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Dysbetalipoproteinemia (hyperlipoproteinemia type III, HLP3) is a genetic disorder that results in the accumulation of cholesterol on highly atherogenic remnant particles. Traditionally, the diagnosis of HLP3 depended upon lipoprotein gel electrophoresis or density gradient ultracentrifugation. Because these two methods are not performed by most clinical laboratories, we describe here two new equations for estimating the cholesterol content of VLDL (VLDL-C), which can then be used for the diagnosis of HLP3. Using results from the beta-quantification (BQ) reference method on a large cohort of dyslipidemic patients (N = 24,713), we identified 115 patients with HLP3 based on having a VLDL-C to plasma TG ratio greater than 0.3 and plasma TG between 150 and 1,000 mg/dl. Next, we developed two new methods for identifying HLP3 and compared them to BQ and a previously described dual lipid apoB ratio method. The first method uses results from the standard lipid panel and the Sampson-NIH equation 1 for estimating VLDL-C (S-VLDL-C), which is then divided by plasma TG to calculate the VLDL-C/TG ratio. The second method is similar, but the Sampson-NIH equation 1 is modified or enhanced (eS-VLDL-C) by including apoB as an independent variable for predicting VLDL-C. At a cut-point of 0.194, the first method showed a modest ability for identifying HLP3 (sensitivity = 73.9%; specificity = 82.6%; and area under the curve (AUC) = 0.8685) but was comparable to the existing dual lipid apoB ratio method. The second method based on eS-VLDL-C showed much better sensitivity (96.5%) and specificity (94.5%) at a cut-point of 0.209. It also had an excellent AUC score of 0.9912 and was superior to the two other methods in test classification. In summary, we describe two new methods for the diagnosis of HLP3. The first one just utilizes the results of the standard lipid panel and the Sampson-NIH equation 1 for estimating (VLDL-C) (S-VLDL-C) and can potentially be used as a screening test. The second method (eS-VLDL-C), in which the Sampson-NIH equation 1 is modified to include apoB, is nearly as accurate as the BQ reference method. Because apoB is widely available at most clinical laboratories, the second method should improve both the accessibility and the accuracy of the HLP3 diagnosis.
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INTRODUCTION
Dysbetalipoproteinemia, which is often also called hyperlipoproteinemia Type III (HLP3) or broad beta (β) disease, is a highly atherogenic genetic disorder of lipoprotein metabolism (Hopkins et al., 2014). HLP3 patients have a marked increased risk of both coronary artery disease (CAD) and peripheral vascular disease (Mahley et al., 1999; Yuan et al., 2007). The prevalence of HLP3 in the U.S. was calculated to be approximately 2% based on a cross-sectional analysis of U.S. adults from the National Heart and Nutrition Examination Survey and the Very Large Database of Lipids (Pallazola et al., 2019) but is likely more prevalent in patients seen at lipid clinics with mixed dyslipidemias. It is usually characterized by an almost equal increase in total plasma cholesterol (TC) and triglycerides (TG), although the elevation of these two lipids is relatively modest compared to some other types of dyslipidemias. The main metabolic abnormality in HLP3 is the accumulation of abnormal cholesterol-enriched β-migrating very low-density lipoproteins (ß-VLDL) due to impaired TG lipolysis and plasma clearance (Mahley et al., 1999). Patients with HLP3 are often first diagnosed in middle adulthood by laboratory testing or by the presence of either striate palmer xanthomas, which are considered pathognomonic for this disorder, or by the presence of tubero-eruptive xanthomas on other body surfaces, which occur in other types of dyslipidemias (Durrington, 2007).
The apolipoprotein E2 (apoE) isoform, which differs from the most common apoE3 isoform by a single amino acid substitution (Cys150→Arg), is associated with HLP3 (Mahley et al., 1999). Homozygosity of apoE2 results in reduced binding of VLDL particles to the low-density lipoprotein-receptor (LDLR) and related lipoprotein receptors, but not all homozygous patients for apoE2 have clinically manifested disease, and thus, secondary contributory factors are often also involved (Koopal et al., 2017). Dominantly inherited forms of HLP3 have also been reported for other single amino acid substitutions in apoE (Mahley et al., 1999) (Arg136→Ser/Cys; Arg142→Cys/Leu; Arg145→Cys; Lys146→Gln/Glu; Lys146→Asn; Arg147→Trp) or from the insertion of a tandem repeat of amino acids (apoE-Leiden; residues 121–127). Secondary factors that can contribute to the formation of the HLP3 phenotype in patients with predisposing apoE variants include obesity, diabetes, and hypothyroidism (Durrington, 2007). There is no specific therapy for HLP3, but making this diagnosis is prognostically useful because these patients are at a greater risk for atherosclerotic cardiovascular diseases (ASCVD) than would be estimated from their plasma lipid profile (Hopkins et al., 2005).
Results from the standard lipid panel, TC, TG, low-density lipoprotein-cholesterol (LDL-C), and high-density lipoprotein-cholesterol (HDL-C) cannot be used to identify HLP3 because of an overlap with other dyslipidemias (Sniderman et al., 2018). The gold standard method for identifying HLP3 is the demonstration of the presence of the ß-VLDL band by agarose gel electrophoresis. Alternatively, increased levels of cholesterol in VLDL (VLDL-C) isolated after density gradient ultracentrifugation have also long been used for identifying this disorder (Fredrickson et al., 1967). A VLDL-C/plasma TG ratio of 0.3 or more (if lipids are expressed in mg/dL) when plasma TG is between 150 and 1,000 mg/dl is the criteria most often used when the diagnosis is based on ultracentrifugation (Fredrickson et al., 1967; Fredrickson et al., 1975). Because neither agarose gel electrophoresis nor ultracentrifugation is widely used by routine clinical laboratories, the ratio of plasma TC and TGs to apolipoprotein B (apoB), the main structural protein component of VLDL, has been used to screen for HLP3 (Sniderman et al., 2007).
In 2020, we described a new and more accurate equation for estimating LDL-C (Sampson-NIH equation) based on the results of the standard lipid panel (Sampson et al., 2020). This equation consists of two components: equation 1 for estimating VLDL-C, which we call here the original Sampson VLDL-C equation (S-VLDL-C), and the other was Sampson-NIH equation 2 for LDL-C. The main improvement in more accurately estimating LDL-C was the more accurate estimate of VLDL-C. S-VLDL-C was designed to match the level of VLDL-C found in hypertriglyceridemic (HTG) patients when measured by the reference ultracentrifugation method, beta-quantification (BQ). The S-VLDL-C equation was more accurate than the Friedewald formula for VLDL-C (F-VLDL-C), which assumes a constant VLDL-C/TG ratio of 0.2 (Friedewald et al., 1972), or the Martin method, which uses 180 empirically derived VLDL-C/TG ratios ranging from 0.3 to 0.08 (Martin et al., 2013).
In this study, we first examined whether the improved estimate of VLDL-C by the S-VLDL-C equation could be used for identifying HLP3, and we found that it can potentially be used as a screening test for HLP3. Next, we developed the new enhanced Sampson equation for VLDL-C (eS-VLDL-C), which is a modified S-VLDL-C equation with added apoB as an independent variable. The eS-VLDL-C equation had the best specificity and sensitivity for identifying HLP3 compared to S-VLDL-C and F-VLDL-C.
METHODS
Deidentified lipid test results were obtained from the cardiovascular laboratory medicine program at Mayo Clinic in Rochester, MN. All results from lipoprotein metabolism profiling (which includes lipoprotein electrophoresis, apoB measurement, and the BQ reference method) ordered for clinical management between 2011 and 2021 were included (N = 24,713).
The BQ reference method was performed by a combination of ultracentrifugation and LDL precipitation as previously described (Meeusen et al., 2014; Meeusen et al., 2015). Cholesterol and nonglycerol blanked TG were measured by enzymatic methods on a Cobas 501 instrument (Roche Diagnostics, IN). Samples with detectable Lipoprotein-X on agarose gel electrophoresis (N = 126) and/or TG >3,000 mg/dl (N = 38) or TC >1,500 mg/dl (N = 3) were excluded from analysis. VLDL-C was calculated by subtracting cholesterol in the infranatant (d <1.006 g/ml), which contains LDL and HDL, from TC in plasma. ApoB was measured by the immunoturbidometric method, using a Cobas c501 analyzer (Roche Diagnostics, IN). HLP3 was defined as having a VLDL-C to plasma TG ratio greater than 0.3 and plasma TG between 150 and 1,000 mg/dl (Fredrickson et al., 1975) as determined from the BQ analysis.
The BQ dataset was randomly divided into a training dataset (N = 12,141) to first develop by a regression analysis the newly described equations, which were then validated in the other half of the data (N = 12,405). The least-square analysis for developing the new eS-VLDL-C equation was done first by calculating values for the terms in the S-VLDL-C equation in Excel, using the results of the standard lipid panel and then adding separate terms for apoB and an interaction term between apoB and TG. Stepwise multiple regression for predicting VLDL-C as measured by BQ was then performed with JMP software for calculating the coefficient values for each term of the eS-VLDL-C equation. A similar approach was used to develop the HLP3-specific equations for predicting the cholesterol and TG content of VLDL, but only those patients identified as having HLP3 by BQ were used during the regression analysis. The receiver operating characteristic (ROC) analysis was also done with JMP software, and the optimum cut-point was calculated based on the value that gave the greatest sum of sensitivity plus specificity for identifying HLP3 when compared to the classification by the BQ analysis. Percent concordance with the BQ method for identifying HLP3 was done by calculating the percent of correctly identified patients (true positives + true negatives) out of the total number of test classifications (true positives + true negatives + false positives + false negatives). VLDL-C and LDL-C were also calculated by Sampson equations 1 and 2, respectively, as previously described (Sampson et al., 2020) using Excel. Mean lipid values were compared between groups by nonpaired t-test. Excel spreadsheets for performing all the calculations, including the new equations described here, can be freely downloaded at https://figshare.com/articles/software/Sampson_enhanced_VLDLC_phenotype_calculator/19666347.
RESULTS
Lipid values as determined by the BQ reference method and demographic characteristics of patients in the cohort are shown in Table 1. Based on these results, approximately 0.5% of patients were classified as having HLP3 by having a VLDL-C/TG ratio ≥0.3 and a plasma TG between 150 and 1,000 mg/dL. As expected, patients classified as HLP3 had modest increases in plasma TC, non-HDL-C, and TG. They also had an increase in the mean level of apoB compared to the non-HLP3 patients, but the relative increase in apoB was less than for the changes observed in plasma lipids. Although VLDL-TG was also increased in HLP3, there was a much larger relative increase in VLDL-C, leading to a mean VLDL-C/TG ratio of 0.4, which was more than two times the mean value observed in the non-HLP3 group. We did not observe any significant difference in the sex distribution and only a small difference in the mean age between the two groups.
TABLE 1 | Lipid test values and demographics of the patient cohort.
[image: Table 1]We also observed enrichment of TG in both HDL and LDL in HLP3 patients (Table 1), suggesting an abnormal lipid composition for these lipoprotein particles too. This was further analyzed in Figure 1 by examining the ratio of cholesterol and TG in the major lipoprotein fractions. A much greater fraction of plasma TC, almost 90% on average, was present in the non-HDL fraction for HLP3 patients (Figure 1A). This was due to the lower level of HDL-C in these patients and the enrichment of cholesterol on VLDL (Table 1). The percent of TG found in non-HDL was also higher for HLP3 than non-HLP3 (Figure 1B), but the difference was less than what was observed for cholesterol (Figure 1A). Unlike the non-HLP3 group in which most of the cholesterol that makes up non-HDL-C is in LDL, we found that approximately half of the cholesterol on nonHDL particles is found in VLDL in HLP3 patients (Figure 1C). As previously reported, this is a consequence of delayed plasma clearance of VLDL and the replacement of TG in VLDL for cholesteryl esters (CE) by Cholesteryl Ester Transfer Protein (CETP) mediated lipid exchange (Barter et al., 2003), which results in the increased VLDL-C/VLDL-TG ratio in HLP3 (Figure 1D). CETP-mediated lipid exchange likely also accounts for the observed enrichment of TG over cholesterol in both LDL and HDL (Figures 1E,F) because when CETP removes TG from VLDL in exchange for CE, it causes the TG-enrichment of LDL and HDL (Barter et al., 2003).
[image: Figure 1]FIGURE 1 | Comparison of lipid ratios between HLP3 and non-HLP3 patients. Specimens determined to have HLP3 (N = 115, red) by BQ were compared against those without HLP3 (N = 24,431, green) for the % of TC on non-HDL (A), % of TG on non-HDL (B), % of non-HDL-C on BQ VLDL (C), the ratios of VLDL-C/VLDL-TG (D), LDL-C/LDL-TG (E), and HDL-C/HDL-TG (F).
In addition to the standard lipid panel, the only other routine lipid-related diagnostic test that could potentially improve VLDL-C estimation is apoB, which is present as a single copy per VLDL particle (Elovson et al., 1988). Using the same terms as in the original Sampson-NIH equation 1 for VLDL-C, called here S-VLDL-C (Sampson et al., 2020), and adding apoB and an interaction term between apoB and TG, we developed by the regression analysis the following enhanced Sampson VLDL-C equation (eS-VLDL-C):
[image: image]
Based on the mean absolute difference (MAD) and other quantitative metrics of accuracy (slope, intercept, correlation coefficient (R2), and root mean square error (RMSE)), the eS-VLDL-C equation appeared to yield relatively accurate results, which had a broad range of VLDL-C (0–514 mg/dl) and TG values (5–2,853 mg/dl) in the training dataset (Figure 2).
[image: Figure 2]FIGURE 2 | Development of the enhanced VLDL-C equation (eS-VLDL-C). The training dataset (N = 12,141) was used in multiple regression analysis with the indicated input variables. The solid line is the linear fit for indicated regression equation. A dashed line is the line of identity. Results are color-coded by TG levels with the value in the legend indicating the start of each interval.
Next, we evaluated the accuracy of the new eS-VLDL-C equation, the S-VLDL-C equation, and the Friedewald equation (TG/5) for VLDL-C (F-VLDL-C) in the validation dataset when compared to the BQ reference method (Figure 3). Based on MAD and other metrics of accuracy shown in the three plots, the eS-VLDL-C equation (Figure 3C) showed the greatest accuracy followed by the original S-VLDL-C equation (Figure 3B) and then the F-VLDL-C equation (Figure 3A). As has been well described (Sampson et al., 2020), the Friedewald equation shows a positive bias for VLDL-C with increasing TG. In addition, the Friedewald equation for VLDL-C shows a marked increase in its variance for high TG samples, making it unreliable when TG is greater than 400 mg/dl. This problem occurs to a lesser degree with the S-VLDL-C equation and an even lesser degree with the eS-VLDL-C equation that includes apoB for estimating VLDL-C.
[image: Figure 3]FIGURE 3 | VLDL-C by calculation versus β-quantification. VLDL-C was calculated from the results of a standard lipid panel in the validation dataset (N = 12,405) by the Friedewald VLDL-C formula (F-VLDL-C) (A), the Sampson VLDL-C equation (S-VLDL-C) (B), and the enhanced Sampson VLDL-C equation (eS-VLDL-C) (C) and plotted against VLDL-C as measured by BQ. Solid lines are the linear fit for indicated regression equations. Dashed lines are the line of identity. Results are color-coded by TG levels with the value in the legend indicating the start of each interval.
In Figure 4, the VLDL-C to plasma TG ratio (VLDL-C/TG) was calculated by the S-VLDL-C equation and the new eS-VLDL-C equation and compared to results obtained by the BQ reference method. Only a small percent of patients (11%) identified as having HLP3 by BQ had a VLDL-C/TG ratio greater than 0.3 when VLDL-C was calculated by the S-VLDL-C equation (Figure 4A). Those patients classified as non-HLP3 by the BQ reference method did, however, have a much lower VLDL-C/TG ratio than the HLP3 group. In contrast, approximately 41% of HLP3 patients as determined by BQ did have a VLDL-C/TG ratio greater than 0.3 when calculated by the eS-VLDL-C equation (Figure 4B).
[image: Figure 4]FIGURE 4 | VLDL-C/TG ratio comparison in HLP3 and non-HLP3 patients. VLDL-C was calculated by the Sampson VLDL-C/TG (S-VLDL-C/T) (A) and enhanced Sampson VLDL-C/TG (eS-VLDL-C/T) (B) equations in the validation dataset (N = 12,405) from the results of a standard lipid panel. HLP3 was defined as VLDL-C/TG > 0.3 mg/dl and TG between 150–1,000 mg/dl using the BQ results. The ROC curves are plotted for the Sampson VLDL-C/TG (S-VLDL-C/T) (C) and enhanced Sampson VLDL-C/TG (eS-VLDL-C/T) (D) equations. The optimal cut-point (blue circle) and its corresponding sensitivity and specificity are indicated for each equation.
Because HLP3 patients were only a small minority of the total number of patients that we used to develop our regression equations for estimating VLDL-C, it is not unexpected that the regression equations would underestimate VLDL-C given that the mean VLDL-C level for the HLP3 group is almost 5 times higher than the non-HLP3 group (Table 1). We, therefore, investigated by the ROC analysis whether a different cut-point for the VLDL-C/TG ratio could better discriminate between the two groups. At a cut-point of 0.194, the S-VLDL-C equation did show a modest ability to identify HLP3, with a sensitivity of 73.9% and a specificity of 82.6% (Figure 4C). It also showed a moderately good AUC score, an overall metric of test classification, of 0.8685. At a cut-point of 0.209, the eS-VLDL-C, however, showed much better sensitivity (96.5%) and specificity (94.5%) and an excellent AUC score of 0.9912 (Figure 4D).
Next, we compared the S-VLDL-C and eS-VLDL-C equations to the previously described dual lipid apoB ratio method (Sniderman et al., 2007; Sniderman et al., 2018), which requires both TC/apoB≥6.2 and TG/apoB≤10 ratios (when units are in mmol/L) for identifying HLP3 (Figure 5). When used at the near-optimal cut-point shown in Figure 4, the S-VLDL-C equation was much more sensitive than the dual lipid apoB ratio test but much less specific (Figure 5A). The eS-VLDL-C equation at its optimal cut-point was more sensitive than the dual apoB ratio method but had a similar specificity. The eS-VLDL-C equation was both more sensitive and specific than the S-VLDL-C equation (Figure 5A) and had an overall concordance with the BQ method of 94.6%. Next, we changed the cut-point of the S-VLDL-C and eS-VLDL-C equations to match either the sensitivity (Figure 5B) or specificity (Figure 5C) of the dual lipid apoB ratio method. Based on this analysis, the S-VLDL-C equation was similar in diagnostic test performance to the dual lipid apoB ratio method for identifying HLP3, and the eS-VLDL-C equation appeared to show overall the best sensitivity and specificity compared to the two other methods. Similar conclusions were found on the relative diagnostic value of the three methods by giving equal value to sensitivity and specificity (Sen + Spec/2) and by using the normalized Matthews correlation coefficient (MCC) index (Figure 5D), which adjusts for the prevalence of disease (Chicco et al., 2021).
[image: Figure 5]FIGURE 5 | Comparison of test accuracy for HLP3 classification. Classification accuracy in the validation dataset (N = 12,405) by sensitivity (orange) and specificity (purple) for the dual apoB ratio method, the Sampson VLDL-C/TG (S-VLDL-C/T), and enhanced Sampson VLDL-C/TG (eS-VLDL-C/T) methods are shown for the optimal cut-points (A), after adjustment to match the dual apoB ratio sensitivity (B), and after adjustment to match the dual apoB ratio specificity (C). The normalized MCC score (blue) and the average of sensitivity and specificity (sen + spec/2; pink) are shown for the optimal cut-points (D).
Finally, given the residual bias observed in the eS-VLDL-C equation (Figure 3), we also developed specific equations that utilize apoB for estimating both VLDL-C (Figure 6A) and VLDL-TG (Figure 6B), once a patient is identified as having HLP3. As will be discussed in the following, these equations may potentially be used for monitoring response to lipid-lowering therapy for HLP3 patients.
[image: Figure 6]FIGURE 6 | HLP3 specific equations for VLDL-C and VLDL-TG. HLP3 patients (N = 115) were used to develop a regression analysis for VLDL-C (A) and VLDL-TG (B) with the indicated input variables that include apoB. Solid lines are the linear fit for the indicated regression equation. Dashed lines are the line of identity. Results are color-coded by TG levels with the value in the legend indicating the start of each interval.
DISCUSSION
Identification of HLP3 is useful in the management of these patients because their risk for cardiovascular diseases (CVD) is greater than what would be expected based on their standard lipid profile. In particular, LDL-C is a poor risk marker in this type of dyslipidemia not only because of their elevated TG but also because of a much greater fraction of cholesterol carried on remnant particles, which are known to be particularly proatherogenic (Hopkins et al., 2014). In addition, although these patients frequently show a good response to statins and lifestyle changes, which diminishes the impact of secondary contributory factors for this disorder, they can sometimes still have residual risk from remnant lipoproteins after statin treatment and may require a second lipid-lowering agent for lowering plasma TG.
We describe here two new methods for identifying HLP3. The first simply involves using results from the standard lipid profile for estimating VLDL-C, which is the original Sampson-NIH equation 1 (S-VLDL-C) (Sampson et al., 2020) that is currently used by clinical laboratories together with the Sampson-NIH equation 2 for LDL-C calculation. This approach has not been previously used in the case of the F-VLDL-C equation because it always assumes a fixed ratio of VLDL-C/TG of 0.2. Although our new method based on the standard lipid panel shows a reasonably good sensitivity of over 70% for detecting HLP3, its specificity of about 80% is not ideal for a relatively rare disorder like HLP3. It may, however, have some utility as a screening test, because a positive presumptive score by this method could trigger the performance of a physical exam to look for signs and symptoms of HLP3. Results from this test could also be used by clinical laboratory information systems to automatically reflex to measuring apoB in order to make a more definitive diagnosis. We recently reported on a simple algorithm for using plasma non-HDL-C and TG for classifying all the common lipoprotein dyslipidemic phenotypes except for HLP3 and described how it can be used as a practical aid in the clinical management of patients (Sampson et al., 2021). With the use of the new method described here for HLP3, one can now identify all the common lipoprotein phenotype disorders from the standard lipid panel and the phenotypes could potentially be automatically reported along with the lipid test results.
The second method we developed for identifying HLP3 is both more sensitive and specific than the S-VLDL-C equation, the F-VLDL-C formula, or the dual lipid apoB ratio test. By using apoB, we were able to modify the S-VLDL-C equation for improving its accuracy for VLDL-C. ApoB is present as a single copy per LDL (Knott et al., 1986), VLDL (Elovson et al., 1988), and chylomicron (Phillips et al., 1997) particle and thus provides a measure of the particle number for these lipoproteins. All of these lipoprotein particles are highly diverse in their size, which affects their TG and cholesterol carrying capacity. This likely accounts for why the inclusion of apoB in the eS-VLDL-C equation improves its accuracy, particularly for HLP3, which is characterized by having a large number of small VLDL particles (Hopkins et al., 2014). Both terms in the eS-VLDL-C equation that includes apoB have negative coefficients, which indicates that the use of apoB helps compensate for the overestimation of VLDL-C by the other variables in the equation. It is also worth noting that although apoB was not markedly elevated in HLP3 like it has been described for familial combined hyperlipidemia (Sniderman et al., 2018), it was modestly increased in at least some subjects. It is likely given the known metabolic defect in HLP3 that some of the excess apoB in HLP3 would reside in small dense VLDL rather than LDL, but this was not directly tested in this study and would be a valuable future research direction.
We also describe two other equations, which are specific for calculating the cholesterol and TG content of VLDL for already diagnosed HLP3 patients. These equations cannot be used for initially identifying HLP3 and should also not be used for normolipidemic patients because it will lead to an overestimation of VLDL-C and VLDL-TG. Nevertheless, these two equations may be potentially useful for monitoring response to lipid-lowering therapy for HLP3, but this will require additional future studies to determine if this is valuable or not.
A limitation of our approach is that an additional test, namely, apoB, will be required to more definitively make the diagnosis of HLP3. It has recently been shown, however, in several large studies that apoB is the most accurate lipid-related measure of CVD risk (Sniderman et al., 2019; Marston et al., 2022), and thus it will likely be used more often in the future even for primary screening. The 2019-European Society of Cardiology/European Atherosclerosis Society guidelines for the management of dyslipidemias (Mach et al., 2019), recommended that physicians consider measuring apoB for CVD risk assessment, particularly in patients with HTG, diabetes, obesity, metabolic syndrome, or low levels of LDL-C. These guidelines also state that when available, apoB can also be used as an alternative to LDL-C as the primary means to screen, diagnose, and manage patients.
Another limitation of our study is that we only compared the S-VLDL-C equation (the original Samspon-NIH equation 1) and the eS-VLDL-C equation to the F-VLDL-C formula and did not examine other potential LDL-C equations. Because the original Sampson-NIH equation was previously shown to be more accurate than all other LDL-C equations, particularly for high TG samples (Sampson et al., 2020), it is unlikely that any alternative equation would be superior for identifying HLP3. In addition, none of the previously developed LDL-C equations, including the original Sampson-NIH equation, contained apoB as an independent variable like the eS-VLDL-C equation. We also did not directly assess the clinical utility of the new eS-VLDL-C equation in the routine clinical laboratory setting, which will have to await a future study. It will also be important to test the new eS-VLDL-C equation in a wide variety of different ethnic/racial groups to determine its generalizability.
In summary, the two new equations, S-VLDL-C and eS-VLDL-C, that we describe for identifying HLP3 potentially have great practical value for the clinical management of this disorder because they only involve the use of the standard lipid panel and apoB, which are both relatively inexpensive and widely available. Future studies, however, will be needed in different types of patient cohorts to assess the clinical impact of early detection and monitoring of HLP3 patients by these equations.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.
ETHICS STATEMENT
Ethical review and approval was not required for the study of human participants in accordance with the local legislation and institutional requirements. Written informed consent from the patients/ participants or patients/participants legal guardian/next of kin was not required to participate in this study in accordance with the national legislation and the institutional requirements.
AUTHOR CONTRIBUTIONS
All authors listed have made a substantial, direct, and intellectual contribution to the work and approved it for publication.
FUNDING
Research by AW and AR was supported by the Intramural Research Program of the National Heart, Lung, and Blood Institute (NHLBI) at the National Institutes of Health. MS was supported by the Clinical Center of the National Institutes of Health.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations or those of the publisher, the editors, and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
ABBREVIATIONS
apoB, apolipoprotein B; ASCVD, atherosclerotic cardiovascular diseases; ß-VLDL, beta-migrating very low-density lipoproteins; BQ-VLDL-C, beta-quantification of VLDL-C; eS-VLDL-C, enhanced Sampson equation for VLDL-C; F-VLDL-C, Friedewald formula for VLDL-C; HLP3, hyperlipoproteinemia type III/dysbetalipoproteinemia; HTG, hypertriglyceridemia; S-VLDL-C, original Sampson equation for VLDL-C, the Sampson-NIH equation 1; VLDL-C, very low-density lipoprotein-cholesterol.
REFERENCES
 Barter, P. J., Brewer, H. B., Chapman, M. J., Hennekens, C. H., Rader, D. J., and Tall, A. R. (2003). Cholesteryl Ester Transfer Protein. Atvb 23 (2), 160–167. doi:10.1161/01.atv.0000054658.91146.64
 Chicco, D., Tötsch, N., and Jurman, G. (2021). The Matthews Correlation Coefficient (MCC) Is More Reliable Than Balanced Accuracy, Bookmaker Informedness, and Markedness in Two-Class Confusion Matrix Evaluation. BioData Min. 14 (1), 13. doi:10.1186/s13040-021-00244-z
 Durrington, P. N. (2007). Hyperlipidaemia : Diagnosis and Management. London: Hodder Arnold. 
 Elovson, J., Chatterton, J. E., Bell, G. T., Schumaker, V. N., Reuben, M. A., Puppione, D. L., et al. (1988). Plasma Very Low Density Lipoproteins Contain a Single Molecule of Apolipoprotein B. J. Lipid Res. 29 (11), 1461–1473. doi:10.1016/s0022-2275(20)38425-x
 Fredrickson, D. S., Levy, R. I., and Lees, R. S. (1967). Fat Transport in Lipoproteins - an Integrated Approach to Mechanisms and Disorders. N. Engl. J. Med. 276 (3), 148–156. doi:10.1056/nejm196701192760305
 Fredrickson, D. S., Morganroth, J., and Levy, R. I. (1975). Type III Hyperlipoproteinemia: an Analysis of Two Contemporary Definitions. Ann. Intern Med. 82 (2), 150–157. doi:10.7326/0003-4819-82-2-150
 Friedewald, W. T., Levy, R. I., and Fredrickson, D. S. (1972). Estimation of the Concentration of Low-Density Lipoprotein Cholesterol in Plasma, without Use of the Preparative Ultracentrifuge. Clin. Chem. 18 (6), 499–502. doi:10.1093/clinchem/18.6.499
 Hopkins, P. N., Brinton, E. A., and Nanjee, M. N. (2014). Hyperlipoproteinemia Type 3: the Forgotten Phenotype. Curr. Atheroscler. Rep. 16 (9), 440. doi:10.1007/s11883-014-0440-2
 Hopkins, P. N., Wu, L. L., Hunt, S. C., and Brinton, E. A. (2005). Plasma Triglycerides and Type III Hyperlipidemia Are Independently Associated with Premature Familial Coronary Artery Disease. J. Am. Coll. Cardiol. 45 (7), 1003–1012. doi:10.1016/j.jacc.2004.11.062
 Knott, T. J., Pease, R. J., Powell, L. M., Wallis, S. C., Rall, S. C., Innerarity, T. L., et al. (1986). Complete Protein Sequence and Identification of Structural Domains of Human Apolipoprotein B. Nature 323 (6090), 734–738. doi:10.1038/323734a0
 Koopal, C., Marais, A. D., and Visseren, F. L. J. (2017). Familial Dysbetalipoproteinemia: an Underdiagnosed Lipid Disorder. Curr. Opin. Endocrinol. Diabetes Obes. 24 (2), 133–139. doi:10.1097/med.0000000000000316
 Mach, F., Baigent, C., Catapano, A. L., Koskinas, K. C., Casula, M., Badimon, L., et al. (2019). 2019 ESC/EAS Guidelines for the Management of Dyslipidaemias: Lipid Modification to Reduce Cardiovascular Risk: The Task Force for The Management of Dyslipidaemias of the European Society of Cardiology (ESC) and European Atherosclerosis Society (EAS). Eur. Heart J. 41 (1), 111–188. doi:10.1093/eurheartj/ehz455
 Mahley, R. W., Huang, Y., and Rall, S. C. (1999). Pathogenesis of Type III Hyperlipoproteinemia (Dysbetalipoproteinemia): Questions, Quandaries, and Paradoxes. J. Lipid Res. 40 (11), 1933–1949. doi:10.1016/s0022-2275(20)32417-2
 Marston, N. A., Giugliano, R. P., Melloni, G. E. M., Park, J.-G., Morrill, V., Blazing, M. A., et al. (2022). Association of Apolipoprotein B-Containing Lipoproteins and Risk of Myocardial Infarction in Individuals with and without Atherosclerosis: Distinguishing Between Particle Concentration, Type, and Content. JAMA Cardiol. 7 (3), 250–256. doi:10.1001/jamacardio.2021.5083
 Martin, S. S., Blaha, M. J., Elshazly, M. B., Brinton, E. A., Toth, P. P., McEvoy, J. W., et al. (2013). Friedewald-estimated versus Directly Measured Low-Density Lipoprotein Cholesterol and Treatment Implications. J. Am. Coll. Cardiol. 62 (8), 732–739. doi:10.1016/j.jacc.2013.01.079
 Meeusen, J. W., Lueke, A. J., Jaffe, A. S., and Saenger, A. K. (2014). Validation of a Proposed Novel Equation for Estimating LDL Cholesterol. Clin. Chem. 60 (12), 1519–1523. doi:10.1373/clinchem.2014.227710
 Meeusen, J. W., Snozek, C. L., Baumann, N. A., Jaffe, A. S., and Saenger, A. K. (2015). Reliability of Calculated Low-Density Lipoprotein Cholesterol. Am. J. Cardiol. 116 (4), 538–540. doi:10.1016/j.amjcard.2015.05.013
 Pallazola, V. A., Sathiyakumar, V., Park, J., Vakil, R. M., Toth, P. P., Lazo-Elizondo, M., et al. (2019). Modern Prevalence of Dysbetalipoproteinemia (Fredrickson-Levy-Lees Type III Hyperlipoproteinemia). Arch. Med. Sci. 16 (5), 993–1003. doi:10.5114/aoms.2019.86972
 Phillips, M. L., Pullinger, C., Kroes, I., Kroes, J., Hardman, D. A., Chen, G., et al. (1997). A Single Copy of Apolipoprotein B-48 Is Present on the Human Chylomicron Remnant. J. Lipid Res. 38 (6), 1170–1177. doi:10.1016/s0022-2275(20)37199-6
 Sampson, M., Ballout, R. A., Soffer, D., Wolska, A., Wilson, S., Meeusen, J., et al. (2021). A New Phenotypic Classification System for Dyslipidemias Based on the Standard Lipid Panel. Lipids Health Dis. 20 (1), 170. doi:10.1186/s12944-021-01585-8
 Sampson, M., Ling, C., Sun, Q., Harb, R., Ashmaig, M., Warnick, R., et al. (2020). A New Equation for Calculation of Low-Density Lipoprotein Cholesterol in Patients with Normolipidemia And/or Hypertriglyceridemia. JAMA Cardiol. 5 (5), 540–548. doi:10.1001/jamacardio.2020.0013
 Sniderman, A. D., de Graaf, J., Thanassoulis, G., Tremblay, A. J., Martin, S. S., and Couture, P. (2018). The Spectrum of Type III Hyperlipoproteinemia. J. Clin. Lipidol. 12 (6), 1383–1389. doi:10.1016/j.jacl.2018.09.006
 Sniderman, A. D., Thanassoulis, G., Glavinovic, T., Navar, A. M., Pencina, M., Catapano, A., et al. (2019). Apolipoprotein B Particles and Cardiovascular Disease. JAMA Cardiol. 4 (12), 1287–1295. doi:10.1001/jamacardio.2019.3780
 Sniderman, A., Tremblay, A., Bergeron, J., Gagné, C., and Couture, P. (2007). Diagnosis of Type III Hyperlipoproteinemia from Plasma Total Cholesterol, Triglyceride, and Apolipoprotein B. J. Clin. Lipidol. 1 (4), 256–263. doi:10.1016/j.jacl.2007.07.006
 Yuan, G., Al-Shali, K. Z., and Hegele, R. A. (2007). Hypertriglyceridemia: its Etiology, Effects and Treatment. Can. Med. Assoc. J. 176 (8), 1113–1120. doi:10.1503/cmaj.060963
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
The handling editor RH declared a past co-authorship with the author ATR.
Copyright © 2022 Sampson, Wolska, Meeusen, Donato, Jaffe and Remaley. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fgene-13-935257-g005.gif





OPS/images/fgene-13-935257-g006.gif
TOPYR) 0 450 10 WX W%

5 £ BQ-VLDL-C (mg/dL)

o e b
£

:

57

i

H

B wobas Gt 4a1 0wt

BO-VLDL-TG (mo/dl)





OPS/images/fgene-13-935257-g003.gif
TOSOPAILY SRR, N SN R I T s

i
C’ eSVLOLC ¥
oo





OPS/images/fgene-13-935257-g004.gif





OPS/images/fgene-13-935257-t001.jpg
Test

TC
Non-HDL-G
G

ApoB
HDL-C
HDL-TG
LDL-C
LDL-TG
VLDL-G
VLDL-TG
VLDL-G/TG
Age

%male

Non-HLP3 (N = 24,431) HLP3 (N = 115)
Mean (IQR) Min Max Mean (IGR) Min Max p value
194 (157-225) oF 672 340 (243-401) 171 811 <0.0001
147 (111-175) 12 657 301 (208-372) 132 777 <0.0001
164 (83-179) 5 2,931 375 (212-512) 152 811 <0.0001
99 (78-117) 5 377 118 (79-144) 50 401 <0.0001
47 (37-56) 2 201 40 (31-44) 16 2 <0.0001
18 (11-23) 3 359 22 (12-28) 3 120 00022
121 (20-146) 7 593 149 (93-169) 53 628 <0.0001
45 (30-51) [ 577 87 (53-103) 31 260 <0.0001
26 (13-30) 0 573 152 (85-203) 46 512 <0.0001
101 (34-110) 0 2,674 267 (134-335) 35 678 <0.0001
0.16 (0.13-0.19) 000 069 0.4 (0.32-0.44) 030 069 <0.0001
55 (45-66) 18 90 52 (44-60) 23 % 00244
50 - - 50 - - 04428





OPS/images/math_qu1.gif
G

eS-VIDL-C =

593 ' 773
(non-HDLC x T6)  TG' _ Apob
2050 3300 249

_ (apoB x TG)

3550





OPS/xhtml/nav.xhtml
Contents

		Cover

		Identification of Dysbetalipoproteinemia by an Enhanced Sampson-NIH Equation for Very Low-Density Lipoprotein-Cholesterol		Introduction

		Methods

		Results

		Discussion

		Data Availability Statement

		Ethics Statement

		Author Contributions

		Funding

		Publisher’s Note

		Abbreviations

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Genetics






OPS/images/fgene-13-935257-g001.gif
vy





OPS/images/fgene-13-935257-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
P frontiers | Frontiers in Genetics





