL-C from 
baseline to follow-up was correlated with percent change in 
TPA from baseline to follow-up. There were fewer patients 
achieving LDL-C <1.8 mmol/L in all categories of plaque 
change; among patients achieving plaque regression, more 
patients had LDL-C >1.8 mmol/L than below that level. 
Although patients referred after 2003 had a higher baseline 
plaque burden, and on average less progression of plaque, 
the percentage of those with LDL-C <1.8 mmol/L who 
had progression of plaque was greater after 2003. While 
controlling for confounders, ordinal logistic regression 
analysis showed no association between target LDL-C lev-
els and plaque outcome (Table III in the online-only Data 
Supplement).

LDL-C at Follow-Up and Plaque Regression
Mean change in plaque area±SD was 6.85±41.76 mm2/y; 
the distribution of change in plaque area was normal 
(Figure 2). Among those with regression, 53% of patients 
had an LDL-C >2 mmol/L, and regression was common 
even among patients with LDL-C >3 mmol/L (19.5% of 
patients). Mean±SD LDL-C among patients with regression 
was 2.24±0.97 mmol/L.

Table 1. Patient Characteristics by Era of Referral

Characteristics
After 2003 
(n=2487) Earlier (n=2025) P Value

Age, y 63.59±13.41 60.95±12.65 <0.0001

Female, n (%) 1174 (47.20) 982 (48.5) <0.02

Diabetic, n (%) 416 (16.7) 212 (10.5) <0.0001

Pack-years of 
smoking

16.24±19.60 14.94±19.44 0.04

BMI, kg/m2 27.61±5.0 27.48±6.7 0.52

Systolic BP, mm Hg 143.65±21.21 147.89±21.40 <0.0001

Diastolic BP, mm Hg 82.11±2.69 83.75±12.45 <0.0001

Plaque status, n (%)

    Regression 795 (32.0) 506 (25)  

    Stable 714 (28.7) 550 (27.2) <0.0001

    Progression 978 (39.3) 969 (47.9)  

Baseline LDL-C, 
mmol/L

2.70±1.10 3.0±1.0 <0.0001

Follow-up LDL-C, 
mmol/L

2.15±1.0 2.52±0.93 <0.001

Mean±SD and n (%) are presented. Continuous variables were assessed by 
ANOVA and categorical variables by χ2. BMI indicates body mass index; BP, 
blood pressure; and LDL-C, low-density lipoprotein cholesterol.

Figure 2. Distribution of change in total plaque area. Most 
patients had only a small change in plaque area; very large 
increases may have been related to intraplaque hemorrhage or 
plaque rupture with thrombosis and occlusion (the entire area of 
occluded segments is counted as plaque); large decreases may 
have been because of endarterectomy or stenting. (Cases with 
a change >200 mm2 were excluded to limit those problems; a 
sensitivity analysis incases with plaque change <100 mm2 did not 
give different results).
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Sex Differences
In ordinal logistic regression, there was a significant interac-
tion between female sex and LDL-C at follow-up on plaque 
outcome (odds ratio, 0.87; 95% confidence interval, 0.77–
0.98; P=0.019; Table IV in the online-only Data Supplement). 
Women had a decreased likelihood of being in a more severe 
plaque category for every 1 mmol/L increase in LDL-C levels 
at follow-up, whereas men had an increased likelihood (odds 
ratio, 1.10; 95% confidence interval, 1.01–1.21; P=0.036; 
Tables V and VI in the online-only Data Supplement).

Effect of LDL-C on Baseline TPA and Effect 
of Change in LDL-C on Plaque Progression
In linear regression, before adding high-density lipoprotein 
cholesterol to the model, baseline LDL did not predict plaque 
burden or progression. After adding high-density lipoprotein 
cholesterol, the adjusted R2 (proportion of variance explained by 
the variables entered) for baseline plaque area was 0.437; base-
line LDL-C was then a significant predictor of baseline plaque 
burden, but had a lower β than age, sex, pack-years of smok-
ing, or systolic blood pressure (Table VII in the online-only Data 
Supplement). The adjusted R2 for change in plaque area was only 
0.009; baseline LDL-C weakly predicted plaque change, but the 
change in LDL-C between baseline and follow-up was not a sig-
nificant predictor of plaque progression/regression (Table VIII in 
the online-only Data Supplement). Table IX in the online-only 
Data Supplement shows ordinal logistic regression of the impact 
of risk factors on the odds of having plaque progression.

Effect of Age and Serum Creatinine 
on Resistance to Therapy
As shown in Figure 3, among patients with LDL-C <1.8 
mmol/L, there was greater resistance to therapy by quartile of 
age and by quartile of serum creatinine. However, as shown 
in Table 2, treating arteries, implemented in 2003, somewhat 
mitigated the effects of age and renal impairment.

Discussion
Just as failure to lower blood pressure below target levels 
with usual therapy is called resistant hypertension, failure 

to achieve plaque regression with low levels of LDL might 
be called resistant atherosclerosis. We found that a substan-
tial proportion of high-risk patients had plaque progression 
despite low levels of LDL-C.

We speculate that the reason patients referred after 2003 had 
higher plaque burden was that because of the new approach 
taken in our clinic (treating arteries), referral patterns in the 
community changed such that patients with more severe 
atherosclerosis were referred to the clinic, whereas patients 
with only risk factors such as hypertension were increasingly 
referred to other clinics. Although the subjects were referred 
to a highly specialized vascular prevention clinic, these obser-
vations may apply generally to treatment of atherosclerosis.

The reasons for hypothesizing that sex and age would 
increase resistance were that our previous studies indicated 
that plaque area increases steeply with age, and women have 
a lower mean plaque burden at any age than men.9,10 Reasons 
for hypothesizing that impaired renal function may increase 
atherosclerosis resistance are discussed below.

An important newly recognized environmental effect 
(although of the internal environment) that has recently come 
to the fore is the interaction between diet, renal function, and 
the intestinal microbiome.11 Homocysteine, thiocyanate, and 
asymmetrical dimethylarginine, as well as metabolic prod-
ucts of the intestinal microbiome, including trimethylamine 
n-oxide, p-cresyl sulfate, indoxyl sulfate, and indole acetic 
acid, all accumulate in renal failure12 and may contribute to 
the very high cardiovascular risk of patients with renal fail-
ure.12,13 Because the elderly have impaired renal function 
(above age 80; the mean estimated glomerular filtration rate 
among patients attending a vascular prevention clinic was 
<60),12 such factors may contribute to resistant atherosclero-
sis with increasing age. In the subgroup of patients with data 
on total homocysteine, baseline total homocysteine (n=1319) 
was a significant predictor of baseline plaque burden in lin-
ear regression (Table X in the online-only Data Supplement), 
and change in total homocysteine from baseline to follow-up 
(n=576) was not excluded from the model for plaque change, 
P=0.086 (Table XI in the online-only Data Supplement).

In this population of high-risk vascular prevention clinic 
patients referred between 1996 and 2016, we found that 

Figure 3. Effect of age and renal impair-
ment on atherosclerosis resistance. 
Progression of plaque despite low-
density lipoprotein cholesterol (LDL-C) 
<1.8 mmol/L (Resistant Atherosclerosis) 
was present in a higher percentage of 
patients by quartile of age (χ2; P<0.0001; 
A) and by quartile of serum creatinine (χ2; 
P=0.007; B).
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33.6% of patients achieved the target LDL-C level of <1.8 
mmol/L, similar to previous reports in patients with coronary 
artery disease.14

We further observed that there was a wide range of LDL-C 
levels needed to achieve regression. Indeed, some patients 
with plaque progression had remarkably low levels: 10 had 
a follow-up LDL-C <0.5 mmol/L (19 mg/dL) and 6.2% had 
LDL-C <1 mmol/L (38 mg/dL). Among patients with LDL-C 
<1, 49.8% had plaque progression. (They were being treated 
more intensively because they had plaque progression, but 
despite the more intensive treatment, they remained resistant.)

Among patients with plaque regression, less than half had 
LDL-C <1.8, and as shown in Figure I in the online-only Data 
Supplement, LDL-C >1.8 mmol/L was common in patients 
with plaque regression. This finding is consistent with that 
of our previous study in 2010,7 in which the mean of LDL-C 
levels in each year between 1998 and 2007 in the regression 
group was also higher than 1.8 mmol/L; it ranged from 1.87 
to 2.63 mmol/L. This suggests that achieving target thresholds 
of LDL-C may not necessarily lead to the goals of atheroscle-
rotic plaque reduction or prevention of cardiovascular events. 
The reason for these surprising findings is probably that, after 
2003, as discussed above, therapy was intensified in patients 
with plaque progression, whereas in patients with plaque 
regression, therapy was continued unchanged.7

Perhaps because the baseline LDL-C levels were treated 
levels, change in LDL-C between baseline and follow-up did 
not account for a significant proportion of the change in TPA. 
The R2 of only 0.437 for baseline plaque area indicates that 
besides LDL-C, there are other factors accounting for approx-
imately half of atherosclerosis, such as genetic factors, total 
homocysteine, asymmetrical dimethylarginine, thiocyanate, 
impaired renal function,12 diet, interaction of the intestinal 
microbiome and diet,11 exercise, alcohol intake, air pollution, 
second-hand smoke, and other unrecognized influences. The 
observed relationship between serum creatinine and resistance 
to treatment supports hypotheses relating to uremic toxins. 
The observed relationship to age may be in part dependent 
on renal impairment,12 but other factors, such as aging of the 
mitochondria with impaired ability to resist oxidative stress, 
and telomere shortening, might partially explain the apparent 
increased resistance to treatment with increasing age.

However, because the other factors are unknown, the prin-
cipal option available at present to achieve regression (or stop 
progression) is to treat the LDL-C (the thing we can treat) to 
lower levels.

Even though the causal role of LDL-C in the pathogenesis 
of atherosclerosis is well established, our findings do not sup-
port relying on LDL-C levels, which is the usual approach, 
as a good determinant of how well a patient is responding to 
therapy. Khera and Kathiserin15 reviewed recently the concept 
that whereas LDL cholesterol may dominate atherosclerosis 
in a subset of the population, a quantitative blend of causal 
genetic and environmental factors underlies the majority of 
coronary artery disease cases. Several reports have suggested 
that imaging of atherosclerosis may improve risk stratification 
and prediction. As reported in 2010,8 doing so may have the 
potential to improve markedly on current approaches to vas-
cular prevention, with residual risks of 60% to 70%.7

We also found a significant interaction between sex, LDL-
C, and plaque progression; women seemed to have a lower 
likelihood of plaque progression at a given level of LDL-C, as 
reported previously for coronary artery disease.16 It has been 
suggested that different combinations of risk factors may con-
tribute to differences in atherosclerosis between the sexes.17

Limitations of the study included that the analysis was ret-
rospective, and that there were missing data; the sample was a 
convenience sample from an electronic medical record. Also 
the duration of follow-up may be a limitation, and patients 
who did not have complete assessments may have had dif-
ferent rates of plaque progression or regression from those 
with complete data. Although a year may seem a short time 
to assess progression/regression, Figure 1 shows that plaque 
composition changes, and regression occurs within 3 months; 
this was also shown in our study of the effect of atorvastatin 
on regression of 3-dimensional plaque volume.18

The study also has several strengths, including the ability to 
adjust for many important variables, and the measurement of 
carotid plaque burden, with the advantages discussed above. 
The relatively large sample size compared with other studies 
of plaque regression supports that the findings may be robust.

As we found that in some patients, very low levels of 
LDL-C were required to achieve regression of plaque, and 
regression of plaque is associated with lower cardiovascular 

Table 2. Percent of Patients With Plaque Regression/
Progression Before and After 2003, When Treating Arteries 
Was Implemented, by Quartiles of Age and Serum Creatinine

 Regression Stable Progression P Value

Age quartile, y

    Earlier 0.002

     <53 28.3% 40.0% 31.7%

     53–62 23.0% 24.0% 53.0%

     63–71 19.0% 19.7% 61.3%

     ≥71 25.7% 16.7% 57.6%

    After 2003 <0.0001

     <53 34.8% 42.9% 22.3%

     53–62 33.3% 27.5% 39.2%

     63–71 32.4% 15.7% 51.9%

     ≥71 37.3% 14.4% 44.7%

Creatinine quartile, mmol/L

    Earlier 0.017

     ≤71 30.2% 22.5% 47.3%

     71–81 35.8% 20.2% 43.9%

     82–96 32% 23.6% 44.4%

     ≥96 38% 9.4% 52.5%

    After 2003 0.39

     ≤71 13.8% 24.1% 62.1%

     71–81 21.4% 32.1% 46.4%

     82–96 19% 16.7% 64.3%

     ≥96 26.9% 13.5% 58.9%
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risk,3,19 our findings may have implications for intensifying 
therapy among patients with plaque progression, including 
adding ezetimibe20 and inhibitors of plasma proprotein con-
vertase subtilisin/kexin type 9 (PCSK9)21 to statins. This may 
be particularly important in patients intolerant of statins.

An important clinical implication of our findings is that 
measuring LDL-C is not adequate to assess the patient’s 
response to therapy. Many patients with a low LDL-C have 
high plaque burden and plaque progression and are at very 
high risk; to identify them, it is necessary to measure the 
plaque burden.

Conclusions
Achieving low levels of LDL-C did not result in consistent 
effects on carotid plaque burden. Many patients who attained 
low levels of LDL-C had Resistant Atherosclerosis, with 
plaque progression, and many patients who did not attain the 
target LDL-C level had plaque regression. Neither LDL-C at 
follow-up nor change in LDL-C level from baseline to follow-
up was significantly associated with change in plaque burden. 
Measuring plaque burden may improve assessment of response 
to antiatherosclerotic therapy, with the objective of reducing 
the residual risk that remains with usual therapy based on tar-
get levels of LDL-C.
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