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Abstract

Background—Measurements of plasma normetanephrine and metanephrine provide a useful 

diagnostic test for phaeochromocytoma, but this depends on appropriate reference intervals. Upper 

cut-offs set too high compromise diagnostic sensitivity, whereas set too low, false-positives are a 

problem. This study aimed to establish optimal reference intervals for plasma normetanephrine 

and metanephrine.

Methods—Blood samples were collected in the supine position from 1226 subjects, aged 5–84 y, 

including 116 children, 575 normotensive and hypertensive adults and 535 patients in whom 
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phaeochromocytoma was ruled out. Reference intervals were examined according to age and 

gender. Various models were examined to optimize upper cut-offs according to estimates of 

diagnostic sensitivity and specificity in a separate validation group of 3888 patients tested for 

phaeochromocytoma, including 558 with confirmed disease.

Results—Plasma metanephrine, but not normetanephrine, was higher (P < 0.001) in men than in 

women, but reference intervals did not differ. Age showed a positive relationship (P < 0.0001) 

with plasma normetanephrine and a weaker relationship (P = 0.021) with metanephrine. Upper 

cut-offs of reference intervals for normetanephrine increased from 0.47 nmol/L in children to 1.05 

nmol/L in subjects over 60 y. A curvilinear model for age-adjusted compared with fixed upper 

cut-offs for normetanephrine, together with a higher cut-off for metanephrine (0.45 versus 0.32 

nmol/L), resulted in a substantial gain in diagnostic specificity from 88.3% to 96.0% with minimal 

loss in diagnostic sensitivity from 93.9% to 93.6%.

Conclusions—These data establish age-adjusted cut-offs of reference intervals for plasma 

normetanephrine and optimized cut-offs for metanephrine useful for minimizing false-positive 

results.

Introduction

Measurements of plasma free metanephrines, normetanephrine and metanephrine, have 

become a widely endorsed first-line screening test for phaeochromocytomas and 

paragangliomas.1–4 Superior diagnostic utility of the test over measurements of 

catecholamines and other metabolites is explained by the production of metanephrines 

within chromaffin cells, a process that occurs secondary to leakage of the parent 

catecholamines from vesicular stores into the cytoplasm where the presence of membrane-

bound catechol-O-methyltransferase ensures immediate metabolism.5 Noradrenaline is 

converted to normetanephrine and adrenaline to metanephrine. The process is continuous 

and independent of catecholamine secretion, which in some chromaffin cell tumours can be 

minimal or intermittent.

The diagnostic advantages of measuring the metanephrines compared with catecholamines 

and other metabolites formed in non-chromaffin tissues is supported by numerous studies 

establishing a high level of reliability of positive test results for the metabolites in patients 

with tumours that produce either or both noradrenaline and adrenaline.6–13 Exceptions 

include normotensive and asymptomatic patients with very small tumours8 and some extra-

adrenal paragangliomas that do not produce catecholamines14 or produce only dopamine, in 

which case diagnosis can be achieved using measurements of plasma methoxytyramine.15

As with almost all laboratory tests, reliability of measurements of plasma metanephrines for 

diagnosis of phaeochromocytoma is dependent on use of appropriately established reference 

intervals. Upper cut-offs for reference intervals set too high compromise diagnostic 

sensitivity, whereas false-positives are a problem when upper cut-offs are set too low. Due 

to the usually low pretest prevalence of phaeochromocytoma, false-positive results typically 

far outnumber true-positive results and are a problem for test interpretation.16 Consequently, 

borderline positive results are not always appropriately followed up,17 underlining a need 
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for testing strategies and reference intervals that minimize false-positive results without 

compromising diagnostic sensitivity.

Because upright posture increases sympathoadrenal release of catecholamines and thus 

plasma concentrations of metanephrines,18–20 it is recommended that blood sampling for 

these measurements should be carried out after at least 20 min of supine rest.1,21,22 This is 

particularly important for normetanephrine, which is the metabolite most susceptible to 

influences of sympathoadrenal activation and also principally produced by 

phaeochromocytomas. Despite recommendations to draw blood in the supine position, 

reference intervals for plasma metanephrines are often established from samples drawn in 

the seated position.12,23–25 Consequently, reported upper cut-offs of reference intervals for 

plasma metanephrines vary widely, for normetanephrine from anywhere between 0.61 and 

1.18 nmol/L.7,8,12,13,23–25

In this study, we sought to establish robust reference intervals for plasma free metanephrines 

using data from a population of 1226 subjects, all sampled in the supine position. To 

ascertain the appropriateness of different groups for establishing reference intervals, subjects 

included children, normotensive volunteers, hypertensive subjects and patients in whom 

catecholamine-producing tumours had been ruled out. We further examined the potential 

influences of age and gender based on previous observations concerning these variables and 

plasma free metanephrines.7,18,23,26,27 Finally, from the latter analyses, we explored 

different models to optimize upper cut-offs of reference intervals according to estimates of 

diagnostic sensitivity and specificity in a separate group of 3888 patients tested for 

phaeochromocytoma, including 558 with confirmed disease.

Subjects and methods

Subjects

The 1226 subjects for the reference population (Table 1) included 116 children, 317 

normotensive volunteers, 258 hypertensives and 535 patients originally tested for 

phaeochromocytoma in whom the tumour was ruled out by follow-up or imaging studies as 

described elsewhere.8 The latter group was further divided into two subgroups according to 

whether or not testing was primarily based on signs and symptoms of catecholamine excess. 

These two subgroups included 331 patients tested because of an incidental mass found on 

imaging, an underlying germline mutation or a previous history of the tumour and 204 

patients in whom tumours were originally suspected because of signs and symptoms of 

catecholamine excess. Subjects taking medications known to raise plasma concentrations of 

metanephrines (e.g. tricyclic antidepressants) were excluded. Subjects contributing to the 

reference population were enrolled under clinical protocols with written informed consent.

Data from the reference population were used to establish models for reference intervals, 

which were tested in a separate validation population of 3888 patients (Table 1). These 

patients included 558 with phaeochromocytoma or paraganglioma confirmed either by 

pathological examination of resected tumour tissue or for patients with unresectable 

metastatic disease, by functional imaging evidence of metastases according to previously 

described criteria.8,28 This group included 365 patients described elsewhere28 and another 
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193 more recently diagnosed cases. The other 3330 patients tested for phaeochromocytoma 

were not established to have tumours. Most of these patients (n = 3044) were tested at 

Dresden or Nijmegen as part of their routine clinical care. Use of these data received Local 

Ethics Committee approval subject to anonymity of the source of the data, restricted to age, 

gender and measured plasma concentrations of metanephrines.

Collection of blood samples

Blood samples from subjects of the reference population were collected after at least 20 min 

of supine rest. Subjects fasted and abstained from caffeinated and decaffeinated beverages 

overnight and avoided taking acetaminophen for five days before blood sampling. Samples 

of blood were transferred into tubes containing heparin as anticoagulant and placed on ice 

until centrifuged (4°C) to separate plasma, which was stored at −80°C until assayed. The 

same instructions were provided for blood samples collected for the validation population, 

but these were collected largely under routine conditions rather than under more strictly 

controlled research conditions.

Laboratory analyses

Measurements of plasma metanephrines were performed at three of the participating centres 

(National Institutes of Health, University of Dresden and Radboud University Nijmegen 

Medical Center) using a liquid chromatography with electrochemical detection (LC-ECD) 

procedure first established at the National Institutes of Health,29 and transferred to 

laboratories at Nijmegen and Dresden. Accuracy and precision of the LC-ECD procedures, 

as transferred to the two latter routine laboratories, was established from participation in an 

interlaboratory quality assurance programme described elsewhere.30 The results of six 

cycles of this programme from 2009 to 2011 established minimal bias and a high level of 

precision for measurements as revealed by interassay coefficients of variation averaging 

5.1% for Dresden and 5.8% for Nijmegen (Supplementary Table 1; please see http://

acb.rsmjournals.com/lookup/suppl/doi:10.1258/acb.2012.012066/-/DC1). Comparison of 

Nijmegen and Dresden data indicated relationships for both metabolites close to the lines of 

identity, with no differences for metanephrine, but with 4.5% lower (P < 0.0001) 

concentrations of normetanephrine recorded at Nijmegen than at Dresden (Supplementary 

Figure 1; http://acb.rsmjournals.com/lookup/suppl/doi:10.1258/acb.2012.012066/-/DC1).

Statistics

Because plasma concentrations of metanephrines are non-normally distributed, results for 

these analytes are presented as medians with reference intervals first established using the 

2.5 and 97.5 percentiles of distributions.31 Spearman’s test was used to examine significance 

of correlations and Wilcoxon and Kruskal–Wallis tests were used for respective 

comparisons between two or multiple groups. Where the latter indicated significance, 

differences between individual groups were assessed by analysis of variance (ANOVA) in 

conjunction with Tukey’s honestly significant difference test following a power 

transformation to normalize data. Influences of multiple variables (i.e. age, subject group 

and gender) were similarly examined by ANOVA.
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From the above analyses and considerations of previous reports of positive relations of 

plasma normetanephrine to age,7,18,23,27 various models for age-adjusted reference intervals 

were tested in the validation population of patients with and without phaeochromocytoma. A 

linear model was first generated by linear quantile regression analysis. Models were also 

generated by curvilinear fits to the nor-metanephrine data of the reference group, with 

further optimization of both sensitivity and specificity carried out with additional 

consideration of normetanephrine and metanephrine in the validation group. Models were 

tested based on calculations of diagnostic sensitivity and specificity as described elsewhere.8

Results derived from the above models were compared with those for traditional static (age-

unadjusted) reference intervals determined from the 97.5 percentiles of distributions for the 

entire reference population. Another comparison was included using the formula described 

by Sawka et al.27 for an age-adjusted fractionated metanephrine score derived from a 

multivariable logistic regression model. For these comparisons, we applied several (n = 14) 

pairwise proportion tests with Bonferroni-adjusted P values (Padjusted = 0.05/14 = 0.00357). 

Statistical analyses utilized the JMP statistics software package (SAS Institute Inc., Cary, 

NC, USA) and R.32

Results

Reference population: influence of gender

Plasma concentrations of normetanephrine showed no significant differences between men 

and women, whereas median concentrations of metanephrine were 29% higher (P < 0.0001) 

in men than in women (Table 2). Upper and lower limits of reference intervals, as 

determined from respective 97.5 and 2.5 percentiles, nevertheless showed negligible 

differences among genders.

Reference population: influence of age

Plasma concentrations of normetanephrine showed a consistent increase (P < 0.0001) with 

advancing age (Table 2). Upper cut-offs for reference intervals, as determined from the 97.5 

percentiles, also showed age-associated increases with more than a doubling from upper 

limits of 0.470 nmol/L in children to 1.047 nmol/L in subjects over 60 y. The association of 

advancing age with increased plasma concentration of normetanephrine was manifested by a 

positive relationship (r = 0.334, P < 0.0001) between age and plasma normetanephrine 

(Figure 1a).

A positive relationship was also observed between age and plasma concentrations of 

metanephrine (Figure 1b), but compared with that for normetanephrine (Figure 1a), this 

relationship was weak (r = 0.066, P = 0.022) and disturbed by concentrations in children 

that were higher (P < 0.0002) than in each of the two next highest adult age groups, but not 

different from subsequent more elderly groups (Table 2). Upper cut-offs for reference 

intervals for plasma metanephrine showed less than 30% differences among the various age 

groups.
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Reference population: influence of subject type

Plasma concentrations of normetanephrine and metanephrine both showed significant (P < 

0.0001) differences among the five subject groups that comprised the reference population 

(Figure 2). Plasma concentrations of normetanephrine were higher (P < 0.05) in each of the 

four adult groups than in the paediatric group (Figure 2a). Among adult groups, plasma 

concentrations of normetanephrine were higher (P < 0.0001) in patient group 2, tested for 

phaeochromocytoma because of signs and symptoms of catecholamine excess, than in 

normotensive volunteers and those in patient group 1, tested for phaeochromocytoma 

because of an incidental mass found on imaging, an underlying germ-line mutation or a 

previous history of the tumour. The hypertensive group also had higher (P = 0.0037) plasma 

concentrations of normetanephrine than normotensive volunteers.

After correcting for influences of age, almost all differences in plasma concentrations of 

normetanephrine among the five subject groups were no longer apparent. The exception was 

patient group 2, for which plasma concentrations of normetanephrine remained higher than 

in normotensive volunteers (P = 0.0083).

For metanephrine, plasma concentrations were lower (P < 0.0001) in patient group 1 than in 

each of the four other groups (Figure 2b). These differences remained significant (P < 

0.0001) after correcting for influences of gender and age.

Validation population characteristics

Plasma concentrations of normetanephrine for patients in the validation population without 

phaeochromocytoma showed a positive relationship (r = 0.277, P < 0.0001) with age (Figure 

3a), albeit with respective 9% and 19% higher values for the slope and y-intercept compared 

with subjects in the reference population (Figure 1a). In contrast, for patients with 

phaeochromocytoma, plasma concentrations of normetanephrine were widely scattered over 

a three orders of magnitude concentration range, without any evident relationship with age 

(Figure 3b).

As in the reference population, plasma concentrations of metanephrine also showed a 

shallow positive relationship (r = 0.103, P < 0.0001) with age for patients in the validation 

population without phaeochromocytoma (data not shown). Plasma concentrations of 

metanephrine for this group were also 20% higher (P < 0.0001) in men than women, but 

again as in the reference population, the 97.5 percentiles showed little difference between 

men and women (0.346 versus 0.335 nmol/L).

Reference intervals for optimized diagnostic test performance

Use of fixed upper cut-offs for both normetanephrine (0.706 nmol/L) and metanephrine 

(0.325 nmol/L), estimated from the 97.5 percentiles of the reference population, yielded a 

diagnostic sensitivity of 93.9% and a specificity of 88.3% for patients in the validation 

population (Table 3). Use of the same upper cut-offs for metanephrine together with a linear 

model in which upper cut-offs for normetanephrine (UCNMN) were estimated from a 

regression equation (UCNMN = 7.99 × 10−3age + 0.358) resulted in a small but significant (P 

= 0.0001) gain in diagnostic specificity (91.2%) with no change in sensitivity. According to 
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this model, upper cut-offs for normetanephrine increase linearly from 0.397 nmol/L for a 

five-year-old to 0.957 nmol/L for a 75-year-old.

A further significant (P = 0.0002) improvement in diagnostic specificity (93.4%), with a 

minimal non-significant drop in sensitivity (93.7%), was gained using an optimized 

curvilinear model (UCNMN = 2.07 × 10−6age3 + 0.540), as illustrated in Figure 3 and 

documented in Table 3. According to this model, upper cut-offs for normetanephrine 

increase curvilinearly from 0.540 nmol/L for a five-year-old to 1.415 nmol/L for a 75-year-

old. A further significant (P < 0.0001) gain in diagnostic specificity (96.0%) with no overall 

significant loss in sensitivity (93.6%) was obtained by increasing the upper cut-offs for 

metanephrine from 0.325 to 0.446 nmol/L. Application of the score model described by 

Sawka et al.27 resulted in a substantial gain (P < 0.0001) in diagnostic specificity (99.9%) 

over that of all other models, but was associated with a large drop (P < 0.0001) in diagnostic 

sensitivity (79.4%).

Discussion

The data covered in this report, based on unprecedented numbers of both reference subjects 

and patients tested for phaeochromocytoma, provide useful information for improving 

diagnosis of these potentially lethal neuroendocrine tumours. This information is not only 

relevant for routine laboratories offering tests of plasma free metanephrines for diagnosis of 

these tumours, but also provides an aid for clinicians to facilitate improved interpretation of 

test results, particularly those within 50% of either side of the highly divergent upper cut-

offs currently in use among different laboratories.

Variation between laboratories in reference intervals for plasma free metanephrines reflects 

in part differences in the conditions of blood sampling. This is particularly important for 

plasma normetanephrine, which as the metabolite of noradrenaline is much more responsive 

to changes in sympathetic nerve activity than metanephrine, the metabolite of adrenaline, 

which is formed mainly within adrenal medullary cells independently of adrenal adrenaline 

release.5,18 Upright posture is a well-established potent stimulus for release of noradrenaline 

by sympathetic nerves to constrict vessels and prevent any posture-associated fall in blood 

pressure. Upright posture is not only associated with increased plasma concentrations of 

catecholamines, but also those of their O-methylated metabolites.19,20,33 It is therefore 

unsurprising that upper cut-offs for metanephrines determined from blood collected in the 

seated position12,23–25 are up to two-fold higher than those determined from samples 

collected in the supine position.34

Recognition of the influence of posture on plasma metanephrines has led to 

recommendations that to ensure optimum diagnostic sensitivity reference intervals should be 

established from samples taken in the supine position.19,22 To minimize false-positive 

results, it is also recommended that blood sampling during testing should be carried out in 

the supine position, or when this is not possible, repeated in the supine position if sampling 

in the seated position returns a positive result.1
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Despite the above recommendations, most centres sample blood and continue to use 

reference intervals established from samples taken in the seated position. Although this may 

provide higher diagnostic specificity than reference intervals established in the less 

convenient supine position, it is at the expense of optimum sensitivity and does not negate a 

paramount need for establishing reference intervals from samples taken in the supine 

position. The present study not only addresses this need, but also establishes that with 

appropriate age-adjustments, diagnostic specificity can be optimized with no significant loss 

in sensitivity.

As shown in Figure 3a, the gain in diagnostic specificity associated with age-adjusted 

reference intervals for normetanephrine largely reflects a change in interpretation of test 

results from a false-positive to a true-negative status for patients over 40 y. As further 

illustrated in Table 3 and Figure 3b, the gain in diagnostic specificity is associated with a 

non-significant drop in diagnostic sensitivity associated with a slight increase in the 

proportion of older patients with phaeochromocytoma in whom the diagnosis would be 

missed counterbalanced by a small increase in that of younger patients in whom tumours 

would then be detected instead of missed using conventional upper cut-offs. These relative 

age-associated gains and losses for detection of tumours should be considered in relation to 

the potential ramifications of the slight overall drop in diagnostic sensitivity associated with 

implementation of age-adjusted upper cut-offs for plasma normetanephrine.

In addition to providing needed reference intervals for samples obtained in the supine 

position, another issue that the present study addresses is the appropriateness of different 

groups selected for reference intervals.31,35 It is generally considered that reference intervals 

should be established using healthy, disease-free individuals. However, essential 

hypertensives are suggested to provide a more relevant population for establishing reference 

intervals for diagnosis of phaeochromocytoma. A problem with this is that hypertension 

does not characterize all patients with these tumours,4 particularly those in whom discovery 

is based on an incidental mass found during imaging, an underlying germline mutation or a 

previous history of the tumour. As we now show here, although the various groups 

examined do appear to show differences in plasma concentrations of normetanephrine, these 

differences largely disappear after consideration of age.

The one group that with age-correction continued to show higher concentrations of 

normetanephrine was that originally tested because of signs and symptoms of catecholamine 

excess. This likely reflects underlying clinical conditions in this population that raise 

sympathetic nerve activity and levels of metabolites of the neurotransmitter, noradrenaline, 

released by those nerves. Presumably this also partly accounts for why specificity for the 

validation population, at 88.3%, was lower than expected using the 97.5 percentiles of the 

reference population if it were assumed that both populations were matched. Other 

contributing factors include potential differences in preanalytical conditions,31 in particular 

the more likely well-controlled nature of blood sampling under strict clinical protocols for 

the reference than the validation population. Although the appropriate instructions for 

sampling were provided, it is unlikely that these, and particularly the stipulated 20-min 

supine rest period, were always followed in the routine clinical environment. On the other 
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hand, this does represent the ‘real world’ situation for laboratory testing, underscoring a 

limitation of diagnostic studies performed under strict clinical protocols.

With the above in mind, our previous descriptions of upper cut-offs of 0.61 nmol/L for 

normetanephrine and 0.31 nmol/L for metanephrine8,34 must be reconsidered. Although 

such cut-offs may be appropriate for young patients and those undergoing blood sampling 

under strictly controlled conditions, such reference intervals in general provide unacceptably 

low diagnostic specificity in the ‘real world’ situation of laboratory testing. This provides 

some justification for the higher cut-offs used by other laboratories.11–13,23–25 Nevertheless, 

as we show here, such higher cut-offs do not appear appropriate for younger patients; an 

age-adjustment to the cut-offs, as already documented for urinary metanephrines in 

children,36,37 provides a solution for measurements of normetanephrine in plasma for both 

children and adults.

In addition to normetanephrine, cut-offs must also be considered for metanephrine. 

However, for most phaeochromocytomas, diagnosis is readily achieved from elevated 

results for normetanephrine.7,8 Measurements of metanephrine are usually of secondary 

importance, but remain crucial for tumours characterized by high rates of conversion of 

noradrenaline to adrenaline. For such tumours, elevations of metanephrine may represent the 

principal or only positive result among the pair of measurements and are also important to 

consider for genotype-phenotype pro-filing of underlying mutations.38 Consequently, our 

modelling established that use of diagnostic cut-offs for metanephrine of 0.446 nmol/L, 37% 

higher than those estimated from the traditionally used 97.5 percentiles, further optimized 

diagnostic specificity.

Application of an age-adjusted score model, described previously by Sawka et al.,27 to our 

own data resulted in a substantial gain in diagnostic specificity close to 100%, albeit with 

considerable loss in sensitivity (79.5%). Our own modelling, which combined age-adjusted 

upper cut-offs for plasma normetanephrine and optimized cut-offs for metanephrine, also 

resulted in a considerable gain in diagnostic specificity, but without unacceptable loss in 

diagnostic sensitivity.

The lower diagnostic sensitivity reported in this study than in past studies6–13 in part reflects 

use of higher upper cut-offs, but more importantly, our improving identification of patients 

with dopamine-producing paragangliomas and others with non-functional tumours due to 

mutations of succinate dehydrogenase subunit B and D genes.14,28 Increasing numbers of 

patients with such tumours are now being identified by routine periodic screening, which 

includes imaging studies and additional measurements of methoxytyramine for 

individualized testing consequent to the presence of germline mutations of specific tumour-

susceptibility genes.4

In summary, the present study establishes robust reference intervals for plasma 

metanephrines with age-adjusted cut-offs for normetanephrine that should considerably 

minimize the need for follow-up of false-positive results. With modern day computerized 

reporting systems, it should be a simple matter for laboratories to provide individualized 

upper cut-offs based on date-of-birth data included with test requests. Some consideration 
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must, however, also be given to interlaboratory differences in measured values, but this is 

now easily ascertained through participation in interlaboratory proficiency programmes 

available on an international basis and which promise achievement of improved agreement 

among participating laboratories.30 Any utility of the equation for age-associated cut-offs 

established here for use by other laboratories should be first validated against those 

reference intervals already in use and, as required, adjusted according to the performance of 

the method employed by such laboratories.
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Figure 1. 
Scatter plots showing relationships of age with plasma concentrations of normetanephrine 

(a) and metanephrine (b) for subjects of the reference population (n = 1226)
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Figure 2. 
Box plots showing distributions of plasma concentrations of normetanephrine (a) and 

metanephrine (b) among the five subgroups of the reference population. CV, child 

volunteers; NV, normotensive heathy volunteers; HS, hypertensive subjects; P1, patient 

group 1 (tested for phaeochromocytoma because of an incidental mass found on imaging, an 

underlying germline mutation or a previous history of the tumour); P2, patient group 2 

(tested for phaeochromocytoma because of signs and symptoms of catecholamine excess). 

*†Indicates groups with higher* and lower† concentrations than other connected groups at 

the indicated levels of significance
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Figure 3. 
Scatter plots showing relationships of age with plasma concentrations of normetanephrine 

for patients of the validation population without (a) and with (b) phaeochromocytoma. The 

dashed horizontal lines serve to illustrate the static age-unadjusted upper cut-off for plasma 

normetanephrine (0.706 nmol/L) determined from the 97.5 percentiles of the combined 

reference population (Table 2). The curved line serves to illustrate age-adjusted cut-offs for 

plasma normetanephrine (UCNMN) according to the equation, UCNMN = 2.074 × 10−6age3 + 

0.540, established for the curvilinear model. Note that for patients with phaeochromocytoma 

(b), data for plasma normetanephrine are plotted using a logarithmic scale
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Table 3

Diagnostic test performance of plasma metanephrines with different upper cut-offs and models adjusting for 

age

Model

Upper cut-offs (nmol/L) Test performance

NMN MN Sensitivity (%) Specificity (%)

Fixed – 97.5 percentiles 0.706 0.325 93.9* 88.3*

Age-dependent linear model Variable 0.325 93.9* 91.2†

Age-dependent curvilinear model Variable 0.325 93.7* 93.6§

Age-dependent curvilinear model Variable 0.446 93.6* 96.0¶

Age-adjusted score model NA NA 79.5† 99.9#

NMN, normetanephrine; MN, metanephrine; NA, not applicable (based on a score)

Presence of different symbols (*†§¶#) indicates differences (P < 0.0003) in sensitivity or specificity among different models. Presence of the same 
symbol indicates no difference

Variable upper cut-offs for plasma NMN (UCNMN) for the age-dependent linear model were defined by the equation UCNMN = 7.99 × 10−3age 

+ 0.358

Variable upper cut-offs for plasma NMN for the age-dependent curvilinear model were defined by the equation UCNMN = 2.07 × 10−6 age3 + 

0.540 and are shown for two upper cut-offs for MN

The age-adjusted scored model is defined by the equation [−4.188 + −0.07age + 4.516MN + 3.129NMN] as described by Sawka et al.27
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