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ABSTRACT 
Background: It has been recently emphasized that the use of slow sensors to monitor the luminal esophageal temperature 
(LET) during atrial ablation can be seriously dangerous to the patient.

Objective: We want to investigate such a feature in a quantitative way in order to understand how fast a thermal probe should 
be in order to be reliable.

Methods: We formulate a model allowing reconstructing the real temperature evolution from the one recorded, knowing the 
sensor response time. 

Results: We compare measured and real temperatures and we perform a virtual comparison among sensors with different 
response time starting from actual clinical data.

Conclusions: Sensors with a response time of 4 or more seconds are not safe in the presence of rapid esophageal tempera-
ture variations, i.e. when thermal monitoring is actually needed.
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INTRODUCTION
The importance of luminal esophageal temperature (LET) 
monitoring during procedures for pulmonary veins isolation 
(PVI) as a treatment of atrial fibrillation has been discussed 
e.g. in Kiuchi et al [1] and Koranne et al [2]. LET monitoring 
has been recommended in the latest expert consensus by 
Calkins et al [3]. In a recent paper Gianni et al [4] have report-
ed two cases of esophageal thermal lesions (ETLs) following 
radiofrequency ablation (RFA) for pulmonary veins isolation 
(PVI), which developed to atrio-esophageal fistula (AEF), de-
spite the detected luminal esophageal temperature (LET) had 
been apparently in a safe range during the whole procedure. 
They rightly attributed this unfortunate outcome to the large 
response time of the esophageal thermal probe (ETP) used, 
thus pointing out the great relevance of such a parameter. In 
the quoted paper the response time of two single 

sensor probes was reported (both by Smiths Medical, Dublin, 
Ohio, USA): the 18F esophageal stethoscope, ER400-18, and 
the 9F ETP ER400-9 probe, with the respective response time 
of 33.45s and 8.26s. Of course, the first value is so high to 
conceal the actual LET evolution, providing physicians with a 
dangerously wrong information. As remarked by Fasano [5], 
the second value may look OK, but it is still too large, precisely 
when patients are exposed to critically steep thermal gradi-
ents, i.e. when ETPs are mostly needed. The necessity of using 
fast sensors is stressed also by Liu et al [6] in their basic review 
paper. We believe that such an issue is so important that we 
decided to perform a quantitative analysis, trying to recon-
struct the time behavior of the real temperature from the one 
measured by a sensor whose response time is known, with 
the aim of establishing how fast an ETP has to be in order to 
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be safe. Our method will also allow making a virtual compari-
son among sensors with different response time, starting from 
clinical data detected by means of a specific probe.

METHODS

We set up a mathematical model in which τ denotes the sen-
sor response time, Ɵ is the measured temperature, and T is 
the actual temperature. The most reasonable definition of τ, 
also adopted by Gianni et al [4], is the following. Let Ɵ0 be the 
common value of Ɵ and T at time t = 0 and let δ be a tempera-
ture jump applied to the sensor. Then the temperature of a 
sensor with response time τ evolves as follows 

(1)   Ɵ(t) = Ɵ0 + δ[1 − exp(−t/τ)]. 

Now, take a sequence of time instants 0, t1, t2, … , ti, ti+1, … and 
set Ɵi = Ɵ(ti), Ti = T(ti). According to (1), the variation of Ɵ in 
the interval (ti, ti+1) is

(2)   (Ɵi+1 − Ɵi ) ~  (Ti+1 − Ɵi) τ
ii tt −+1 ,

provided that ti+1 − ti << τ . Note that (2) makes no 
sense if τ = 0, which entails Ɵ ≡ T. Taking the limit ti+1 − ti → 0, 
we find the desired relationship:

Such an equation can be used for various purposes. One can 
enter a typical time evolution of Ɵ and get the time course of 
the associate real temperature T, so to realize how large the 
influence of the parameter τ is. Conversely, the same equa-
tion can be used to infer the sensor response Ɵ(t) caused by a 
known applied temperature T(t). Likewise, it is possible to put 
in (3) a sufficiently smooth interpolation Ɵ  of the clinical data 
of the patient’s LET in order to retrieve the real esophageal 
temperature T during the PVI procedure. The latter property 
can also be used to make a virtual comparison of ETPs with 
different response times. The results below will highlight the 
crucial role of such a parameter. 

The clinical data that are going to be used were obtained at 
the Istituto Clinico Mediterraneo, Agropoli, Italy by Dr Gi-
useppe De Martino using Esotherm probe and Esotest moni-
tor (FIAB, Italy) 

RESULTS

Equation (3) illustrates very clearly that the discrepancy be-
tween measured and real temperature is nothing but the prod-
uct of the sensor response time and the speed of variation of 
its temperature. Suppose for instance that at some instant the 
sensor temperature is increasing at the rate 0.25°C/s (values 
found in practice normally range between 0 and 1°C/s). Then 
the difference T − Ɵ  is readily provided by (3) as 0.25τ, which 

amounts to 8.4°C and to 2.0°C for the two sensors dealt with 
in Gianni et al [4]. The first value is huge and it is very unlikely 
that such a slow sensor can react at that given rate, but the 
second is large too in the ablation context, since it could lead 
to serious lesions.  One should also consider that the decision 
of interrupting power supply when the detected temperature 
goes above some selected threshold might take some sec-
onds and that LET will anyhow increase for a while after RF 
has been switched off. We organize this section in three parts:

•	 (I) Take for Ɵ a typical behavior of a sensor during 
a procedure, i.e. a temperature spike, and derive 
the corresponding real temperature T, knowing the 
sensor response time.

•	 (II) Take a driving temperature T (the real LET) ap-
proaching exponentially some limit T* beyond an 
alarm threshold, and compute the delay with which 
different sensors reach the alarm temperature.

•	 (III) Take clinical data recorded by means of a fast 
sensor and derive what the response of slower sen-
sors would have been.

The corresponding results will emphasize the great risk of us-
ing ETPs that are not sufficiently fast.

From recorded to real LET.

An easy way of seeing (3) at work is to take for Ɵ a Gaussian 
curve, which is reasonably representative of a real behavior 
for a RFA procedure:

(4) 
0)( θθ −t = ( ) ( )
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Here the maximum temperature *θ  represents a threshold 
that the operator managed not to exceed, using the infor-
mation from a sensor with a given response time τ. We are 
going to reconstruct the real temperature T corresponding to 
different values of τ  and of the maximum slope of Ɵ (i.e. of 
the parameter λ). 

We choose  λ in such a way that Ɵ has a prescribed maximal 

slope S, according to the formula ( )
2
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For not exceedingly slow sensors the three values chosen cor-
respond to safe (0.1°C/s), alarming (0.25°C/s), critical (0.5°C/s) 
situations.
Table 1: Values of λ corresponding to a given maximal slope of 
function (4) with 0

* θθ − = 4°C.

S(0C/S) 0.1 0.25 0.5
λ(s2) 1177.21 188.35 47.09
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The corresponding explicit expression of T is 

(5) 0)( θ−tT = ( ) ( )
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We can take e.g. Ɵ0 = 36°C (basal temperature), Ɵ* = 40°C 
(threshold measured LET). The corresponding graphs are re-
ported in Figure 1.	

Figure 1: Behavior of the real temperature T associated to a measured 
temperature θ for different response times.

One more feature that can be deduced from (3) and clearly 
shown in Figure 1, is that when Ɵ increases to a maximum  
Ɵ* at some time t = t*, then T = Ɵ at that point, and T > Ɵ for 
t < t*, meaning that T attains a maximum  T* > Ɵ* at some 
earlier instant. The situation is completely symmetric when Ɵ 
decreases to a minimum.

Table 2 reports the corresponding maxima of T for different 
pairs (S,τ). 

Table 2: Maxima of function (5) for different pairs (S, τ).

            S(0C/S)
τ(S)

0.1 0.25 0.5

1 40.003°C 40.02°C 40.02°C

4 40.05°C 40.3°C 41.0°C

8 40.2°C 41°C 42.7°C

32 42°C 46.6°C 54.5°C

Note: the chosen values for τ cover the range of thermal 
probes on the market. 

Response time and delay to alarm.

Conversely, one can consider a temperature T(t) evolving to 
a dangerous range and see how a sufficiently large response 
time can induce a severe delay in alarming the operator, pro-
ducing a dangerous situation. To do that we must integrate 
equation (3), where now T is the driving term and Ɵ is the 
unknown:

(6)
We Consider

(7)

namely a temperature raising to T* at a speed depending on 
the parameter µ. 
Plugging (7) into (6) we conclude that a sensor with response 
time τ reacts as follows:

(8)

and
(9)       

It can be checked that Ɵ  steadily increases to T* irrespectively 
of the relative magnitude of τ  and µ.
Let us choose T* = 45°C, well beyond an alarm temperature 
that we may reasonably set at 39°C (we still refer to a baseline 
temperature Ɵ0=36°C), and see how τ determines the delay 
at which Ɵ  crosses the same threshold and what is the actual 
value of T at the time it happens. 
Table 3 shows the delay with which the alarm temperature 
is reached by a sensor along with the value of T at that time 
instant, for various values of τ and µ. 
Table 3:  Delay to alarm (in brackets) and actual temperature 
T at the alarm time instant.

     6s [1°C/s] 10s 
[0.6°C/]

15s 
[0.4°C/]

30s 
[0.2°C/]

1s 39.95°C (1.4s) 39.59°C 
(1.04s)

39.40°C 
(1.03s)

39.2°C 
(1.02s)

4s 41.61°C (3.44s) 40.89°C 
(3.79s)

40.41°C 
(4.01s)

39.78°C 
(4.18s)

8s 42.73°C (5.84s) 41.90°C 
(6.6s)

41.29°C 
(7.2s)

40.41°C 
(8.02s)

32s 44.63°C (16.73s) 44.08°C 
(18.75s)

43.49°C 
(20.73s)

42.36°C 
(24.7s)

The values of µ are selected so that the speed of variation P of T 
when T = 39°C equals 0.2°C/s, 0.4°C/s, 0.6°C/s, 1°C/s, respectively.

Figure 2 refers to the largest of such speeds.
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Figure  2: Sensor reaction to the driving temperature (7) for different 

values of τ. Here µ = 6s.

Remark
It is worth mentioning here that the concept of “safety thresh-
old temperature” may be easily misunderstood, since people 
tend to associate it to the ideal temperature T, while it is nec-
essarily related to the measured temperature Ɵ. Looking at 
Figure 2, one realizes that if it is desired that T stays below, 
say, 40°C, then 39°C is an appropriate threshold for sensors 
with τ = 1s, but for sensors with τ = 4s, τ = 8s, τ = 32s thresh-
olds should be set at 37.2°C, 36.6°C, 36.2°C, respectively, if the 
baseline temperature is 36°C. Note that in the last two cases 
the difference between threshold and baseline temperature 
is close to or even less then the device accuracy, making the 
measure basically useless.

What can happen in practice.

We consider the temperature Ɵ  recorded at a clinical proce-
dure at the Istituto Clinico Mediterraneo, Agropoli, Italy (Dr 
Giuseppe De Martino) using a fast probe (Esotherm, FIAB, τ = 
1s). We deduce the corresponding real LET T, and we derive 
the behavior of slower probes. We examine a case, in which 
RF power has been switched off at some point because the 
detected LET crossed the threshold and we compare the value 
Tc of T at that crossing time with the value Tc of T that would 
have been reported by slower ETPs. 
Figure 3 reports the comparison between T and Ɵ for the orig-
inal data (τ = 1s), and for reconstructed responses of slower 
ETPs (τ = 4s, τ = 8s, τ = 32s). The corresponding differences Tc 
-Ɵc  are reported in Table 4. Tc = 39.7°C

Figure 3: Temperature Ɵ recorded with a fast probe (τ = 1s) during a clini-
cal procedure. The dark line is the reconstructed real temperature (from 
eq. (3)). The three interrupted curves represent the temperatures that 
would have been detected by slower sensors up to the time at which Ɵ  

has reached the threshold value.

Table 4: Temperature underestimation by probes with differ-
ent response time.

τ = 1s τ = 4s τ = 8s τ = 32s

Tc - Ɵc (°C) 0.7 1.1 2.6 4.3

DISCUSSION

We have carried out a quantitative analysis of the influence of 
the response time on the behavior of a thermal sensor. While 
very fast sensors (response time of 1s or less) keep up rather 
precisely with the external stimulus, the discrepancy between 
the measured temperature and the real one becomes larger 
and larger as the response time increases. Beyond some limit, 
the information provided by the sensor to the operator during 
RFA or CA becomes so inaccurate to represent a real danger. 
Such a feature is more dramatic in the presence of rapid tem-
perature variations (which are accompanied by steep thermal 
gradients in the area surrounding the ablator), namely in the 
cases where LET measurement is essential. These facts have 
been pointed out based on numerical simulations performed 
both on ideal cases and on clinical data. We have applied our 
method to perform a virtual comparison among different sen-
sors, since we are able to retrieve the real LET from the one 
measured by means of a given sensor and in turn to predict 
the corresponding response of different sensors. 

CONCLUSIONS
It is fairly obvious that a delayed response of a thermal sensor 
on an ETP will cause a delay in alarming the operator. How-
ever, for the clinical practice it is very important to translate 
such a simple remark into quantitative terms. The analysis 
here performed shows that the use of probes with response 
time of 4s or more must be avoided, since the information 
they provide is deceitful when LET varies particularly rapidly, 
namely precisely when LET monitoring is essential. In particu-
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lar, we have pointed out the following features, all emphasiz-
ing the danger connected to the use of slow probes:
• The real temperature T associated to a measured spike Ɵ  
has a maximum exceeding the one of Ɵ and occurring earlier. 
The size of such discrepancies is strongly related to the sensor 
response time τ.
• For a given temperature T evolving beyond a given alarm 
temperature, the delay with which the measured tempera-
ture Ɵ crosses the same threshold is largely increasing with 
the sensor response time τ.
• If RF power is switched off at some chosen temperature de-
tected by a fast sensor, the temperature that would have been 
shown by a slower sensor at the same time is lower, and con-
siderably lower if its response time τ is large.
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