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Abstract

Background: Dyslipoproteinemias can be classified by their distinct lipoprotein patterns, which helps determine
atherosclerotic cardiovascular disease (ASCVD) risk and directs lipid management but this has required advanced
laboratory testing.

Objective: To develop a new algorithm for classifying lipoprotein disorders that only relies on the standard
lipid panel.

Methods: Lipid thresholds for defining the different lipoprotein phenotypes were derived for Non-High-
Density Lipoprotein-Cholesterol (NonHDL-C) and Triglycerides (TG) to be concordant when possible with the
current US Multi-Society guidelines for blood cholesterol management.

Results: The new classification method categorizes patients into all the classical Fredrickson-like phenotypes
except for Type lll dysbetalipoproteinemia. In addition, a new hypolipidemic phenotype (Type VI) due to
genetic mutations in apoB-metabolism is described. The validity of the new algorithm was confirmed by lipid
analysis by NMR (N=11,365) and by concordance with classification by agarose gel electrophoresis/beta-
quantification (N=5504). Furthermore, based on the Atherosclerosis Risk in Communities (ARIC) cohort (N=
14,742), the lipoprotein phenotypes differ in their association with ASCVD (TypeV>Ilb > IVb > lla > IVa >
normolipidemic) and can be used prognostically as risk enhancer conditions in the management of patients.

Conclusions: We describe a clinically useful lipoprotein phenotyping system that is only dependent upon the
standard lipid panel. It, therefore, can be easily implemented for increasing compliance with current
guidelines and for improving the care of patients at risk for ASCVD.
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Highlights

phenotypes except for Type lIl.

management.

A new algorithm is described for categorizing dyslipidemic patients into Fredrickson-like lipoprotein

The new lipoprotein phenotypes were validated by NMR-lipoprotein analysis and by agarose gel
electrophoresis/beta-quantification in a large number of subjects.
The new lipoprotein phenotyping system identifies high-risk cardiovascular patients and helps direct clinical

A major advance is that the new lipoprotein phenotypes are based on just the standard lipid panel, and thus
can be automatically calculated by the clinical laboratory and widely implemented.
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Background

Elevated plasma lipids, in particular total cholesterol
(TC) and triglycerides (TG), increase the risk of athero-
sclerotic cardiovascular disease (ASCVD); hence, their
measurement is integral to ASCVD risk assessment and
prevention [1]. The levels of TC and TG in plasma are
influenced by a complex network of metabolic pathways,
which when disturbed by disease or environmental influ-
ences, will alter the concentration of the various lipopro-
teins that transport these lipids in the circulation.
Perturbations in the normal physiologic level of plasma
lipoproteins were first noted over 50years ago by
Donald S. Fredrickson and colleagues, whose observa-
tions became the foundation for the first phenotypic
classification of lipoprotein disorders [2—6].

The three main classes of apolipoprotein B (apoB)-con-
taining lipoprotein particles are Low-Density Lipoproteins
(LDL), Very-Low Density Lipoproteins (VLDL) and chylo-
microns. Nearly all possible permutations for elevations in
these lipoproteins, taken one or two at a time, comprise
the classic Fredrickson classification system. Three of
these phenotypes are characterized by an increase in a sin-
gle type of lipoprotein, namely Type I (chylomicrons),
Type Ila (LDL), and Type IV (VLDL). In the Types IIb
and V phenotypes, two classes of lipoproteins are
increased, and thus they are sometimes called mixed dysli-
poproteinemias. In Type IIb, there is an increase in both
VLDL and LDL, whereas in Type V both VLDL and
chylomicrons are increased. The only other possible
permutation for simultaneous elevations in two
lipoprotein classes would be an increase in LDL and
chylomicrons, but this pattern has only been described
in a single case report [7]. The other remaining
Fredrickson phenotype is Type III. It is a relatively
uncommon disorder characterized by the accumulation
of cholesterol-enriched remnant particles, due to impaired
apoE-mediated hepatic clearance of partially lipolyzed
VLDL and chylomicrons [8]. It is important to note that
the Fredrickson classification system does not address
dyslipidemias related to low HDL-C or elevated Lp(a).

The Fredrickson classification was originally established
by separating lipoproteins by density gradient ultracentri-
fugation (beta-quantification), but later it was mostly
performed by the more convenient method of agarose gel
electrophoresis  [9]. Although the classification of
Fredrickson lipoprotein phenotypes is still used for didac-
tic purposes, it is currently only available in specialty refer-
ence laboratories and is no longer widely used in clinical
practice [9]. The gradual discontinuation of detailed lipo-
protein phenotyping, starting in the late 1980s, was largely
driven by the advent of statin therapy. Contemporary
guidelines have almost exclusively focused on reducing
LDL-C with statins as the initial approach for ASCVD risk
reduction by lipid-lowering therapy.

In 2007, Allan D. Sniderman and colleagues described
a modification of the Fredrickson classification system in
which apoB, along with TC and TG, were used as surro-
gate measures of lipoprotein concentrations [10]. They
also made several well-reasoned recommendations on
how lipoprotein phenotyping could enhance the clinical
management of patients in the modern era, including
the use of various lipid therapies that alter other lipid
parameters besides LDL-C [11]. Since that time,
additional lipid-lowering drugs have been approved,
particularly for hypertriglyceridemia, which may
benefit from a more refined classification of lipopro-
tein phenotypes [12, 13].

The current 2018-Multiscociety Blood Cholesterol
Guideline [1] and the National Lipid Association (NLA)
Recommendations [14] on lipid management for the pri-
mary prevention of ASCVD, still mostly depend on the
standard lipid panel (TC, TG, and HDL-C), which can
be used to estimate LDL-C [15]. Although ApoB can be
accurately measured and can improve ASCVD risk as-
sessment [16, 17], it is not recommended as a primary
screening test by current US guidelines. This decision
was made, in part, in order to simplify the screening
process and because the addition of apoB to the stand-
ard lipid panel testing would approximately double the
cost for ASCVD-risk screening [18].
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In an effort both to be cost-effective and to conform
with existing US guidelines, we have developed a new al-
gorithm for lipoprotein phenotyping based on just two
components of the standard lipid panel, namely TG and
NonHDL-C (TC minus HDL-C). The new classification
system depends upon 7 lipid cut-points already recom-
mended by the 2018-Multiscociety Guideline for patient
management [1], plus two non-traditional lipid-based
rules. Although this new classification system cannot be
used for identifying Type III dyslipidemia, it does iden-
tify the other more common Fredrickson phenotypes re-
lated to apoB-containing lipoproteins. A new phenotype,
Type VI, which occurs due to rare genetic disorders in
apoB-metabolism and requires a specific treatment, is
also described. Finally, we show how this new lipopro-
tein phenotyping system can serve as a general guide or
framework, particularly for the non-lipid specialist, in
the diagnosis and clinical management of patients at risk
for ASCVD.

Materials and methods

Study design and biochemical measurements

Laboratory, observational study lipid databases, and
ASCVD outcome experience from large observational
cohorts were used to develop, cross-validate, and exam-
ine the potential utility of the new lipoprotein phenotyp-
ing method. Research under this study was considered
non-human subject research and was exempted by the
NIH-IRB.

Standard lipid panel tests (N =32,696), measured by
standard enzymatic methods, plus apoB, were performed
on the Cobas 6000 analyzer (Roche) on patients (N =
14,120) tested on multiple occasions at the NIH Clinical
Center from 2013 to 2018. Patients in the study included
those with a normal lipoprotein profile and also a wide
variety of rare lipid disorders. Patients on lipid-lowering
therapy were not excluded from analysis. NMR LipoPro-
file analysis (LabCorp) was also performed on a
convenience-derived subset of the same samples (N =
11,365), using the Vantera NMR analyzer and LP4 de-
convolution algorithms [19]. De-identified clinical la-
boratory test results from the National Health and
Nutrition Examination Survey (NHANES, 2005-2016)
(N = 13,086) were used for external validation and down-
loaded from the following website: https://wwwn.cdc.
gov/nchs/nhanes/. De-identified datasets for external
validation were also obtained from the Multi Ethnic
Study of Atherosclerosis (MESA) (N=6788) and the
Atherosclerosis Risk in Communities (ARIC) (N=
14,742), using BioLINCC (https://biolincc.nhlbi.nih.gov/
home/). Metabolic Syndrome was defined using 2004-
AHA guidelines [20].

Routine diagnostic testing for lipoprotein phenotyping
of patients (N=5602) was performed at Mayo Clinic

Page 3 of 21

Laboratories, using a combination of agarose gel electro-
phoresis and beta-quantification (gel-lipid method). The
lipid phenotype was assigned after reviewing agarose gel
electrophoresis in the context of LDL-C as determined
by beta-quantification (LDL-Cgq) and other lipid values
as described below. Serum was ultracentrifuged for 15h
at 75,000 x g to generate a supernatant with density <
1.006 g/L. The upper layer (containing chylomicrons and
VLDL) and lower layer (containing HDL and LDL) were
separated and transferred to aliquot tubes. TC and TG
concentrations were determined enzymatically in whole
serum and in both density layers. HDL-C was deter-
mined following selective precipitation of LDL from the
lower layer, using a mixture of magnesium chloride and
dextran sulfate. LDL-Cgq is calculated as ([lower layer
cholesterol] — [HDL-C]). Phenotypes were assigned ac-
cording to the following criteria: (1) Type I=abundant
chylomicrons with minimal VLDL detected on gel and
VLDL-layer Cholesterol/TG ratio (Vi a0) <0.1. (2) Type
ITa = LDL-Cgq > 190 mg/dL and VLDL-layer TG <120
mg/dL (mild ITa if LDL-Cgq = 160-189). (3) Type IIb =
LDL-Cgq > 190 mg/dL and VLDL-layer TG > 120 mg/dL
(mild TIb if LDL-Cgq = 160—189 mg/dL). (4) Type III =
floating beta-VLDL on gel and VLDL-layer TG > 120
mg/dL and V., >0.33. (5) Type IV =LDL-Cgq < 160
mg/dL and VLDL-layer TG > 250 mg/dL (mild if VLDL-
layer TG =120-249 mg/dL). (6) Type V =chylomicrons
and VLDL detected on gel and total plasma TG > 1000
mg/dL and V 4, < 0.2.

Statistical methods

Mean differences between groups were analyzed by
ANOVA, or t-test, in case of two groups, with P < 0.05
considered statistically significant. Statistical analysis was
performed using JMP software (SAS, NC). Software de-
veloped for lipoprotein phenotyping analysis by the
newly developed method can be freely downloaded at
the following website: https://figshare.com/articles/
software/Sampson_Phenotype_Calculator/16617490

Results

Lipid cut-points for new classification system for
lipoprotein phenotypes

A diagram of our new classification system for lipopro-
tein phenotypes is shown in Fig. 1 or as a flowchart in
Supplemental Fig. 1. The two vertical TG cut-points of
175 and 500 mg/dL are based on the 2018-Multiscociety
Guideline for lipids [1]. In these guidelines, TG > 175
mg/dL is used to define hypertriglyceridemia, which we
also use to identify the 4 traditional hypertriglyceridemic
phenotypes (Type I, IIb, IV, and V). When TG > 500 mg/
dL, one should consider the use of TG- lowering therapy
for reducing the risk of pancreatitis [1] and is the cut-
point that the FDA uses for the approval of TG-lowering
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Fig. 1 Diagram of new lipoprotein phenotyping classification system. Solid lines indicate various nonHDL-C and TG cut-points used to define
various lipoprotein phenotypes (Type I-VI dyslipidemias, and the Normolipidemic subtypes (High (H), Moderate (M) and Low (L)). Phenotypes are
color coded as indicated

drugs for the prevention of pancreatitis. We used this
same TG cut-point to distinguish Type I and V pheno-
types, which are at increased risk of pancreatitis [21]
[22], from Type IIb and Type IV, which have more mod-
erate increases in TG and a lower risk for pancreatitis.

Most of the nonHDL-C cut-points are based on the
following guidelines [1] for stratifying ASCVD risk by
LDL-C: LDL-C=190mg/dL, a criteria often used to
define high risk Type Ila patients [23], LDL-C between
160 and 190 mg/dL (Normolipidemic High risk (Ny)),
LDL-C between 70 and 160 mg/dL (Normolipidemic
Moderate risk (Nyy), and LDL < 70 mg/dL (Normolipide-
mic Low risk (N). To convert these LDL-C limits into
nonHDL-C units, the Friedewald equation was rear-
ranged to calculate NonHDL-C (NonHDL-C = LDL-C +
0.2TG) and LDL-C was fixed at either 190, 160 or 70
mg/dL, thereby creating the three diagonal nonHDL-C
boundary lines seen in Fig. 1.

For TG between 175 and 500 mg/dL, there are two
additional horizontal nonHDL-C boundary lines (Fig. 1).
The top line defines the boundary between Type IIb and
Type IV and was fixed at a NonHDL-C of 220 mg/dL,
the decision point recommended instead of LDL-C to
initiate statin treatment in hypertriglyceridemic patients,
according to 2015-NLA recommendations [14], which is

also consistent with the current 2018-Multiscociety
Guideline [1], as well as older US guidelines [24]. The
lower NonHDL-C cut-point of 130 mg/dL is currently
used as an alternative for LDL-C in defining patients at
lower risk for ASCVD [1]. We used this cut-point for
dividing the Type IV phenotype into two subtypes (Type
IVa and Type IVDb). As will be shown later, compared to
Type IVb, subjects with Type IVa have a higher propor-
tion of large Triglyceride-rich lipoprotein (TRL) particles
than small TRL particles and are at a lower risk for
ASCVD. We also use this cut-point because now that
the 2018-Multisociety Guideline [1] has endorsed the
use of non-fasting samples for screening, it is likely that
many non-fasting patients may have plasma lipids that
transiently fall into Type IVb phenotype but may have a
more normolipidemic phenotype when fasting.

For TG = 500 mg/dL, we have one horizontal boundary
line at a fixed NonHDL-C value of 110 mg/dL (Fig. 1), a
non-traditional lipid cut-point. We chose it, because it
approximately corresponds to the apoB decision limit of
75 mg/dL (Supplemental Fig. 2), which is one of the
rules used in the Sniderman classification [10] to distin-
guish Type I from Type V. We, therefore, define Type V
as all patients with a TG =500 mg/dL and a NonHDL-
C>110mg/dL. This phenotype has the widest range of



Sampson et al. Lipids in Health and Disease (2021) 20:170

lipid values in our classification system, but it is sparsely
populated. Unlike Type I, patients with this condition
usually present in adulthood and are characterized as
having high interindividual variability in their plasma
lipids [25, 26], which can fall anywhere in the upper
right quadrant of the plot (Fig. 1).

We also describe a new lipoprotein phenotype desig-
nated as Type VL It is based on a compound lipid rule
(NonHDL-C < 30 mg/dL (<0.02 * percentile) and a TG <
30 mg/dL (<1st percentile)) that is not used by any
current guidelines (Fig. 1). We designed this new pheno-
type to identify hypolipidemic patients not on lipid-
lowering treatment, who have genetic disorders in apoB-
containing lipoprotein particle formation. Type VI pa-
tients can include Abetalipoproteinemia (ABL) due to
mutations in the microsomal transfer protein, and
Homozygous hypobetalipoproteinemia (HHBL) due to
structural mutations in apoB. Both disorders lead to
severely impaired chylomicron formation and malab-
sorption of fat-soluble vitamins. These patients should
be treated with high dose Vitamin A and E to prevent
vision loss and other neurological problems [27].
Individuals with more benign disorders of low apoB,
who usually do not develop fat soluble vitamin deficien-
cies, such as patients with Familial Hypobetalipoprotei-
nemia (FHBL) due to heterozygous mutations in apoB
or Familial Combined Hypolipidemia due to mutations
in ANGPTL3, can also have low NonHDL-C and TG,
but they usually have values outside the range we used
to define Type VI [28].

To characterize the lipoprotein profile of subjects
classified into our new lipoprotein phenotypes, we
performed NMR analysis on patients (N =11,365) that
underwent routine diagnostic testing at the NIH clinical
laboratory. Each patient was first classified into their
lipoprotein phenotype by plotting their nonHDL-C
values against TG (Fig. 2A). Each point in the plot corre-
sponds to an individual patient and represents the con-
centration of cholesterol and TG that are contained
within the different types of apoB-containing lipopro-
teins present in a sample. The 3 dotted lines in Fig. 2A
correspond to the typical cholesterol-to-TG ratio for
purified LDL, VLDL or chylomicrons [2]. As TRL parti-
cles undergo TG loss via lipolysis and gain cholesterol
from cholesteryl ester transfer protein (CETP)-mediated
lipid exchange [29], they transition from the lower right
corner of the plot (TG-enriched) to the upper left corner
(cholesterol-enriched). Note that even for the Type I
phenotype, all points fall well above the dotted line
representing pure chylomicrons. Although Type I patients
have relatively high levels of chylomicrons compared to
other phenotypes, they still have a greater number of LDL
and VLDL particles, which causes their position on the
graph to shift above the pure chylomicron line. Similarly,
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most patients with Type Ila, with an increase in
cholesterol-enriched LDL particles, mostly fall to the right
and below the dotted line representative of pure LDL be-
cause they also contain other types of lipoprotein particles,
such as VLDL that are more enriched in TG.

To better visualize the Type VI phenotype, we plotted
NonHDL-C versus the natural log of TG (Fig. 2B) and
also the natural log of NonHDL-C versus the natural log
of TG (Fig. 2C). Out of the 34 patient samples identified
as having the Type VI phenotype, we were able to con-
firm that 33 of them came from either 3 different ABL
patients, with undetectable apoB (< 10 mg/dL), or from 4
different HHBL patients, who all had an apoB< 13 mg/
dL. One patient identified as Type VI, however, had Fa-
milial Combined Hypolipidemia, with an apoB of 34 mg/
dL. Thus, apoB testing is recommended to confirm the
diagnosis of ABL or HHBL in all Type VI patients.

To facilitate the visualization of phenotype frequencies
and how they relate to each other metabolically, the con-
centrations of NonHDL-C and TG were converted into
percentiles (Fig. 2D). Most of the plot is occupied by the
3 normolipidemic phenotypes, whereas all the abnormal
phenotypes fall into two peripheral zones. The most ex-
treme phenotypes with elevated NonHDL-C or TG or
both greater than at least the 97.5th percentile fall along
the most extreme top and right edges of the graph. On
the top edge where NonHDL-C is the highest are the lo-
cations of the Type Ila and IIb phenotypes. Along the
right edge of the plot where TG is the highest are the
Type I and V phenotypes. The two mixed dyslipoprotei-
nemias, Type IIb and V, fall in the top right corner of
the plot where both NonHDL-C and TG are simultan-
eously elevated. Just inside the most extreme lipoprotein
phenotypes are the Ny, Type IVb and Type IVa pheno-
types, which have more intermediate elevations of
NonHDL-C and or TG that are between the 85th and
97.5th percentile. Among all of the abnormal pheno-
types, Type IV is by far the most common (Fig. 2D), par-
ticularly Type IVb (8.3% in NIH database) (Table 1).
When we examined a more general NHANES popula-
tion (Table 1), Type IVb was even more common at
12.5% of the total population. It is also worth noting that
Type IIb was slightly more frequent in NHANES than
Type Ila (2.1 vs 1.6%). Both Type I and VI are very rare
phenotypes; no one with Type I was detected in NHAN
ES and only two with Type VI. Out of the 20 samples in
the NIH population that we identified as having Type I,
18 came from 4 different patients diagnosed with lipody-
strophy, a known cause of hyperchylomicronemia [30].

A limitation of our new classification method is its in-
ability to identify Type III dyslipidemia, because of their
variable NonHDL-C and TG values that overlap with
the other phenotypes. Applying to the NIH database, the
NonHDL-C/apoB >4.91 mmol/g rule [31], which was
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recently shown to be more specific than the Sniderman
rule of TC/apoB>6.2 mmol/g for identifying Type III
[10], we identified a total of 41 Type III patients, ap-
proximately 0.4% of our population. Most Type III pa-
tients fell into regions of the plot corresponding to Type
IVb and V, but they also overlapped with some of the
other phenotypes (Fig. 3). We also identified 98 Type III
patients by a combination of agarose gel electrophoresis
and beta-quantitation from patients (N =5602) at the
Mayo Clinic. These 98 Type III patients based on their
NonHDL-C and TG values had the following pheno-
types by the new classification system: Type IIb 33,
Type IVb 23, Type IVa 2, Type V 40. Hence, when a
patient presents with clinical features, such as palmar

xanthomas, or a history consistent with Type III, add-
itional testing, such as apoB or agarose gel electro-
phoresis, will be necessary to confirm the diagnosis.

Validation of new method for lipoprotein phenotype
classification

The lipid values for our phenotypes are shown in
Table 1 and match what would be expected for the
classic Fredrickson phenotypes, but we further vali-
dated our new classification system by comparing
their NMR lipoprotein profile (Fig. 4). Type Ila and
IIb had a similarly high level of total LDL-particles
(LDL-P), but Type IIa had higher LDL-C concentra-
tions (Table 1). This can also be seen when LDL
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JRd " (N=11,365) (A). Type Il patients identified by the NonHDL-C/apo B
- 600 pid N rule plus other Sniderman rules for Type Ill were (open white circles)
% 500 | versus other phenotypes (color coded faint circles) were plotted on
3 lla graph of NonHDL-C versus TG (B). Type Il patients identified by
O 400 ollb NonHDL-C/apo B rule plus other Sniderman rules for Type Ill (open
2 oVa white circles) were plotted onto percentile plot containing other
% 300 Vb phenotypes (color coded faint circles) (C)
c
S v
Z 200
y=149x-15.9 vi related parameters were plotted as a contour plot
100 RF=019057 ol (Fig. 5). Type Ila followed by the Ny phenotype had
5 the highest level of large LDL particles, which have a
100 200 300 400 greater cholesterol carrying capacity than small LDL
Apo B(mg/dL) (Figs. 4, 5). In contrast, Type IIb patients had the
B highest concentration of small LDL particles, followed
600 by Type V and IVb (Figs. 4, 5). In general, all of the
high TG phenotypes had a relatively high percent of
500 ) N small LDL particles. This is consistent with the well-
) Nu known phenomenon of CETP-mediated lipid ex-
- ° e . Nu change and subsequent TG lipolysis resulting in the
E) °oer I formation of small dense LDL particles [32, 33].
Py ::2 Total TRL-particles (TRL-P) were the highest in Type
2y N V followed by IIb and L. Type I had the greatest number
£ % ©NVa of large TRL particles (Fig. 6), most likely due to delayed
S IVb . . .
2 y clearance of chylomicrons, which are the most enriched
Vi in TG. Many of the TRL particles in Type V were
olll smaller, consistent with having undergone partial lipoly-
sis, as has been previously reported [34]. Small size
500 1000 VLDL particles in the range of 24-29nM, which are
TG (mg/dL) sometimes referred to as Intermediate-Density Lipopro-
(o4 teins (IDL) particles, or VLDL- remnants or simply as
100 remnants were by far the highest in Type IIb (Fig. 6).
The mean ApoB level was also the highest in Type IIb
Ne (Table 1) but also increased in Type Ila (Fig. 5). Type
g 9 N IVb patients had an intermediate phenotype; they had
g INH considerably more TRL-P compared to the Ny; pheno-
5 60 i type, but fewer TRL-P than Type V or IIb. Type IVb pa-
50' ellb tients also had more IDL (Fig. 6) and small LDL
A oWNVa particles (Fig. 4) compared to the Ny, and Np pheno-
e 40 Vb types. The Type IVa phenotype had fewer overall TRL-
zg % particles than Type IVb except for medium and large
20 Vi TRL particles, which were similar in both phenotypes.
ol The Type IVa phenotype also had less total LDL-P than
0 most of the other hyperlipidemic phenotypes except for

20 40 60 80 100
TG (percentile)

Type I (Fig. 4A). In terms of HDL, all of the high TG
phenotypes (I, IIb, IVa, IVb and V) were low in HDL-C
(Table 1) and contained more small HDL particles (Sup-
plemental Fig. 3). In summary, differences in the NMR
lipoprotein profile between the different phenotypes are
consistent with their known underlying metabolic de-
fects and what has been previously observed by other
lipoprotein subfractionation methods.
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Fig. 4 NMR lipoprotein particle parameters for LDL. Samples in NIH database (N = 11,365) were analyzed by NMR for (A) Total LDL-P, (B) Large-
medium LDL-P, (C) small LDL-P, and (D) % small LDL-P. Capital letters indicate differences in group means as determined by ANOVA

In Table 2, we further validated the new lipoprotein
phenotyping method by comparing it a combination of
agarose gel electrophoresis and beta-quantification (gel-
lipid method) on patients (N =5602) tested at the Mayo
Clinic. For the 3 new normolipidemic phenotypes (Ny,
Ny, and Np), the two lipoprotein classification systems
showed over 90% concordance. In the case of the Ny
phenotype, we scored mild Type Ila by the gel-lipid
method as equivalent, because they have nearly identical
selection criteria (see methods). There was only one
Type I case identified by the new classification method,
but it was scored as Type V by the gel-lipid system. All
530 patients identified as Type Ila by the new classifica-
tion method were classified the same way by the gel-
lipid method. In the case of Type IIb by the new classifi-
cation method, approximately one quarter of the cases

(N =121/416) were discordantly classified as Type Ila by
the gel-lipid method. Although TG concentrations were
significantly lower for these discordant cases compared
to concordant Type IIb cases (205 + 34 mg/dL vs. 296 +
77; p<0.001), all of the Type Ila discordant cases had
TG =175 mg/dL, causing them to be classified as Type
IIb by the new classification method, which is more con-
sistent with how hypertriglyceridemia is currently de-
fined by the 2018-Multisociety Guideline [1]. All of the
remaining discordant cases that were classified as Type
IV by the gel-lipid method (N=19) had NonHDL-C >
220 mg/dL but also had relatively low levels of LDL-C as
measured by beta-quantification, which accounts for the
differences in the two classifications. Given that it is
now generally recommended by current guidelines to
use NonHDL-C rather than LDL-C as an ASCVD
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Fig. 5 Contour plots for LDL related parameters. Samples in NIH database (N=11,365) were analyzed for the following LDL related parameters
and plotted as a contour plot: (A) LDL-C, (B) Large-medium LDL-P, (C) small LDL-P, and (D) apoB
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biomarker when TG is elevated, these discordant cases
are also perhaps best considered as Type IIb, which
again is more congruent with the new classification
method.

Type IVb cases by the new classification were discord-
antly scored about half the time as either mild Type IIb,
mild Type Ila or as Type Ila by the gel-lipid method. All
of these discordant cases had higher levels of NonHDL-

C than the concordant Type IV cases (Table 2), but
nevertheless had NonHDL-C levels below 220 mg/dL
and TG =175 mg/dL, leading them to be categorized as
Type IVb by the new classification system. Type IVa
cases by the new method were classified as mild Type IV
by the gel-lipid method in 99% of cases, which can be
considered equivalent based on their similar selection
criteria (see methods). Finally, Type V cases were
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Fig. 6 NMR lipoprotein particle parameters for TRL. Samples in NIH database (N=11,365) were analyzed by NMR for (A) total TRL-P, (B) Very
large-large-medium TRL, (C) small TRL, and (D) IDL. Capital letters indicate differences in group means as determined by ANOVA

concordant in 59% (218/328) of cases. The discordant
cases were mostly classified as Type IV (84/328) based
on the lack of abundant chylomicrons near the origin of
the gel, which can also be an artifact from loss of these
large lipoprotein particles from the loading of the gel
during electrophoresis. Some of the discordant Type IIb
(21/328) had TG =500 mg/dL, and therefore, are prob-
ably best reconsidered as Type V, according to current
guidelines because of their increased risk for pancreatitis.
In summary, several of the seemingly discordant cases
mostly differed in only their name and not their selec-
tion criteria (Ny vs. mild IIa, Type IVb vs. mild IV). In
other instances, discordance was likely due to a combin-
ation of subtle differences in the qualitative interpret-
ation of the lipoprotein patterns on the agarose gels and
to differences in the type of criteria used over the years
for classifying patients into the different Fredrickson
phenotypes (qualitative vs quantitative, percentile vs

absolute concentration units, NonHDL-C vs LDL-C, dif-
ferent TG cut-points) [35]. When the remaining discord-
ant cases between the new classification method and the
gel-lipid method were reclassified based on their plasma
TG level, using currently recommended TG-cutpoints, it
leads to greater than 90% concordance for the two clas-
sifications for almost all of the phenotypes (Table 2).

Association of lipoprotein phenotypes with ASCVD

We investigated the association of the different pheno-
types by the new classification system with other risk
factors in the MESA cohort, except for Type I, which
was not present in this population (Table 3). As would
be expected, because elevated TG is one of the criteria
for metabolic syndrome, we found that metabolic syn-
drome was strongly associated with all of the high TG
phenotypes. Other features seen with metabolic syn-
drome that can increase ASCVD risk, such as diabetes,
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increased BMI and elevated systolic blood pressure, were
also associated with some of the high TG phenotypes,
but these associations were not as strong. Differences in
C-Reactive Protein (CRP) levels between the phenotypes
were relatively small or insignificant. African American
males and females comprised 28% of the total popula-
tion in MESA, but they were about half as frequent in
the high TG phenotypes but were more likely to be in
the N and IIa phenotypes (Table 3). Gender was almost
equally distributed among the various phenotypes.
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Next, we performed ASCVD survival curve analysis for
the different phenotypes in ARIC instead of MESA be-
cause of its larger size and longer follow-up period
(Fig. 7). To simplify the plot, the 3 normolipidemic
phenotypes were initially combined and Type I was
excluded because of its small sample size (N =2). Type
V had the highest rate of ASCVD events, followed by
Type IIb and IVb, which were nearly equal, and then
Type Ila and IVa and finally the normolipidemic
phenotypes (Fig. 7A). In Fig. 7B, we separated the three
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Fig. 7 Survival curve analysis by lipoprotein phenotypes. Survival curves in ARIC (N = 14,742) for all ASCVD events were calculated for the
indicated lipoprotein phenotypes (A and B). For ARIC only baseline lipid results from the first study visit were used for analysis and ASCVD was
defined as including the following: fatal and non-fatal myocardial infarction, revascularization, stroke and heart failure
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normolipidemic phenotypes and found as expected that
Ny showed greater risk than the Ny; and Np, which
overlapped. The Ny; survival curve also overlapped with
the curve for the Type IVa phenotype. Finally, we did
survival curve analysis for Metabolic Syndrome and
found that several of the dyslipidemic phenotypes (Type
IIb, IVb and V) had a similar if not a stronger associ-
ation with ASCVD than Metabolic Syndrome (Supple-
mental Fig. 4, Supplemental Table 1). This suggests that
like Metabolic Syndrome the high-risk lipoprotein phe-
notypes could potentially be used prognostically as risk
enhancer conditions for those patients at intermediate
risk as determined by the 10-year risk calculator [1].

Discussion

Our new lipoprotein phenotyping method (1) enables
the classification of all dyslipidemias except for Type III,
using standard lipid panel test results, (2) demonstrates
an association between some of the lipoprotein pheno-
types with ASCVD risk factors, such as diabetes and
metabolic syndrome, and (3) revealed for several of the
phenotypes a strong association with ASCVD events and
hence could be used as risk enhancer conditions. More-
over, new lipoprotein phenotypes could potentially be
automated and reported by clinical laboratories on all
patients with a standard lipid panel. This may be espe-
cially valuable in identifying patients with high-risk
mixed dyslipidemias, who are often missed or under-
treated [36]. The overall genetic, prognostic, diagnostic
and therapeutic implications for the different lipopro-
teins phenotypes and how it adds value to the standard
lipid panel in guiding the clinical management of pa-
tients are described below and in Table 4.

When the Fredrickson classification was first devel-
oped, one early hypothesis was that the different lipopro-
tein phenotypes were due to distinct monogenic
mutations, but this is not the case for most phenotypes
(Table 4). Even in the case of Familial Hypercholesterol-
emia (FH) with the Type Ila phenotype for which there
are known causal monogenic mutations in the LDL-
receptor gene or related genes, most patients with the
Type Ila have polygenic hypercholesterolemia [41]. In
addition, the lipoprotein phenotype unlike the genotype
is not invariant and can change in response to drug ther-
apy and environmental factors, such as diet and physical
activity. Nevertheless, establishment of the lipoprotein
phenotype may help focus the management of hyperlip-
idemia [42]. For example, although secondary causes,
such as obesity and diabetes, are in general associated
with dyslipidemias, several of the secondary causes listed
in Table 4 are more specific for certain phenotypes. As
described in Table 4, secondary causes should always be
considered when first evaluating a patient. Secondary
causes can frequently be uncovered by a careful patient
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history and physical exam and when addressed can often
resolve the dyslipidemia.

In terms of primary causes, the more stringent criteria
that we applied for identifying Type Ila and some of the
other phenotypes than the Sniderman classification
should enable a more targeted identification of patients
with monogenic mutations. Once the more common
secondary causes are excluded, genetic testing of Type
IIa patients to identify specific pathogenic mutations
(LDLR, APOB, LDLRAPI, PCSK9) can be considered, de-
pending on the LDL-C level (Table 4) and can help in-
form family cascade screening [23]. Patients with
extreme elevations of TG (Type I and V) can also have
specific pathogenic mutations (e.g. LPL, APOC2,
GPIHBPI, LMF1, APOAS5) [43]. Type V patients,
however, who typically present in adulthood with dyslip-
idemia, are more likely to have multifactorial chylomi-
cronemia with one or more secondary causes, such as
uncontrolled diabetes [44]. Polygenic risk scores for both
hypercholesterolemia [41] and hypertriglyceridemia [45]
have also been described, but their clinical utility is still
being investigated. As we do in Table 4 and as recom-
mend by others [46], the designation “Familial” is per-
haps best reserved for those cases in which a primary
monogenic cause or genotype has been established by
DNA sequencing or biochemical testing. Otherwise, the
phenotypes can either be referred to by their traditional
Roman numeral designations as we did or alternatively
by the more generic descriptive terms shown in Table 4
in order to avoid confusion between genotype and
phenotype.

Another value to the lipoprotein phenotyping is re-
lated to their prognosis and need for referral to a med-
ical specialist. In the cases of Type I and V, referral to a
lipid specialist and nutritionist is highly recommended
for preventing pancreatitis [47]. It has been shown that
patients with markedly elevated TG often have poor
follow-up [48]. Identifying such patients by lipoprotein
phenotyping, followed by specific and appropriate treat-
ment can reduce the incidence of acute pancreatitis [49]
In case of Type [, referral to a nutritionist is important
because adherence to a strict low-fat diet is challenging
but often necessary as pharmacotherapy often does not
add much benefit when lipoprotein lipase activity is very
low or nonexistent [34]. Because of the high incidence of
ASCVD in patients with Type Ila, IIb, and III pheno-
types [12, 33], and their frequent need for combination
pharmacotherapy [50], many of these patients should be
seen by a lipid specialist, particularly if they do not show
a good response to initial therapy. Type VI patients
should not only be referred to a lipid specialist but also
to a nutritionist for instructions on a low-fat diet and for
high-dose fat soluble vitamin supplementation. They
may also need additional referrals to an ophthalmologist
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and neurologist to monitor and or treat the other clin-
ical manifestations of their disorder.

Lipoprotein phenotyping also has diagnostic testing
implications. Because small LDL, IDL, and remnant lipo-
proteins, which are all considered pro-atherogenic, were
found by NMR to be enriched in Type IIb, IV, and V,
more in depth advance lipid testing, including the meas-
urement of apoB, may be useful for these phenotypes
(Table 4). Numerous studies have shown that when TG
is elevated that LDL-C, particularly when calculated, un-
derestimates ASCVD risk and that NonHDL-C, apoB, or
LDL-P may be better suited for risk assessment [16, 17,
51, 52]. Although no single pathogenic mutation has
been associated with Type IIb [36], apoB may be useful
to screen Type IIb families with a strong history of
ASCVD, because it has been shown to be a better risk
predictor in this population than LDL-C [16]. Import-
antly, ApoB should also be ordered in all Type VI pa-
tients to confirm their diagnosis and whenever Type III
is suspected based on clinical findings. In case of the Ny
phenotype, we observed in NHANES that more than
75% of these patients had an apoB> 130 mg/dL, whereas
less than 3% of Ny, phenotype patients did so. This sug-
gests that ordering apoB as a risk enhancer test is less
likely to be informative for the Ny; phenotype, and its
main impact in the Ny phenotype may be in identifying
those patients that have lower not higher risk because of
a lower-than-expected apoB value.

Because the lipid cut-points utilized by our phenotyp-
ing method are largely based on current lipid guidelines,
lipoprotein phenotyping can be an aid in cardiovascular
risk assessment and for improving compliance with
guidelines. According to 2018-Multisociety Guidelines
[1], patients with an LDL-C>190mg/dL, which is
equivalent to Type Ila in the new classification system,
are considered to have sufficient risk to warrant high-
intensity statin treatment without requiring calculation
of their 10-year ASCVD risk. Thus, the proposed lipo-
protein phenotyping method can be useful by automatic-
ally identifying and highlighting these high-risk patients.
A similar argument can also be made for aggressive sta-
tin treatment of all Type IIb patients. Presently, many
Type IIb patients may be under-treated unless their
nonHDL-C is also considered because their LDL-C is
often less than 190 mg/dL [36], which occurred about
half the time in our study population. Consistent with
what has been previously described [36], we found in
ARIC that Type IIb patients had overall an equal if not
greater ASCVD risk than Type Ila [36, 52]. In addition,
almost all of Type IIb patients in our study had an
apoB> 130 mg/dL (96%), a known ASCVD risk enhancer.
Furthermore, they are also at increased risk because of
their high TG (2175 mg/dL), another ASCVD risk en-
hancer. Based on our survival curve analysis, Type V and
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IVb patients could also be considered high risk patients
and considered as risk enhancer conditions for those at
intermediate risk by the 10-year ASCVD risk calculation.
One group of patients for which ASCVD risk calculation
is currently deemed unnecessary because of their low
risk are primary prevention patients with an LDL-
C < 70 mg/dL. Based on our classification system, this
would include all Ny patients. It is important to con-
sider, however, particularly for the normolipidemic phe-
notypes, that other risk factors besides lipids should be
considered in determining ASCVD risk.

The classification of patients into different lipoprotein
phenotypes can also help direct the choice of therapy
(Table 4). For Type Ila and Ny, the primary lipid abnor-
mality is elevated LDL-C, so statins should be the drug
of first choice, if lifestyle modifications prove insuffi-
cient. In regard to TG lowering for pancreatitis preven-
tion, fibrates and high dose omega-3 fatty acid
supplementation are useful [53]. Lifestyle modifications
should also be recommended [25, 26, 54]. For many pa-
tients with Type I and some V patients, a very low-fat
diet is often an essential part of therapy [50, 54]. Gene
therapy for LPL deficiency was approved in Europe, but
it is no longer available [55]. Volanesorsen, an anti-sense
oligonucleotide against ApoC-III, can lower TG even in
patients with Type I from LPL deficiency [56], and is ap-
proved in Europe but not in the US [40]. For Type I pa-
tients presenting with acute pancreatitis from APOC2
gene mutations, infusion of fresh frozen plasma from
normal donors can be considered for rapidly lowering
TG [57].

In treating more moderate forms of hypertriglyc-
eridemia seen in Type IIb, III, and IV, reduction of diet-
ary sugar and ethanol intake, as well as weight reduction
and increased physical activity, are often very effective
[54]. If these lifestyle measures do not sufficiently lower
ASCVD risk, statin therapy should also be added. Statin
monotherapy, however, may be insufficient, especially in
cases of persistent elevations of LDL-P, small, dense
LDL particles or remnant particles [33]. In these cases,
full-dose omega-3 fatty acid supplementation in the
form of Icosapent ethyl should be considered as it has
been shown in the REDUCE-IT trial to reduce ASCVD
risk on top of statins in patients with mild to moderate
hypertriglyceridemia [13, 58]. Fibrates or nicotinic acid
could also be considered [50], but ASCVD benefit has
not yet been demonstrated for these drugs in random-
ized clinical trials when used with statins [14, 33, 50, 59,
60]. With respect to fibrates as add-on to statins, there
is only evidence from post-hoc analysis demonstrating
that fenofibrates are possibly effective [61, 62]. Although
it is clear from genetic studies that many of the causes
of hypertriglyceridemia increase the risk for ASCVD [61,
63, 64]; it is not known at this time if lowering TG will
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translate into reduced ASCVD events [61, 65]. Finally,
for Type VI patients with ABL and HHBL, it is critical
to treat them with high dose Vitamin A and E supple-
mentation to prevent blindness, neuropathy and other
clinical problems [27]. A very low-fat diet can also allevi-
ate many of the severe gastrointestinal symptoms from
fat malabsorption that almost all these patients develop.

Study strengths and limitations

A major strength of the study is that our new method
for lipoprotein phenotyping has been validated by two
different methods (NMR and agarose gel/beta-quantifi-
cation), in multiple populations (rare lipoprotein dis-
order patients and community-dwelling individuals).
Another major strength of our phenotyping approach is
its cost effectiveness. It only relies on the standard lipid
panel, thus enabling its rapid implementation in the
clinic, without additional cost related to new testing.
Furthermore, lipoprotein phenotyping by our method
could potentially be automatically performed by clinical
laboratory information systems on all patients tested
with a standard lipid panel.

A limitation of our approach is that it cannot be used
to identify Type III patients; however, Type III is rela-
tively uncommon, and when clinically suspected, add-
itional testing such as apoB, lipoprotein electrophoresis,
or beta-quantification can be used to confirm the diag-
nosis. Another limitation of our method, which is also
shared by other lipoprotein phenotype classification
systems, is that it does not address disorders related to
low HDL and elevated Lp(a) or to the presence of abnor-
mal lipoproteins like LpX. We also acknowledge that the
metabolic disturbances that lead to dyslipoproteinemias
occur across a continuum, leading to overlap between
the phenotypes at the edges. Our lipid cut-points, there-
fore, are somewhat arbitrary but are almost all based on
widely accepted criteria from guidelines that are already
used for the management of patients.

Conclusion

The lipoprotein phenotype is not a specific diagnosis
and is instead best viewed like a clinical syndrome. It en-
compasses a constellation of shared signs and symptoms
that is not only useful in ASCVD risk assessment, but
also for identifying other lipid-related diseases, directing
lipid-lowering therapy, guiding further diagnostic testing
and in referring patients to medical specialists. Given
that almost all ASCVD drug trials and other related clin-
ical studies will have measured a standard lipid panel,
our new classification system can be easily retrospect-
ively applied to many previously performed studies for
identifying the association of dyslipidemic phenotypes
with various predisposing conditions or for their re-
sponse to novel drugs or other types of interventions.
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