
124     

  

  Original Article

Adrian Harvey, MD1; MengJun Hu, MS2; Manjula Gupta, PhD3;
Robert Butler, MS4; Jamie Mitchell, MD2; Eren Berber, MD2;

Allan Siperstein, MD2; Mira Milas, MD, FACS2

Submitted for publication December 15, 2010
Accepted for publication September 14, 2011
From the 1Department of Endocrine Surgery, University of Calgary, Alberta, 
Canada, and 2Department of Endocrine Surgery, 3Department of Clinical 
Pathology, and 4Quantitative Sciences Institute, Cleveland Clinic, Cleveland, 
Ohio.
Address correspondence to Dr. Mira Milas, Cleveland Clinic, Main Campus, 
9500 Euclid Avenue, A-80, Cleveland, OH 44195. E-mail: milasm@ccf.org.
Published as a Rapid Electronic Article in Press at http://www.endocrine
practice.org on November 8, 2011. DOI:10.4158/EP10389.OR
To purchase reprints of this article, please visit: www.aace.com/reprints.
Copyright © 2012 AACE.

ABSTRACT

	 Objective: To refine the diagnostic criteria for primary 
hyperparathyroidism (1°HPT) to identify atypical patients, 
in whom serum calcium, parathyroid hormone (PTH), or 
both are within the “normal” range.
	 Methods: Total serum calcium, intact PTH, and 
25-hydroxyvitamin D [25(OH)D] levels were mea-
sured in patients with 1°HPT and healthy patient groups. 
Multivariate analysis of healthy patient data first identified 
factors that significantly affected PTH levels and defined 
a new PTH reference range with a mathematical model. 
That nomogram was then validated for prediction of atypi-
cal 1°HPT in patients with surgically confirmed disease.
	 Results: On multivariate analysis, calcium (P = .0002), 
25(OH)D (P<.0001), and age (P = .015) independently 
affected PTH. With these variables, we created a 4-dimen-
sional nomogram that distinguished normal patients from 
those with hyperparathyroid states. Mathematically, this 
nomogram predicts 1°HPT when the measured serum PTH 
value is higher than PTH calculated by the following for-
mula: PTH (pg/mL) = 120 - [6 × calcium (mg/dL)] - [0.52 
× 25(OH)D (ng/mL)] + [0.26 × patient age (years)]. When 
applied to our surgical group of patients, this nomogram 
successfully identified 100% of patients (238 of 238) with 
classic 1°HPT, 84% (64 of 76) with normocalcemic 1°HPT, 
and 54% (20 of 37) with 1°HPT and normal PTH.

	 Conclusion: This study uniquely defines a patient-
specific upper limit of normal for PTH based on the readily 
available variables of serum calcium, 25(OH)D, and patient 
age. Our nomogram may allow for more rapid definitive 
diagnosis and treatment of 1°HPT in patients with atypical 
presentations. (Endocr Pract. 2012;18:124-131)

Abbreviations:
1°HPT = primary hyperparathyroidism; 25(OH)D = 
25-hydroxyvitamin D; PTH = parathyroid hormone

INTRODUCTION

	 Primary hyperparathyroidism (1°HPT) is the most 
common cause of hypercalcemia in the outpatient popu-
lation (1-3). Traditionally, the diagnosis of 1°HPT has 
depended on the demonstration of concomitantly elevated 
levels of serum total or ionized calcium (or both) and para-
thyroid hormone (PTH), in the setting of normal or high 
calcium excretion in the urine (1,4). A considerable num-
ber of patients, however, present with biochemical vari-
ables that do not fit this classic description but are nonethe-
less found to have 1°HPT (1,5-9). This includes at least the 
following 2 atypical presentations: normocalcemic 1°HPT 
(with a normal total serum calcium concentration but a high 
PTH level) and 1°HPT with high serum calcium values but 
PTH values that are “inappropriately” within the reference 
range. Normocalcemic 1°HPT has been relatively well 
characterized with respect to phenotype. Despite border-
line laboratory values, these patients have kidney stones, 
develop osteoporosis, and have fractures (5,9). The other 
form of 1°HPT with high serum calcium and normal PTH 
levels has not been well characterized.
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	 With these shortcomings in the diagnosis of 1°HPT, 
several authors have sought to clarify the issue through 
the use of additional tests and by redefining the reference 
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range for PTH. Oral and intravenous calcium suppression 
tests have been used to assist in these challenging diagnos-
tic scenarios (10-12). Titon et al (12) used an infusion of 
0.33 mmol/kg of calcium gluconate during a 3-hour period 
and measured serum PTH values at the beginning and 
end of the infusion and 3 hours after the infusion to deter-
mine a PTH suppression cutoff that distinguished patients 
with hyperparathyroidism from normal control subjects. 
Unfortunately, performance of such tests may necessitate 
an additional office visit and take several hours.
	 The role of vitamin D in the interpretation of diag-
nostic laboratory values for 1°HPT has also garnered 
some attention in the literature (13-19). Citing the high 
prevalence of vitamin D deficiency in “healthy” persons, 
Souberbielle et al (18,19) redefined the PTH reference 
range to <46 pg/mL (previously, 65 pg/mL) in a population 
of vitamin D-sufficient patients with osteopenia or osteo-
porosis. The authors proposed that the new reference range 
would facilitate the diagnosis of patients with mild 1°HPT. 
This reference standard, however, was defined in a group 
of patients with metabolic bone disease. In an attempt to 
replicate these findings in healthy patients, Aloia et al (20) 
measured relevant biochemical analytes in a cohort of 
503 healthy women between the ages of 20 and 80 years. 
Although many factors were identified that were signifi-
cantly predictive of PTH, the authors found that a substan-
tial portion of healthy patients had PTH values above the 
reference standard proposed by Souberbielle et al (18,19). 
Thus, a general lowering of the reference standard could 
not be supported.
	 What is clear from the existing literature is that cases 
of “mild” 1°HPT with borderline laboratory results present 
a diagnostic challenge. Although numerous factors have 
been identified to affect PTH, as previously noted herein, 
such knowledge has not translated successfully into a mod-
ified reference standard with increased diagnostic accuracy 
and general applicability to all patients. Therefore, the 
purpose of the current study was to determine whether 
we could develop a new, multidimensional PTH nomo-
gram that would yield clearer distinction between normal 
and disease phenotypes of parathyroid disorders, with the 
expectation that it should enhance the diagnostic accuracy 
in challenging 1°HPT scenarios.

METHODS

Patient Cohort Used in 
Nomogram Development

	 In an effort to construct a multidimensional nomo-
gram for the diagnosis of 1°HPT, we based our initial 
analysis on a cohort of healthy normal subjects. We identi-
fied 1,000 consecutive patients with 25-hydroxyvitamin D
[25(OH)D] measurements at the Cleveland Clinic in 
Cleveland, Ohio. Residual blood samples not required for 

clinical use from these patients are routinely stored for a 
brief period, in accordance with clinical pathology proto-
cols, and then discarded. We maintained at 20°C the blood 
samples intended for disposal when they were no longer 
clinically needed. These samples would be the source of 
future measurement of total serum calcium and intact PTH 
concentrations. We considered the incorporation of ion-
ized calcium values in our nomogram development, but 
this decision would have required recruitment of healthy 
persons for separate venipuncture and separate specimen 
processing and testing. Likewise, we considered the incor-
poration of 1,25-dihydroxyvitamin D levels, but this test is 
not performed at our institution. We reasoned that the most 
versatile and relevant nomogram would be one based on 
variables that are routinely assessed in patients with sus-
pected 1°HPT and available at most institutions.
	 Using the International Classification of Diseases, 
Ninth Revision codes to query computerized medical 
records and confirmation by review of individual patient 
charts, we excluded from the study those patients with 
conditions that might affect calcium, 25(OH)D, and PTH 
metabolism. These exclusion criteria included renal fail-
ure, renal insufficiency, metabolic bone disease, any type 
of cancer, preexisting parathyroid disease, malnutrition, 
adrenal disorders, transplantation, sarcoidosis, diabetes 
insipidus, and hyperthyroidism. In addition, patients were 
excluded if they were taking any of the following medica-
tions: lithium, thiazide diuretics, cinacalcet, theophylline, 
high-dose vitamin D for repletion (ergocalciferol, 50,000 
U), calcitriol, and bisphosphonates. We did not exclude or 
analyze any patients on the basis of race or sex. After this 
analysis was superimposed on the 1,000 patients whose 
blood samples were in storage, 222 healthy patients were 
available for further study. All these patients had normal 
serum creatinine measurements. Calcium and PTH mea-
surements were performed on sequestered blood samples 
of these 222 patients. Institutional review board approval 
was obtained for this portion of the study, as well as for 
the study of the surgical cohort detailed in a subsequent 
section.

Biochemical Analysis
	 All 25(OH)D measurements were performed with a 
2-step DiaSorin 25(OH)D assay (DiaSorin Inc., Stillwater, 
Minnesota). Serum intact PTH was quantified by using the 
ADVIA Centaur (Siemens USA Healthcare Diagnostics, 
Deerfield, Illinois) intact PTH assay, a 2-site sandwich 
immunoassay with antibodies against the N-terminal (1-34) 
and the 39-84 region of the molecule. Serum calcium mea-
surements were performed with a Roche automated clini-
cal chemistry analyzer (Roche Diagnostics, Mannheim, 
Germany) and use of a reaction with a cresolphthalein 
complexone in the presence of 8-hydroxyquinoline. This 
reaction forms a purple chromophobe, the intensity of 
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which, measured photometrically, is proportional to the 
calcium concentration.

Mathematical Modeling and 
Statistical Analysis

	 In combination with demographic data, the laboratory 
values from these healthy patients were used to construct a 
statistical model for the prediction of patient-specific “nor-
mal” PTH values. The data used to develop a predictive 
equation relating PTH to calcium and 25(OH)D were ana-
lyzed with use of SAS version 9.2 software (SAS Institute 
Inc., Cary, North Carolina). The variables to be used in the 
multivariate study were assessed for colinearity. In addi-
tion to the main variables, the data set allowed a test of the 
possible interaction between 25(OH)D levels and calcium 
levels as well as the interaction of 25(OH)D levels with the 
curvilinear relationship between calcium and PTH. None 
of these terms was significant. The regression model was 
developed by using stepwise regression methods. Both 
backward elimination and forward selection with replace-
ment converged to the same model. The final model for 
defining patient-specific normal PTH values (referred to as 
the PTH nomogram) consisted of only those variables that 
were significant (P<.05).

Surgical Validation Cohort
	 From a prospectively maintained, institutional review 
board-approved database, we identified a cohort of 351 
consecutive patients with 1°HPT who had complete pre-
operative total serum calcium, PTH, and 25(OH)D levels 
available. All patients referred to the endocrine surgery 
clinic have a serum albumin level measured for the pur-
pose of correcting the total calcium level. None of these 
patients was found to have an abnormal serum albumin 
value. Measurements of serum albumin were not avail-
able for all the “healthy” control subjects, but no diagnoses 
were noted that would be expected to result in a below-
normal level of serum albumin for the healthy cohort. All 
surgical cohort patients had undergone bilateral cervical 
exploration with intraoperative PTH guidance and parathy-
roid excision; pathologic confirmation of diseased glands 
showed that 226 had a single adenoma, 66 had double ade-
noma, and 59 had multigland hyperplasia. No patient in the 
surgical cohort had a “negative” result on neck exploration. 
The patients underwent assessment by both endocrinolo-
gists and surgeons in accordance with currently accepted 
treatment guidelines for parathyroid disease (summarized 
in reference 1, from the National Institutes of Health work-
shops). Moreover, no patient had a preoperative diagnosis 
of secondary hyperparathyroidism, which would have pre-
cluded a decision to proceed with surgical treatment. The 
25(OH)D status was comparable among all disease catego-
ries found at operation: 25.5 ����������������������������±��������������������������� 11.4 ng/mL for single ade-
nomas, 26.4 ± 11.2 ng/mL for double adenomas, and 26.8 ± 
13.4 ng/mL for multigland hyperplasia (P = no significant 

difference). The PTH nomogram was applied to this surgi-
cal patient population to determine its performance in the 
identification of 1°HPT in this setting, where disease was 
verified by ultimate surgical and histologic standards. In 
addition, subsets of surgical patients with borderline labo-
ratory values were identified and examined separately to 
determine how the PTH nomogram performed in these 
difficult-to-diagnose populations.

RESULTS

	 Multivariate analysis was used to determine those 
factors that were significantly correlated with PTH in the 
222 healthy patients. Significant independent predictors 
of PTH were total serum calcium (P = .0002), 25(OH)D 
(P<.0001), and age (P = .015) (Table 1). Sex was not a sig-
nificant, independent predictor of PTH. As shown in Figure 
1, upper limits of normal PTH levels were evident for each 
gradation of 25(OH)D levels: insufficient (10 ng/mL), low-
normal (30 ng/mL), and well-repleted (50 ng/mL).
	 Mathematical modeling of the data set yielded the fol-
lowing predictive equation: PTH (pg/mL) = 90.73 - [6.07 
× calcium (mg/dL)] - [0.52 × 25(OH)D (ng/mL)] + [0.26 
× age (years)] (R2 = 0.18; root mean square, 14.5). This 
equation calculates the expected PTH for a specific patient 
on the basis of his or her total serum calcium, 25(OH)D, 
and age measured on the same day. We then modified the 
equation to predict a patient-specific upper limit of nor-
mal PTH (with 95% confidence interval) and estimated 
this by adding 2 times the root mean square to the PTH 
value generated by the foregoing equation. Thus, the pre-
dictive equation for the upper limit of normal for PTH, or 
the PTH nomogram, becomes the following: PTH [upper 
limit of normal] (pg/mL) = 119.73 - [6.07 × calcium (mg/
dL)] - [0.52 × 25(OH)D (ng/mL)] + [0.26 × age (years)]. 
As shown in Figure 2, this predictive equation is presented 
in a format that is easier to remember for clinical use, 
with numbers rounded to single digits (without affecting 

Table 1
Independent Predictors of PTH:

Multivariate Analysis

	 Variable	 Coefficient	 P value

	 Calcium	 −6.075	 .0002
	 25-Hydroxyvitamin D	 −0.519	 <.0001
	 Age	 0.264	 .0152
	 Sex	 NA	 NS

	 Abbreviations: NA = not applicable; NS = not significant;
	 PTH = parathyroid hormone.
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accuracy of the calculation). For example, this equation 
would predict that a 54-year-old man with a total serum 
calcium level of 9.5 mg/dL and a 25(OH)D value of 20 
ng/mL should have a maximal PTH concentration of 66 
pg/mL; a higher measured value would predict parathyroid 
disease.
	 In applying this PTH nomogram to the entire series of 
patients with surgically confirmed 1°HPT, 331 of 351 sur-
gical patients (94%) would have been correctly diagnosed 
on the basis of the initial preoperative laboratory results 
to indeed have 1°HPT (P<.001). All surgical patients with 
a classic laboratory presentation (total serum calcium 
>10.5 mg/dL and PTH >60 pg/mL) of 1°HPT were also 
clearly categorized as such by the nomogram (238 of 238 
patients). In the original cohort of 222 patients deemed 
healthy by our screening criteria, 212 (95%) would also 
be classified as healthy by the nomogram. Ten individu-
als (5%) had an unexpectedly abnormal PTH measurement 
for which no cause was apparent in their clinical records. 
There are several potential explanations for this finding, 
including the following: (1) possible early, yet unrecog-
nized 1°HPT; (2) an unrecognized or undocumented clini-
cal condition affecting the calcium-PTH relationship that 
was not identified during screening for exclusion criteria; 
(3) false-positive findings within the nomogram; and (4) 
normal statistical variation, demonstrating the fact that 
“nomograms” such as the current one are designed to 

reflect the range of values that would encompass 95% of 
“normal” persons. Overall, the sensitivity, specificity, posi-
tive predictive value, and negative predictive value of the 
PTH nomogram to diagnose 1°HPT were 94%, 95%, 97%, 
and 92%, respectively.
	 Importantly, however, 76 of 351 patients presented 
with normocalcemic 1°HPT and 37 of 351 had normal 
PTH levels, demonstrating that 113 patients (32%) in our 
surgical cohort did not fulfill the classic criteria of 1°HPT 
and, by definition, had a more challenging diagnostic 
profile. Although these patients had atypical biochemical 
profiles before surgical intervention, they did have clini-
cal symptoms and metabolic consequences consistent with 
1°HPT that eventually led to surgical exploration. None of 
these patients underwent an operation in vain because they 
all had histologic confirmation of abnormal parathyroid 
glands, although the preoperative informed consent discus-
sion with them quoted a higher risk for a potentially nega-
tive exploration. Thus, it was instructive to analyze how 
the PTH nomogram performed in these circumstances and 
whether it might have mitigated the surgical risks quoted 
to patients. In the subgroup with normocalcemic 1°HPT, 
the nomogram successfully identified 64 of 76 patients 
(84%). In addition, the model correctly classified 20 of 37 
patients (54%) with “inappropriately” normal PTH values 
as having 1°HPT. Thus, the model reliably predicted nor-
mocalcemic 1°HPT and would have clarified a diagnosis 

Fig. 1. Upper limits of normal levels for intact parathyroid hormone (PTH) at 25-hydroxyvitamin D levels of vary-
ing adequacy: 10 ng/mL (insufficient), 30 ng/mL (low-normal), and 50 ng/mL (well-repleted). CI = confidence 
interval.
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for at least half of the remaining atypical patients. The 
multidimensional nature of the PTH nomogram (Fig. 3) in 
graph format clearly depicts its ability to separate normal 
ranges from those of various disease states or phenotypes 
of hyperparathyroidism.

DISCUSSION

	 The results of this study support the notion that a 
diagnosis of 1°HPT can be strengthened by refining the 
interpretation of key biochemical variables relevant to this 
disease. We were able to identify clinical factors—total 
serum calcium, 25(OH)D, and age—that significantly 
affected PTH values. We developed a useful mathematical 
model for predicting normal PTH levels that is based on 
these multiple factors, not simply calcium values as is cur-
rently practiced. A unique aspect of our model is that the 

PTH nomogram generates a patient-specific upper limit of 
normal PTH, rather than providing generic and static PTH 
reference ranges.
	 The major motivation for developing such a model 
was the realization that the 2-dimensional, sigmoid rela-
tionship between total serum calcium and PTH levels, ini-
tially described in the 1970s, was insufficient to charac-
terize fully all clinical scenarios of 1°HPT (21-23). This 
particularly applies to those patients with borderline or 
atypical laboratory values, inasmuch as the diagnosis of 
1°HPT in patients with elevated serum calcium and intact 
PTH concentrations and urinary calcium excretion is 
straightforward. With use of existing 2-dimensional mod-
els, which usually define the normal PTH reference range 
as <60 pg/mL, patients with atypical 1°HPT are impos-
sible to distinguish from those with secondary hyperpara-
thyroidism and sometimes even those with hypercalcemia 

Fig. 2. Predictive equation for expected normal parathyroid hormone (PTH) values. This equation 
provides a patient-specific upper limit of normal (ULN) PTH (R2 = 0.18) based on clinical vari-
ables identified to affect PTH levels significantly in a cohort of healthy persons.

Fig. 3. Multidimensional representation of the normal range of parathyroid hormone (PTH) levels in healthy 
normal individuals and disease subtypes of primary hyperparathyroidism (1°HPT) in a surgical cohort with 
confirmed parathyroid disease.
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of malignancy. Our expectation for this study was that 
multidimensional mathematical modeling of relevant bio-
chemical factors may help support the 1°HPT diagnosis in 
patients with atypical or borderline laboratory values. In 
our patients with confirmed and treated 1°HPT, the PTH 
nomogram would, in fact, have correctly supported this 
diagnosis before surgical intervention in 84% of those with 
normocalcemic 1°HPT and 54% with hypercalcemia and 
inappropriately normal PTH values.
	 It is not surprising that about a third of our surgical 
cohort were in an atypical 1°HPT category. With the intro-
duction of routine serum calcium measurements, the epi-
demiologic features of 1°HPT have shifted; the result is a 
greater proportion of cases of both asymptomatic hypercal-
cemia and mild serum calcium elevations being detected 
incidentally on routine blood studies (1,2,24). Another 
demographic trend has been observed: unlike the 90% 
prevalence of single adenomas seen in previous decades, 
modern series of patients undergoing parathyroid surgi-
cal treatment identify up to 20% to 30% with multigland 
hyperplasia (24-26).
	 Many patients with what is potentially “mild” or 
“early” 1°HPT have borderline laboratory results that pose 
diagnostic challenges. In a recent series of 60 consecu-
tive patients with 1°HPT, Glendenning et al (27) found 
that 22% had normal serum calcium levels, with 8% hav-
ing both serum calcium and PTH values in the reference 
range. Thus, there is a growing need and context for the 
application of our PTH nomogram or similar diagnostic 
aids. At our center, a substantial number of these patients 
were eventually offered surgical treatment and under-
went neck exploration, with removal of pathologically 
confirmed abnormal parathyroid glands. Typically, these 
patients underwent follow-up for an extended period and 
had multiple laboratory measurements. Use of adjuncts 
such as ionized calcium and 25(OH)D or the presence of 
adverse consequences of the disease invariably contrib-
uted to the final decision. Thus, it is likely that our endo-
crinologists and endocrine surgeons used an informal, if 
not partially subconscious, version of this algorithm in 
deciding the course of management in these patients. As 
such, our study helps make explicit those factors that may 
enter into appropriate decision making in these challeng-
ing scenarios.
	 The traditional treatment regimen at our institution 
has been to correct vitamin D deficiency after a parathy-
roid surgical procedure. Because no patient underwent a 
negative surgical exploration, however, we do not believe 
that vitamin D treatment preoperatively would have influ-
enced the ultimate treatment algorithm for these patients. 
Furthermore, it is important to emphasize again that the util-
ity of the nomogram is to provide the expected PTH value 
for the given serum calcium and 25(OH)D measurements 
at a specific time. Treated secondary hyperparathyroidism 

should be reflected in improved calculated and measured 
PTH values.
	 One additional potential application of the PTH nomo-
gram may be the assessment of eucalcemic elevation of 
PTH levels after parathyroid surgical treatment, a phe-
nomenon noted in up to 40% of patients in some reported 
series (28-32). In some patients, this finding represents an 
adaptive response to underlying vitamin D deficiency or 
renal insufficiency. Indeed, Beyer et al (33) found the inci-
dence of postoperative eucalcemic PTH elevations to be 
significantly lower in patients who received oral vitamin 
D supplementation in comparison with those who did not 
(14% versus 39%; P<.04). A proportion of these patients, 
however, will have persistent or recurrent 1°HPT. If one 
assumes that parathyroid function and calcium metabolism 
return to a baseline state after a curative surgical proce-
dure, then the generation of a patient-specific upper limit 
of normal for PTH may help to sort out those patients who 
require further investigation.
	 Our study has some limitations that warrant discus-
sion. Even with the use of multiple variables in the predic-
tive model, the explained variance (R2) is 0.18. This finding 
indicates that baseline “statistical noise” and additional fac-
tors beyond those we identified are likely influencing PTH 
levels. Despite this limitation, all factors used in our model 
were significantly correlated with PTH, and plotting the 
upper 95% confidence interval highlighted the difference 
between patients with 1°HPT and healthy control subjects. 
Other investigators such as Aloia et al (20) have identified 
body mass index (R2 = 0.09), age (R2 = 0.01), and 25(OH)D
(R2 = 0.008) as significant predictors of PTH in a model 
with overall R2 of 0.11, and others have suggested that sex, 
race, and serum creatinine are potential factors (15,16,18-
20,34,35). The potential exists to modify or improve our 
PTH nomogram through a larger scale study, with exami-
nation of a broader range of predictive variables. Although 
promising also in its retrospective evaluation of our surgi-
cal series of patients with 1°HPT, this predictive equation 
requires validation on a prospective basis. We are currently 
undertaking such a study. We are additionally examin-
ing whether the use of the PTH nomogram leads to fewer 
repeated laboratory tests for patients with atypical 1°HPT 
or shorter time frames between screening, diagnosis, and 
surgical intervention. These variables were not possible to 
examine in our current study.
	 A final factor that bears mentioning is measurement of 
ionized calcium. In this study, we used total serum calcium 
for the diagnosis of 1°HPT, with the rationale as stated in 
the “Methods” section. Although high ionized calcium lev-
els have been reported in patients with suspected 1°HPT 
and normal total serum calcium (27,36), even then 18% of 
patients had laboratory values, either ionized calcium or 
PTH, within the normal range (27). Thus, in future modi-
fications of our PTH nomogram, we may wish to examine 
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ionized calcium in an attempt to improve diagnostic accu-
racy further.

CONCLUSION

	 In summary, a significant proportion of patients with 
1°HPT may have borderline laboratory results, which may 
present a diagnostic dilemma. The traditional, 2-dimen-
sional nomogram with use of serum calcium and PTH lev-
els may be inadequate for the assessment of such patients. 
As a result, patients may be misdiagnosed, need additional 
tests, or require follow-up with repeated blood studies in 
order to clarify the diagnosis. In the current study, we used 
mathematical modeling to develop a multidimensional 
nomogram in order to create patient-specific reference 
standards for PTH. This nomogram should not be confused 
as a model that predicts or calculates all 3 biochemical 
variables—calcium, PTH, and 25(OH)D levels. Rather, 
the nomogram provides a more biologically sensitive esti-
mation of what PTH (and only PTH) ought to be, in light 
of the actual blood test measurements of serum calcium 
and 25(OH)D that physiologically regulate PTH release. 
Comparison of the estimated PTH from the nomogram with 
the actually measured serum PTH level can assist a clini-
cian in thinking about patients with parathyroid diseases, 
especially when they do not conform to an easy diagnostic 
category. Application of our model to a retrospective series 
of patients with surgically proven parathyroid disease 
yielded promising results. This model deserves prospec-
tive validation and could potentially be modified through 
consideration of additional predictive variables and use of 
ionized calcium measurements.
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