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In order to improve surgical cure of primary 
hyperparathyroidism, a rapid assay for intact parathy-
roid hormone (iPTH) to be used intraoperatively  was 
developed [1]. 

The PTH monitoring is based on the assumption that, 
when the affected gland is excised, the steady state is 
altered and PTH begins to decrease.  Thus, the instant 
of the excision is considered the origin of the decay 
curve and the cut-off is defined as a percentage of the 
origin iPTH level measured few minutes afterwards. 

 Nussbaum et al. demonstrated a decline of PTH to 
less than 40% of the baseline values (just before lega-
tion of the vascular pedicle) 15 min after successful 
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parathyroid adenomectomy in 12 patients [1]. 
Subsequently, other Authors checked the cut-off ear-

lier (10 min after the excision) and, obviously, since 
the curve is decreasing, they considered a higher cut-
off value (50%).  These criteria have good results when 
the instant of the excision is truly the time origin of 
the decay [2].  However, iPTH measurements between 
the pre-incision and pre-excision moments were shown 
to increase as a consequence of unavoidable surgical 
manipulations [3].  Furthermore, the PTH measure-
ment at the excision time could be very low if the sur-
gical manoeuvres for isolation of the parathyroid ade-
noma compromise the vascularization and provoke 
ischemia of the adenoma.  Therefore, both false nega-
tive and false positive results have occurred in the inter-
pretation of the intraoperative iPTH test.  These pitfalls 
prompted the modification of the originally proposed 
methodology of evaluation [2, 4-9].  Table 1 reports the 
seven main criteria that have been proposed taking into 
account also PTH values during the pre-incision/ pre-
excision interval [10, 11].  

In the last years the most applied of these methods 
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patients (C1-C20) successfully operated for single 
parathyroid adenoma [Ref. 12 Fig. 2; http://www.eje-
online.org/cgi/reprint/144/4/353].  All but two patients 
had a decay curve made by two components: the first 
with a rapid decrease lasting about 5 minutes and the 
second with a slow decrease lasting about 15 minutes.  
In these patients the iPTH values taken at 10 minutes 
after clamping are under 50% of the basal level.  The 
iPTH at 10 minutes after clamping was not decreased 
in 2 patients who were cured by the excision of a sin-
gle adenoma (false negative results).  Therefore, in 
order to understand the reason of these two false nega-
tive results, we supposed that sometimes the origin of 
the curve might not coincide with the instant of the 
announced clamping, but with a preceding instant.  

A mathematical simulation of this hypothesis was 
then tested.  Taking into account the decay curve (from 
clamping) of patient C4 (our best fitting among all the 
20 Pts; r 2≈1), other curves were simulated using the 
same parameters, but with earlier origins.  In Fig.1 the 
curve labelled “0 min” is just this curve and its ori-
gin coincides with the origin of the axes.  The three 
simulated curves originate respectively 3, 6, 9 minutes 
before the 0 minute and are drawn as dotted in their 
first part (before time 0) and as solid after time 0.  If the 
solid parts of these curves are normalized at their max-
imum value, that is at time 0, the trend is completely 
different as it is shown in the inset of Fig. 1.  Quite sur-
prisingly  the trend of the curves designed at -6 and -9 
minutes is similar to that of two patients (C17 and C19) 
having a false negative response of iPTH assay.  On the 
contrary, the -3 minutes curve results less modified and 
it could indicate a curative surgery. 

Fig. 2 shows how the curves of  patients C17, C19 
can be actually simulated by shifting the curve of C4, 
10 min earlier for C17 and 7 min for C19.  Since these 
time frames are consistent with the usual exposure 
time of the adenoma, the right origin of iPTH decay 

has been the Miami criterion that considers as basal 
level the highest PTH value obtained before the ade-
noma excision.  Surprisingly the cut-off value was 
always checked at 10 min after the excision, not con-
sidering the time elapsed from this new baseline that 
could be extremely variable [4, 7-9].  

The timing of the sample that can result as “the high-
est value” is not well defined and its relationship with 
the other samples is never specified.  However, the 
information given by an intermediate value seems too 
important to be neglected and, in our study, an attempt 
to properly use it was made by supposing the coinci-
dence of value taken during the manipulation phase 
with the origin of the iPTH decay. 

 
Material and Methods

a)Theoretical considerations
The iPTH kinetics during surgery for parathyroid 

adenoma is well described by a two-compartment (cir-
culating blood and extravascular) model [12].  The  
serum iPTH decay after the removal of the parathyroid 
adenoma is represented by a curve expressed by two 
exponential functions whose sum results in two phases: 
its first phase (fast) is due to the sudden lack of iPTH 
after parathyroid adenoma resection; the second phase 
is influenced also by the incretion of the other para-
thyroid glands (either normal and unsuppressed or 
pathological) and therefore it shows a slower decrease.  
The mathematical expression for calculating the circu-
lating iPTH decay curve at every time (t), after the par-
athyroid adenoma excision, is the following:

    [iPTH](t) = Ae–at + Be–bt + EV               (Eq.1)
where t is the time from the decay origin, Ae–at is the 
fast phase, Be–bt  is the slow phase of decay (being a 
> b) and EV (equilibrium value) depends on the con-
tribution to PTH incretion from the other parathyroid 
glands.  We had verified our theoretical model in twenty 

Table 1  Seven main criteria for intraoperative iPTH monitoring [4, 14]

* Miami Criterion: >50% drop from  the highest  iPTH level
 
10  min after  gland excision.

* Criterion 1 or Vienna Criterion: >50% drop  from  the pre-incision
 
iPTH level 10 min after gland excision. 

* Criterion
 
2: >50% drop from the highest iPTH level 10

 
min after gland excision and a final iPTH level within

 
the reference range.

* Criterion 3: >50% drop from the highest iPTH
 
level 10

 
min after gland excision and a final iPTH level lower

 
than

 
the pre-incision value.

* Criterion 4: >50% drop
 
from the highest iPTH level 5

 
min after gland excision.

* Criterion 5: >50% drop from the pre-excision iPTH level
 
10 min after gland  excision.

* Halle Criterion: iPTH decay into the low normal range (≤ 35 ng/L) within 15 minutes after gland excision.
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new origin and no longer from the excision instant. 

b) Clinical data
In this paper, new twenty two patients (P1-P22) 

with primary hyperparathyroidism were successfully 
operated for single gland disease by minimally inva-
sive adenectomy performed by the same surgeon dur-
ing the year 2011.  They were 15 females and 7 males 

is likely to coincide in these cases with the instant of 
manipulation, i.e. when the surgeon greatly affects the 
gland.  In practice, such a situation may happen when 
the squeezing of the gland has caused a rapid efflux 
of the hormone.  Having accepted our hypothesis and 
the criterion of comparison with the iPTH level at ori-
gin, the measurement of the time interval (10 min) for 
the second sample must be computed starting from this 

Fig. 1	 Simulation of iPTH decay.  For the curve labelled 0 min, the origin is at clamping (0 min); for the curves labelled 3, 6, and 9 
min, the origins are respectively at 3, 6, and 9 min before time 0.  The dotted lines indicate the portion of the curves before time 0.  
In the inset, the solid portion of each curve is normalized to its own maximum value, that would be the clamping value if the 
curve were a real iPTH decay.

Fig. 2	 Blood samples of patients C4,C17 and C19 acquired at clamping and some instants onwards.  Both sections present data of 
the patient C4 (asterisk) and actual decay curve (solid line) fitted on his own data.  Sect. a) Data of patient C17 (circles) and 
his simulated decay curve, using the same curve of C4 but originated 10 min. earlier (renormalized to clamping value of C17) 
Sect.  b) Data of patient C19 (circles) and his simulated decay curve, using the same curve of C4 but originated 7 min. earlier 
(renormalized to clamping value of C19)



242 Locchi et al.

ing, and onwards until required (usually 20 and 30 
minutes after clamping) (Table 2).  Data were obtained 
using the iPTH immunochemiluminometric assay 
(ICMA) (Quick-IntraoperativeTM intact PTH, Nichols 
Laboratories, San Juan Capistrano, California, USA), 
performed outside the operating room using a portable 
analyser.  To our knowledge, this assay is, at the pres-
ent, unavailable but this is unessential because all the 
curves are normalized and, thus, any good assay can 
be used. 

with a mean age 51.8 years (range 43-73).  All patients 
remained normocalcemic 6 months after parathyroi-
dectomy (normal value 8.2-10.7 mg/dL).  Their records 
were characterized by peripheral blood collected at 
anaesthesia induction, during the isolation of the sus-
pected hyperfunctioning gland that the surgeon judged 
as the phase of maximal manipulation (this time was 
usually few minutes - mean 8’ 20”- before the parathy-
roid adenoma excision), at clamping, 10 min after the 
sample indicated as manipulation, 10 min after clamp-

Table 2  iPTH data (pg/mL) in 22 patients successfully operated on for single adenoma

Pt.s iPTHBV iPTHman iPTHcl iPTH iPTH iPTH iPTH iPTH iPTH

P1 160 116 73.0
(0) (7)

49.0
(2) (9)

43.3
(5) (12)

28.5
(9) (16)

20.7
(15) (22)

23.0
(20) (27)

15.8
(30) (37)

P2 205 196 130
(0) (3)

78.4
(2) (5)

70.8
(5) (8)

69.0
(9) (12)

45.3
(15) (18)

25.7
(20) (23)

22.4
(30) (33)

P3 169 209 96.4
(0) (4)

90.3
(5) (9)

65.7
(7) (11)

54.4
(10) (14)

47.4
(16) (20)

P4 95.9 144 108
(0) (5)

36.2
(5) (10)

13.7
(10) (15)

6.0
(20) (25)

6.0
(35) (40)

P5 70.8 93.6 23.0
(0) (10)

23.6
(5) (15)

16.6
(10) (20)

17.1
(15) (25)

6.0
(20) (30)

P6 223 401 187
(0) (16)

72.9
(5) (21)

40.3
(9) (25)

32.7
(19) (35)

P7 122 343 439
(0) (10)

107
(10) (20)

49.8
(20) (30)

P8 207 326 103
(0) (5)

58.5
(5) (10)

45.2
(10) (15)

32.0
(15) (20)

12.0
(40) (45)

P9 202 264 111
(0) (5)

48.5
(5) (10)

27.8
(10) (15)

17.9
(20) (25)

16.3
(30) (35)

P10 149 181 89.3
(0) (15)

46.2
(10) (25)

36.1
(20) (35)

P11 331 449 134
(0) (20)

81.0
(11) (31)

68.4
(20) (40)

46.4
(36) (56)

P12 182 220 102
(0) (15)

19.7
(10) (25)

8.2
(20) (35)

P13 106 128 73.6
(0) (5)

39.5
(5) (10)

39.0
(10) (15)

38.7
(15) (20)

14.2
(33) (38)

P14 146 113 101
(0) (11)

68.1
(10) (21)

27.7
(20) (31)

15.6
(38) (49)

P15 178 137 100
(0) (5)

27.9
(5) (10)

13.7
(15) (20)

P16 188 208 130
(0) (5)

76.2
(5) (10)

37.1
(10) (15)

22.1
(20) (25)

P17 140 32.4 14.6
(0) (3)

12.4
(10) (13)

6.0
(20) (23)

P18 146 983 578
(0) (8)

366
(2) (10)

137
(10) (18)

65.2
(20) (28)

P19 72.3 142 55.5
(0) (4)

34.2
(6) (10)

20.9
(10) (14)

19.7
(20) (24)

P20 196 232 63.8
(0) (9)

44.3
(1) (10)

12.3
(10) (19)

12.4
(20) (29)

P21 268 135 88.0
(0) (3)

60.1
(7) (10)

44.3
(10) (13)

33.0
(20) (23)

P22 869 1098 437
(0) (15)

154
(10) (25)

97.6
(20) (35)

75.6
(30) (45)

62.0
(40) (55)

iPTHBV = iPTH at anesthesia; iPTHman = at manipulation; iPTHcl = iPTH at clamping. 
In parentheses, minutes after clamping (before) and minutes after manipulation (behind).
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point of the curve and lower than the value at manipu-
lation.  Since we stated the check at 10 min, only those 
patients with the “manipulation-clamping” time inter-
val (Tmc) ≤ 10 min could be considered for the second 
check.  Of the 9 patients with false negative result (P2, 
P3, P5, P10, P11, P13, P14, P17, P21), 6 fell under this 
condition, whereas 3 did not (P10, P11, P14).  The 6 
curves, linearly interpolated and now normalized to the 
manipulation value, showed a ≥ 50% drop from it (Fig. 
4).  For the 3 patients with Tmc > 10 min, the extended 
observation of the decay curves by additional sampling 
correctly diagnosed them as cured. 

In Fig. 5 are reported the curves of the 19 correctly 
diagnosed patients evaluated either versus clamping 
(n.13) or versus manipulation (n.6) with analogous 
decay.  Moreover, we drew a curve linearly-interpo-
lated representing the upper limit of above mentioned 
curves, i.e. a cut-off curve.  It is noteworthy that all 
the curves, in accordance to the results obtained by 
Nussbaum et al. [1], fall under 40% of the origin level 
at 15 min after it, which means that the searching for 
time origin allows to draw (though approximately) the 
kinetics of each patient and shows how  the cut-off 
must be modified with regard to the time interval cho-

c) Statistical and graphical analysis
Statistical and graphical analysis were carried out using 

the package Statistica for Windows (Statsoft Inc., Tulsa, 
Oklahoma, USA) and MATLAB macrolanguage (Math 
Works Inc., Massachusetts, USA), implemented on an 
IBM-compatible personal computer (Windows XP).

 
Results

All the 22 curves, linearly interpolated and normal-
ized to the clamping value (the standard origin), are 
reported in Fig. 3.  In single adenoma, the patients 
were expected to have a >50% drop from the clamping 
value at 10 min after it.  However, only 13 patients had 
this result, whereas 9 patients showed a <50% drop.  
Therefore,  the latter patients could be categorized as 
not cured. 

According to our hypothesis, if the check versus 
clamping value shows a decrease < 50%, the time ori-
gin may have coincided with the gland manipulation 
and, therefore, a new check must be performed taking 
into account this alternative origin.  Obviously, in this 
case, the value at clamping (no longer a “total”, but 
clearly a “partial” clamping) must be an intermediate 

Fig. 3	 Percentage changes of iPTH, linearly interpolated from clamping in 22 patients with single adenomas.  Solid lines: curves of 
13 patients correctly diagnosed (true positive results); dashed lines: curves of 9 patients erroneously diagnosed (false negative 
results).
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Fig. 4	 Percentage changes of iPTH, linearly interpolated from manipulation in 6 patients (with Tmc ≤ 10 min) resulted false negatives 
at the first check. The full circles mark the clamping values.

Fig. 5	 Percentage changes of iPTH, linearly interpolated from the “most probable origin” of the 19 patients correctly diagnosed by the 
two checks, either versus clamping (13 patients, thin solid lines) or versus manipulation (6 patients, dashed lines). The curves 
fall under the alternative cut-off of Nussbaum too (40% at 15 min). Thick line represents the linearly interpolated limit curve 
(representing the values under which all the 19 curve values are contained).
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at 10 min, it would be sufficient to measure two samples 
in a time frame equal to 10 min and to check whether 
the second value is ≤50% of the first.  Nevertheless, 
our previous study [12] and the one by Maier and coll. 
as well [13] showed that more reliable results can be 
obtained describing the curve by a bi-exponential func-
tion plus a base level (Eq. 1).  Consequently, the term 
“half-time” becomes meaningless since the function is 
halved at longer successive intervals.  It must, there-
fore, be taken into account only the first halving, cal-
culated starting from the time origin of the decay curve 
(truly “basal point”) (Fig. 6b). 

As many different situations may occur during the 
exposition of the gland, it is our opinion that the instant 
of manipulation cannot be established a priori, but the 
surgeon should identify, during the exposure of the ade-
noma, the moment when the hormonal release is likely 
to be greatly influenced.  Obviously, the manipulation 
may not always be the right origin when the check at 
clamping fails, but this is not relevant, since “manipu-
lation check” does not replace the “clamping check”, 
being included in order to increase the probability of 
finding the true origin. 

Most of the other criteria select the check at manip-
ulation when it is the highest value (Miami Criterion 
and Criteria 2, 3, 4), but not assuming it as the ori-
gin.  Consequently, iPTH at 10 min from it is not meas-
ured, using for comparison always the value at 10 min 
from the excision.  Even if sometimes the results can 
be equally valid, the theoretical basis for this interpre-

sen for the checking.

Discussion 

Protocols which provide the comparison between 
the PTH level at clamping and 10 minutes later refer 
to at least one of the following hypothesis: 1) the exci-
sion time (clamping) is rigorously the starting point of 
the decay curve; 2) the decay curve is described by a 
simple exponential function.

All the above mentioned iPTH monitoring criteria 
(Table 1) are based on the definition of a cut-off value 
and on the mere comparison between only two val-
ues; both the cut-off value as well as the time interval 
between the pre- and the post-excision points are empir-
ically defined.  Our study, on the contrary, addresses 
one of the main problems presented in the literature, 
i.e. the choice of the value to which the post-excision 
sample has to be compared, and it proposes a slightly 
modified method in order to increase the probability of 
finding the temporal origin of the curve. 

If the decay curves were described by a mono-ex-
ponential function, the problem would not exist (Fig 
6a). Such a situation, according to our experience, 
can occur rarely, since it only simulates the presence 
of a single adenoma with the other glands totally sup-
pressed in the absence of any parenchymal exchange.  
In this case, it is well known that a “half-time” can be 
defined regardless of the position of the two points on 
the curve.  Consequently, establishing the 50% cut-off 

Fig. 6	 Sect. a) Decay curve of a mono-exponential function with a half-time of approximately 7 minutes.  It is evident that there is 
no need to know what is the starting point, because the value halves always after the same interval.  Sect. b) Decay curve of 
our model: the initial half-time (~10 min) increases over time (~18 min); as a consequence, the first half-time can be rightly 
calculated only if the curve origin is known.
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trolled manner.  In other words, the probability level 
could be established a priori and consequently the cut-
off curve could be calculated.  A lower cut-off value 
would obviously lessen the risk of false positive results 
though increasing the risk of false negatives that, how-
ever, may be easily controlled by a prolonged observa-
tion of the curve. 

Recently, Riss et al. analyzed, in patients operated 
on for primary hyperparathyroidism, the risk factors 
for the presence of spikes during intraoperative iPTH 
monitoring using different criteria (Miami, Vienna, 
Halle), observing for all these criteria an increased risk 
of false negative results.  The Authors conclude call-
ing for the identification of a new method to optimize 
the iPTH monitoring, through an individual interpreta-
tion of the iPTH decay curve [14].  In our opinion, the 
performance of a blood sample at the time of adenoma 
manipulation and the iPTH check after an interval of 
about 10 min helps to reduce the incidence of false 
negative results, avoiding the unnecessary prolonga-
tion of cervical exploration. 

In conclusion, the results of our analysis clearly 
point to the need of finding the “true”, or at least “the 
most probable”,  time origin in order to improve the 
quality of the intraoperative PTH monitoring. 
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tation is lacking.  
At first observation our method could seem labo-

rious but its application requires only one more sam-
ple for a simple calculation, i.e. the check at 10 min 
after manipulation.  Consequently, the added “cost” 
is negligible when compared to the “benefit”.  In this 
study we immediately resolved the problem of 6 out 
of the 9 patients diagnosed as not cured at the check 
from clamping, with the imaginable pros.  However, to 
obtain an alternative origin with the highest probabil-
ity, a greater care is required both in the timing of sam-
pling and in the recognition of the critical manipulation 
time.  In some cases the origin cannot be clearly rec-
ognized, or the above mentioned Tmc is longer than 10 
min, as it happened in 3 out of the 22 patients consid-
ered in this study, and the observation of the curve must 
be elongated, by examining subsequent blood samples 
taken 20 and 30 minutes after the parathyroid adenoma 
excision. 

The main advantage of the recognition of the time 
origin (clamping or manipulation) is not the “direct 
recovery” of false negative results, but the possibility 
of constructing the approximate decay curve for each 
patient (i.e. the personalized kinetics), a task not eas-
ily derived by other methods [3].  Interestingly, being 
the curves derived from a homogeneous population, 
statistical analyses can be performed, with percentile 
interpretation that acquires higher significance when 
increasing the number of observed cases in the cho-
sen cohort.  

Another important goal in iPTH monitoring is the 
minimization of false positive results.  At present, 
false positive results represent variable percentages 
of total analyses, depending on the adopted criterion 
[11].  However, with a normal population of data, a 
“cut-off curve” equivalent, for instance, to 90° or 85° 
percentile could be analytically derived, with the pos-
sibility of setting the cut-off value in a statistically con-
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