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1. Introduction options have been published.” Fast tumor cell repopulation

has been suggested as the main reason why prolonging overall
treatment time (OTT) negatively affects local control (LC) and
overall survival (OS) in many human tumors.® However, there
is still a considerable lack of high-level evidence supporting
this observation.

The time factor is a key element in radiation oncology.!
Furthermore, the importance of delays during a course of
radiotherapy (RT) has been emphasized in recent decades,
and different recommendations on the delay-compensation
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The aim of the present review is both to provide an insight
into the problem and to establish an evidence-based proto-
col to practically address delays in OTT in RT, especially in
centers with a considerable workload. To do so, first, we con-
ducted an extensive bibliographic search for articles with the
highest level of evidence available. Next, we developed a pro-
tocol focusing on different tumor sites and histological groups
depending on the observed level of evidence. By summarizing
the available evidence, we tried to identify which tumors and
situations need to be prioritized for further compensation, so
that RT units with excessive workload can at least compensate
in the most urgent cases.

The present work focuses exclusively on head and neck
cancer (H&NC), by far the most extensively studied tumor site.

2. Materials and methods

An extensive bibliographic search was undertaken focusing
on the possible relationship between prolongation of OTT and
loco-regional control (LRC) or overall survival (OS) in H&NC. In
this sense, we consider ‘Significant’ any study showing a signif-
icant adverse relationship between prolongation of OTT and
LRC and/or OS, even if the relationship is for LC only, but not for
regional control or vice versa, or if it includes survival types
other than OS. If no significant adverse relationship is seen,
the report is considered ‘Non-significant’ (NS).

We searched several databases, including MEDLINE, using
free terms/MESH terms in the Title/Abstract which included
“tumoral repopulation”, “radiotherapy delays”, “treatment
interruptions”, “overall treatment time”, “time factor”, “com-
pensation maneuvers”, and “time relationship”. After iden-
tifying original, full-text articles, we also searched their
reference lists. In an attempt to avoid time period bias (e.g.,
old techniques such as orthovoltage, inadequate doses, and
pre-CT era of treatment planning), we arbitrarily chose 1980
as the earliest valid date. We included, however, only one arti-
cle addressing orthovoltage,” since it was one of the most cited
works in the search.

Assuming that most of the information included was ret-
rospective, we paid special attention to the quality of the
reported data by carefully dividing the articles into those based
on univariate analysis (UN-An) or multivariate (MV-An) analy-
sis. Thus, we categorized each article as MV-An when this was
explicitly stated by the authors or determined unequivocally
from the data. Any other situation was categorized as UN-An.
When only the abstract was available, we generally considered
these cases as UN-An.

Anatomical subsites were considered ‘mixed’ when they
included at least two predominant subsites. Stage was classed
as stage I-I, III-1V, or mixed. However, in a series where a sub-
site or stage was clearly marginal with respect to sample size,
we included it in the most representative group.

Some authors have calculated the loss of LRC in terms of a
percentage lost per day or week, often indicating the median
or mean/average + the range. To simplify the matter, we con-
sidered only the median or mean/average values. In addition,
Fowler et al.® calculated the percentage LCR lost per day or
week when the authors of original papers had not done so,
and recalculated it from authors that had done so. We included

both calculated and recalculated values, the latter indicated as
the original author with the added term “as in Fowler ‘92”.
Some authors estimated the required daily dose increase
to offset the loss of LRC resulting from delays in RT (again,
with a median or mean/average value +range), although the
approaches used were very heterogeneous, as follows:

1. The raw ‘y/«’ factor, applicable when using very small frac-
tions.

2. Dpyolif, the tradeoff dose per day when a fraction size of 2 Gy
(or other) is used.

3. The most heterogeneous group, including different def-
initions of the previous two, as ‘dose lost’, ‘extra dose’,
‘significant repopulation more than...’, ‘mean time fac-
tor’, ‘proliferation rate’, and many others (for simplicity,
grouped under the term ‘k factor’)

Undoubtedly, since the third form refers to one of the first
two, without specifying exactly which one, we preferred to
group them together, even at the risk of overlap.

Similarly, Withers et al.” calculated the average ‘k factor’
from data sets when the original studies had not provided it
and recalculated it from studies which had previously calcu-
lated it. Again, we included all the available calculated values,
and, as above, indicated the author of the original paper with
the added term “as in Withers ‘88”.

While investigating whether prolonged OTT negatively
affected both LRC and OS in patients receiving RT for H&NC,
we partially set aside those reports that show what happens
when OTT is shortened, since this was not envisaged as the
main objective of this study. Therefore, articles about acceler-
ated fractionation (AC-Fx) schemes were not included in the
present work, unless when within the previously mentioned
search strategy limits. Such articles were taken into account
for comparison purposes and to ‘complete the picture’ in Sec-
tion 4.

3. Results

Of sixty-five articles considered eligible for this study, 58
contained original data and 4 were pooled-data analyses of
previously published series. The other three articles com-
prised an editorial, a commentary, and a literature review.
Therefore, our study is based on 62 studies with a median of
465 patients per article (range, 42-4668). The larynx was the
most frequently reported anatomical site (26/62, 41.9%), fol-
lowed by mixed sites (e.g. two or more different sites; 24/62,
38.7%).

While most reports are from retrospective series, 12 reports
included data from prospective studies. Except for two AC-Fx
reports, all of them are Significant. The 4 pooled-data reports
are also Significant.

Table 1 shows the main results of the review. Practically
all the subgroups are Significant, both in terms of LRC and OS.
However, reports of AC-Fx seem to worsen the results. In terms
of LRC, the worsening is only about 2%, but the difference in OS
exceeds 20%, because five out of six OS-NS reports correspond
to AC-Fx schemes.
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Table 1 - Loco-regional control and survival by type of analyses and other main factors.

oce

Anatomical site Stage Treatment Significant- LRC? [references] SVP [references] Comments [references]
intention NS¢/no. of
total reports
[references] Mv-An°© Un-An? Mv-An® Un-An¢
Larynx -1 Radical Significant: 9/12 Significant: 7/9 Significant: 2/3 Significant: 2/3 NS: 1/1 [19] LRC?, p=0.08 for stage I [19]
[10-18] [10-14,16,18] [15,17] [14,16] Not significant for OSf or
NS: 3/12 [19-21] NSS: 2/9 [20,21] NS: 1/3 [19] NS: 1/3 [21] DFSE [21]
-1V Radical Significant: 1/1 Significant: 1/1
7] 7]
Mixed Radical Significant: 12/13 Significant: 7/8 Significant: 5/5 Significant: 1/1 Significant: 1/1 Larynx and
stages [22-33] [22,23,27-30,32] [24-26,31,33] [28] [24] hypopharynx =+ larynx. Included
NS: 1/13 [34] NS: 1/8 [34] here for majority of larynx
patients [23]
LRC?, p=0.08 [34]
Total larynx Significant: 22/26 Significant: 14/17 Significant: 8/9 Significant: 3/4 Significant: 1/2 Total Significant LRC?: 22/26
(84.6%) (82.3%) (88.9%) (75%) (50%) (84.6%)
Total Significant SV°: 4/6 (66.7%)
Mixed location 1-1v Radical Significant: 3/3 Significant: 2/2 Significant: 1/1 NS: 1/1 [36] Hyperfractionation and
[35-37] [35,37] [36] Accelerat. Concom. boost
fractionat. arms: trend toward
improved DFSé (p=0.067 and
p=0.054, respect.). OS’ NS¢ [36]
Adjuvant Significant: 1/2 Significant: 1/1 NS: 1/1 [39] NS: 1/1 [38] NS: 1/1 [39] Tpot showed correlation with
[38] [38] DFSE (| 14%), but not in
NS: 1/2 [39] MV-An¢ [38]
High-risk patients, Acceler.
Fraction. trends for>LRC®
(p=0.11) and for>OSf (p=0.08)
[39]
Mixed Radical Significant: 13/13 Significant: 5/5 Significant: 7/7 Significant: 4/5 Significant: 1/1 LRC?® Significant in N'+
stages [8,9,40-50] [43,44,47,48,50] [8,9,40-42,45 49] [43,44,46,50] [40] (p=0.07-0.08 in T/3-4). OS'
NS: 1/6 [48] Significant in Stage III-IV [40]
LRC? Significant in advan. stages.
CSS™, p=0.06 [48]
Significant for LRC? (any T, not
N!), preservation of voice and
CSs". 0Sf not improved [50]
Adjuvant Significant: 2/3 Significant: 2/2 NS: 1/1 [53] Significant: 1/1

[51,52]
NS: 1/3 [53]

[51,52]

[51]
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Naso-pharynx

Oro-pharynx

Oral cavity

Mixed

Total mixed location

Mixed Radical
stages

Mixed Radical
stages

I-1I Radical
Mixed Adjuvant
stages

Total

Total without AFx

Significant: 2/2
[54,55]

Significant: 21/23
(91.3%)

Significant: 2/3
(66.6%) [56,57]
NS: 1/3 [58]
Significant: 7/7
(100%) [59-65]

Significant: 1/1
(100%) [66]

NS: 1/1 (100%)
[67]

Significant: 53/61
(86.9%)

Significant: 48/54
(88.9%)

Significant: 10/10
(100%)

Significant: 1/2
(50%) [57]

NS: 1/2 [58]
Significant: 6/6
(100%) [60-65]

Significant: 31/35
(88.6%)

Significant: 28/31
(90.3%)

Significant: 8/10
(80%)

Significant: 1/1
(100%) [56]

Significant: 1/1
(100%) [59]

Significant: 1/1
(100%) [66]

NS: 1/1 (100%)
[67]

Significant: 19/23
(82.6%)

Significant: 18/21
(85.7%)

Significant: 1/1
[55]

Significant: 6/8
(75%)

Significant: 1/1
(100%) [57]

Significant: 1/1
(100%) [65]

Significant: 11/14
(78.6%)

Significant: 10/10
(100%)

Significant: 1/1
[54]

Significant: 2/4
(50%)

Significant: 1/1
(100%) [63]

Significant: 4/7
(57.1%)

Significant: 4/5
(80%)

SEER-Medicare linked database.
0S Significant for laryngeal
cancer, trend for salivary gland
(p=0.06). Remaining locations
not significant, ‘attributable to
smaller sample sizes’ [55]

Total Significant LRC?: 18/20
(90%)

Total Significant SV°: 8/12 (66.7%)

Nodal control, p=0.06 [58]

LRC? for OTT <52 days (RO,
p=0.11),<46 days (R1!, p=0.18)
[67]

Total Significant LRC?: 50/58
(86.2%)

Total Significant SV?: 15/21
(71.4%)*

Total Significant LRC?: 47/53
(88.7%)

Total Significant SV®: 14/15
(93.3%)

- o AN O p

LCR, loco-regional control.

SV, survival (any kind, see Section 2).
Mv-An, multivariate analysis.
Un-An, univariate analysis.

NS, not significant.

0S, overall survival.

& DFS, disease-free survival.
b CSS, cancer-specific survival.

N, N-stage.
T, T-stage.

_ &

*

OTT, overall treatment time. RO, complete surgical resection.
R1, incomplete surgical resection (microscopic disease).
Mostly referred to OS.

6€€-gc€ (S10¢) 0Oc AIVNIHLOIAVY ANV ADOTODNO TVDLLOVMA 40 SLYOdTd

T€e


dx.doi.org/10.1016/j.rpor.2015.05.010

332 REPORTS OF PRACTICAL ONCOLOGY AND RADIOTHERAPY 20 ( 2015 ) 3287339

Table 2 - Loss of LRC?/SVP and time factor.

Anatomical site Loss of LRC? Loss of survival Time factor (Gy/d) and Comments

[references] lag (Tk®, weeks)

Mixed Location Daily (%) 3-year 0S%: | /a6y (Dprolif)®: 0.612 LRC?: Try to maintain OTT* <45-50
1-2 [52] 9-13% [43,44] [41]; 0.58 (during days [35,41]. In any case, avoid OTT*
Weekly (%) 5-year OS%: | gap, ~0.76; during >60 days (LRC? and/or 0S¢) [37,43]
9 (asin 10-43% days with RT, 0.2; Delays >5 days must be avoided (LRC?*
Fowler’92) [40]; [40,46,51,54] during weeks 34, and/or 0S9) [44,46,52]
12 (as in 5-year CSS®: | 0.85; and >4 weeks, No prognostic significance: No. of
Fowler’92) [43]; 20% [51] 0.75) [49] consecutive treatment days missed
14 [8]; 21 (as in | 30% median K": 0.6,>1,0.66 [43] and gap position [44,52]. In
Fowler’92) [51]; 0s9 in larynx [9,42,45] adjuvant radiotherapy, may be

Larynx

15-25 (as in
Fowler’92) [42]

Daily (%)
0.68 [29]; 0.9/1.6

(") [28]; 1.2 () [23];
1.3 [17]; 1.4 (as in

Cox’92) [22]
Weekly (%)

2.2 [32]; 8.4 ()
[23]; 12 (as in
Fowler’92) [26];
12 (as in
Fowler’92) [22];
20 (as in
Fowler’92) [7];
5-12 TCP [15]

(19% for salivary
gland, p=0.06)
(55]

5-year DSS': | 7%
(501 ()

5-year 0S%: | 33%

[16]

5-year DSS: |
17% [16]
5-year DFP°: |
15-20% [28]

Tk®: 4 wks+1 [9]; lag
not possible <2
weeks [41]; lag 29
days [45]; >2 weeks
[49]

yla': 0.7 (adjusted for
stage and subsite:
0.8) [22]; 0.76 [23];
0.89 [29]; 1.2/1.63 (**)
[27]; 1.76/2.69 (**) [28]
V/Otzcy (Dprolif)g: 0.69
(23]

V/az.SGy (Dprolif)j: 0.64
(adjusted for stage
and subsite: 0.73)
[22]

K":0.35 [17]; 0.4 [0.74
as in Withers’88)
[19]; 0.56 (as in
Withers’88) [7]; >0.5
[26]; 0.5-0.6 [31];
0.6-0.8 [25]; 0.8 [15]
Tk®: Lag < 3 weeks
[31]; 20 days [25];
32/34 days (**) [27]

significant early gaps in RO' and late
gaps in R1™ pts and total n° of gaps in
both [52]. No adverse effect if break in
the first 3 weeks [54]

TCP" significantly correlated with
OTT* and gap duration [49]
Impossible to establish if weekends
scored as gaps is important [49]
Induction chemo not negate to avoid
interruptions [46]

OTT* protraction significantly affected
LRC? only in G1-2 tumors [47],
especially in laryngeal subgroup [50]
(*) 4 12% preservation of voice in
laryngeal cancer [50]

LRC? in T1-2NO glottis cancer: Try to
maintain OTT <40-47 days [10,16-18].
In any case, avoid OTT* > 60 days [33].
LRC? in any other site: Try to maintain
OTT* <45-50 days [7,11,33]

For OTT* schemes <4 weeks, try to
avoid delays >4 days [24]

A single gap is potentially damaging
for LRC?, especially for TINO tumors
[28]. It may be related to gap position
(in the first 19 days of radiotherapy or
>29 days, but not between [30]; >28
days in T2NO [12]) or maybe not: Any
gap results in the same amount of
OTT* prolongation, and, hence, OTT*
is more important than the position of
the gap [28,29]. In any case, avoid gaps
>3 days for LRC® and 0S¢ [12,28]

(*) | 0.6%/day and 4.2%/week LRC? in
hypopharynx + larynx patients. y/o!
for hypopharynx, 0.3 Gy/d (Dprotisr,

0.25 Gy/d) [23]

(**) ¢ LCP 0.9%/day for OTT* extension
as a whole and 1.6% for gaps > 3 days;
ylat, 1.76 or 2.69, depending on the
mathematical model used [28]

(™) y/a! 1.2 or 1.63, and Tk¢, 32 or 34
days, when 4 or 3 centers,
respectively, are analyzed [27]

The hazard rate for LCR? failure ¢
0.067%/day of interruption [18]

One NS¢ study showed a | 12%/week
LRC? (as in Fowler'92) [19]

NS9 lag phase; however, best estimate
of TkC is 21 days [15]
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Table 2 - (Continued)

Anatomical site Loss of LRC? Loss of survival

Time factor (Gy/d) and Comments

[references] lag (Tk®, weeks)
Nasopharynx The hazard rate K":0.09 (as in An OTT* delay > 3 weeks is
for DFS’ failure 1 Withers’88) [56] significantly deleterious [56]
2.9%/day of The position of the gap (beginning or
interruption [57] end) is NS4 [57]
The hazard rate for LCR? failure ¢
3.3%/day of interruption [57]
LRC?: One NS9 study showed a |
5.9%/day [58]
Oropharynx Daily (%) 0s4: | 17% [63] yletagy (Dprotif)®: 0.68 For LRC?, avoid OTT* > 50-55 days
0.7 [65]; 1/1.25 () 5-y 0s: | [62] [61-63]
[64]; 1 TCP [62] 19-21% [65] K":0.34 (as in If ERT® + BT, avoid OTT* >7 weeks and
Weekly (%) Withers’88) [59]; interval RTES-BT" > 20 days for LRC?
14 (as in 0.53/0.73(%) [64] and 5-years 0S¢ [65]
Fowler’92) [61]; G-1 tumors may perform worse than
20 (as in G-2/3 tumors [61,62]

Fowler’92) [60]

Oral cavity Weekly (%)
9-14 (as in

Fowler'92) [66]

(*) LRC® lost of 1% or 1.25% per day for
T2N+ or T3N+ tumors, respectively.
K":0.53 or 0.73, for an assumed
non-significant lag of 30 days or
without lag, respectively [64]

Try to keep OTT* <40 days [66]

LRC, loco-regional control.
SV, survival (any kind, see Section 2).

o o

a n

0S, overall survival.

€ CSS, cancer-specific survival.
DSS, disease-specific survival.
y/a@acy (Dprolif)- (See Section 2).

K. (See Section 2).

y/a. (See Section 2).

y/a2.56y (Dprolif)- (See Section 2).
OTT, overall treatment time.

RO, complete surgical resection.
™ R1, incomplete surgical resection (microscopic disease).
" TCP, tumoral control probability.
° DFP: disease-free progression.
LC: Local control.

NS: non significant.

DFS: disease-free survival.

ERT, external radiotherapy.

BT, brachytherapy.

— e D09

— &

©»w = O T

i~

Tk, time-lag to kick off accelerated proliferation of tumor clonogens.

Table 2 details the daily and weekly loss of LRC, OS, and the
dose/time factor; it also outlines a series of conclusions and
recommendations summarized from the literature, as well as
other relevant details (discussed below). These data were used
to construct Fig. 1 using the horizontal axis as the date of
publication of the original article (even when recalculated by
others [see Table 2]). The figure shows a wide dispersion of
values, with an average loss of LRC that ranged from 1-1.2%
per day to 12-14% per week. An average dose/time factor
of approximately 0.6-0.8 Gy/day can also be set, taking into
account the different forms of the factor itself (as outlined
in the previous section). An average lag can be established at
3-4 weeks.

Table 3 summarizes the 58 articles with original data
divided into three groups according to the RT scheme applied.

There are 8 AC-Fx articles, while the continuous hyperfrac-
tionated accelerated radiation therapy (CHART) trial from
Dische et al.®® was removed from all tables because of
its extremely accelerated scheme. Total dose reduction was
almost 20% with respect to conventional fractionation and
OTT was less than two weeks. There were no statistically sig-
nificant differences between the arms with respect to LCR or
0S, although a non-significant trend toward improved LC was
observed, with an estimated 12% reduction in the risk of recur-
rence (more pronounced in laryngeal cancer). This trend was
interpreted by the authors as evidence that avoiding acceler-
ated tumor repopulation when using such a shortened OTT
counterbalances the reduction in total dose. Therefore, we
believe the CHART trial cannot be considered Significant or NS
and excluded it from the analysis.
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Table 3 - Results according to the radiotherapy scheme used.

RT? scheme (number
of papers) total no. of reports

[references]

Significant-non-significant®/

Notes [references]

Split-course (11) Significant: 9/11 (81.8%)
[7,26,32,40,47,51,57,59,62]

NS: 2/11 (18.2%) [19,34]

Accelerated
fractionation (7)
Other than before™ (39)

NS: 2/7 (28.6%) [21,39]
Significant: 39/43 (90.7%)

[8-18,22-25,27-31,33,35,37,41-46,49,52,

54-56,61,63-66]
N'S: 4/43 (9.3%) [20,53,58,67]

Significant: 5/7 (71.4%) [36,38,48,50,60]

All reports have mixed split-course and continuous
RT? patients, except [26], in which patients are
treated only with split-course and then compared
with historical continuous RT? series.

Data from previous randomized trials DAHANCA 2
and 5 (Phase-III trials, both) [47]

Simple randomization (70 pts) [38]

All Phase-III trials [21,36,39,48,50]

Data from RTOG 79-13 and 79-15 (both Phase III,
hyperfraction.) [43]

Data from RTOG 83-13 (randomized Phase I-II trial,
hyperfraction). [44]

Data from multicenter prospective randomized
clinical trials [15]

Data from 2 randomized trials from the British
Institute of Radiology fractionation study [23]
Prospective non-randomized single-arm study [46]
SEER® — Medicare linked database analysis [55]
Pooled-data reports [8,9,27,45]

@ RT, radiotherapy
b NS, non-significant.
¢ SEER: Surveillance, Epidemiology, and End Results.

* Mostly maintain the overall treatment time within limits that can be considered standard.

4, Discussion

To the best of our knowledge, this is the largest and most com-
prehensive bibliographic review to date on negative outcome
of H&NC in patients treated with RT when OTT is prolonged.
We found only a few published reviews in our search,?>%°
which all seem to be quite less extensive than ours.

The current explanation is based on accelerated prolifer-
ation of clonogenic tumor cells during the course of RT as
a response to therapy-induced injury and subsequent tumor
debulking. This may be of special concern in rapidly repop-
ulating tumors, that is, in those with high labeling indexes
(LI) and effective doubling times of up to five days.®’%’! Other
existing hypothesis include repair aspects.”?

Withers et al.” provided the first clinical evidence that if
the OTT was prolonged, the observed LRC loss would have
required an average increase of 0.6 Gy/day to compensate for
it. In addition, there was alag of about 4 + 1 weeks for the hypo-
thetical accelerated repopulation to be triggered. The review
by Fowler et al.? revealed a median value of 14% of LRC loss
per week of extra overall time.

In the present review (Table 1), a strong negative relation-
ship between OTT prolongation and LRC and/or OS is shown.
Most of the reports performed a MV_An and their results were
consistently Significant in practically all the subgroups ana-
lyzed; most articles that included data from prospective or
pooled-data studies were also Significant.

Fig. 1 shows an average loss in LRC that ranged from
1-1.2% per day to 12-14% per week, while dose/time factor
ranged between 0.5 and 0.9 Gy/day and with greater accuracy
of 0.6-0.8 Gy/day. The most likely average lag period seems to
be around 3-4 weeks (21-28 days), and it seems unlikely that

accelerated repopulation begins in the first two weeks of RT
(<15 days) or after the fifth week (>35 days). Our study results
are very similar to those reported by Withers et al.’ and Fowler
et al.® and are consistent with in vitro experimental data.”’

By eliminating the AC-Fx articles (Tables 1 and 3) the total
number of Significant results relating to LRC was improved by
about 2%, and the OS results by more than 20%. Although
intriguing at first glance, when compared with the results of
two meta-analyses published in 2006,”%74 both works demon-
strated that LRC improves significantly with hyperfractionated
schemes and AC-Fx based on continuous radiation sched-
ules without compromising the total dose, while OS was not
improved with any AC-Fx schemes (while hyperfractionation
was). An excess of RT-associated deaths seems to be the most
likely cause in that improvement in LRC did not translate into
improved OS.

Furthermore, most time factor calculations were made
under the assumption that the accelerated proliferation rate
of tumor clonogens was constant, although such a pattern of
repopulation may not be absolutely correct.”* Clonogens may
begin with accelerated proliferation soon after the start of RT
or do so at the end; their rate can increase as treatment pro-
ceeds, decreases, or levels off. Given that few data have been
published about the heterogeneity of tumor clonogen repop-
ulation in human tumors, some tumors may even present
more efficient repopulation and others may present similar
histology but less efficient repopulation.

An interesting aspect of the current study is the attempt
to elucidate which is more important: the position of the gap,
the total number of gaps, or the number of consecutive treat-
ment days missed. Of the nine reports that addressed these
questions, six concluded that gap position and number of con-
secutive treatment days missed seemed not to matter while
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Fig. 1 - (Panel A) Daily loss of LRC (%). (Panel B) Weekly loss
of LRC (%). One NS report showed a loss in LRC of 12% per
week (Budihna,’® as in Fowler ’92), not included in the
figure. (Panel C) Time factor. From this figure, one value
from Table 2 has been removed, y/a: 2.69 Gy/d, considered
to be unrealistic by the author.? (Panels A, B, and C) A line
connecting two symbols represents a range between both
symbols, rather than a single value, as published by
corresponding authors (see Table 2). (Panel C) A symbol
with an up-arrow represents a value ‘greater than’ that
indicated by the symbol, as published by the corresponding
authors (see Table 2).

total delay in OTT actually did,?®2%:434%52>7 although no con-
sensus can be established. As highlighted,?® two reports3%°>*
showed that the number of patients with gaps (more than
50%) and/or the total length of the gaps were quite large (up
to 1-2 weeks). Therefore, the position of the gap may exercise
an effect only when the delay is long.

One additional aspect deserves further comment. In
their study of 1124 patients, Tarnawski et al.*° calculated
a dose/time factor during gaps of 0.75-0.77 Gy/day, which
decreased during the treatment days to 0.2-0.35 Gy/day. The
difference was statistically significant. The explanation was
that if not all tumor clonogens were sterilized by the daily
treatment fraction and the predominant effect of irradiation
for those surviving clonogens was mitotic delay, after a recov-
ery period, this delay would have finished and the surviving
clonogens could have become available for repopulation. Con-
sequently, clonogen repopulation in tumors is not significantly
prevented when the interfraction intervals are longer than
24h, whereas during shorter interfraction intervals (<24h),
there may not be enough time to overcome mitotic delay and
initiate rapid repopulation. This, in turn, may suggest that the
effect of delivering a second daily fraction of irradiation twice
a week to compensate for a gap may differ somewhat from
delivering these fractions on Saturday and Sunday, which has
obvious implications if compensation maneuvers are to be
used. For similar reasons, eliminating weekend breaks may
increase tumor control rates more than previously expected.
However, it was impossible to establish whether scoring week-
ends as gaps was an important aspect of the analysis.

Both statistically significant?°%%? and non-statistically
significant trends®®® negative relationship were found
between the extension of OTT and tumor grade, so that only
well- and/or moderately differentiated tumors—butnot poorly
differentiated ones—would be affected by prolonged OTT. The
main hypothesis for this observation**° is that the mech-
anism of repopulation in squamous H&NC is similar to the
response in the normal mucosa from where the tumor origi-
nated; therefore, the primary tumor responds to RT in a similar
way to tumors in the epithelium. In order to do so, the tumor
needs to have a functional mechanism capable of regenera-
tion, which most likely happens in well-differentiated tumors.
Furthermore, this reaction might be controlled by signaling
from the surrounding normal mucosa (i.e., high expression of
epidermal growth factor, which is also linked to repopulation);
therefore, this response would only be seen in primary tumors
and not in nodal metastases, a hypothesis that is consistent
with some clinical observations,”®%¢ although not always.*’

Grading on its own is not an ideal predictive assay;
however, in view of its reported prognostic significance,
it could be usefully combined with other biological mea-
surements to determine individual RT scheduling.’® Thus,
well-differentiated tumors with high cell loss factors (high LI)
would benefit from accelerated regimens (lower total dose),
whereas poorly differentiated tumors with low LI would ben-
efit from conventional protracted regimens (high total dose).

It seems unlikely that chemotherapy (CHT) does not favor
accelerated repopulation in the same way as RT.”>’! Budach
etal.”* found that while a statistically significant survival ben-
efit of 12.0 months and an absolute survival gain of 13-15%
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at two years was seen for simultaneous RT-CHT in studies
that did not significantly prolong OTT, a smaller (but still
significant) survival advantage of 7.9 months was seen with
prolonged OTT >1 week (11% loss in LRC for a prolongation of
the OTT of around 17 days). It indicated that tumor cell repop-
ulation is still a problem, even when RT-CHT is used. In this
review, we have tried to shed some light on this issue; how-
ever, the vast majority of reports used only RT, and very few
used induction CHT in a small part of their patients. Anyway,
the only articles that investigate this problem®”:*® concluded
that ‘the use of induction CHT does not negate the need to
avoid treatment interruptions’.

On the other hand, the equivalent radiation effect of the
concomitant CHT in H&NC RT-CHT has been estimated to
about 7.2 Gy (in 2 Gy fractions),”®’” which would explain (par-
tially, at least) the improvement in LRC (and maybe in OS)
observed in meta-analysis.”* If we consider a time factor aver-
age of 0.6-0.8 Gy lost per day of delay, as our results show,
then a delay of 10 days in a RT-CHT treatment would entail
the loss of almost all of the CHT-presumed biological improve-
ment. This, in turn, highlights the importance of avoiding OTT
prolongations even when CHT is used.

Finally, most of the previous evidence was from ret-
rospective studies. Hence, the results can be affected by
numerous known (and unknown) biases, and the validity of
their results would be questionable according to the principles
of Evidence-Based Medicine (EBM). However, these principles
were intended for evaluation of the benefits of a therapeutic
intervention, but not for the evaluation of the risks of expo-
sure to potentially avoidable hazards.® A different approach
is necessary, that is, one much closer to the approach gener-
ally used in evaluating environmental hazards, which means
that it is not possible to undertake randomized clinical tri-
als to evaluate potential harm to patients for obvious ethical
reasons.

It is certainly arguable that the published randomized tri-
als of AC-Fx, with the two meta-analyses, are themselves
a very clear source of first-level evidence. If so, such meta-
analyses (and the findings of the present work confirm it),
clearly demonstrated that the time factor definitely affected
LRC, but without much influence on OS. However, despite the
meta-analytic approach, the considerable heterogeneity of the
respective study populations can make the outcomes worse
than expected; this observation has a radiobiological basis’?
and would be a valid explanation for the lack of effect on OS. If
so, retrospective studies could provide best available evidence,
and an extensive review such as the present one is a valuable
source on which to base our decision of when and how delays
in RT should be compensated.

The therapeutic window in H&NC has widened in the last
decade owing to rapid technological advances in RT.®7° It is
of vital importance to prevent, if possible, any part of that gain
from being lost by OTT delays.

5. Conclusions

From our comprehensive review one can perhaps draw the
following conclusions:

(1) A strong Significant relationship between OTT delay and
LRC (86.2%) and/or OS (71.4%) exists, with most studies
providing a MV_An.

(2) Delays in RT may result in an average loss of LRC ranging
from as low as 1.2% per day to as high as 12-14% per week.

(3) A daily dose increase of about 0.6-0.8 Gy/d would be
required to compensate for the extra time occurring during
the prolonged OTT.

(4) An average lag period of around 3-4 weeks seems to be
necessary for a kick-off of fast repopulation, unlikely to
occur during the first two weeks of RT.

(5) The AC-Fx group worsened these figures mainly at the
expense of OS. Excluding this group improved the OS
results by >20%, possibly related to the excess deaths asso-
ciated with radiotherapy toxicity.

(6) Total days of OTT prolongation seem to be what really
matters if prolongation is short (e.g., <one week). Gap posi-
tion and the number of missed consecutive treatment days
seem to have no prognostic significance, except, perhaps,
in longer extensions (>one week). Prolongations >3 days in
total, irrespective of the position, should be discouraged,
anyway.

(7) Only well- and/or moderately differentiated tumors seem
to be affected by RT delays, although not the poorly dif-
ferentiated ones, and mainly depending on the primary
tumor (not for lymph node metastases)

(8) Although no strong evidence exists, the use of CHT does
not seem to eliminate the negative consequences of treat-
ment interruptions.

(9) The principles of EBM are not suitable for evaluating the
effect of time extension on RT outcomes. A different
approach, closer to that generally used in evaluating envi-
ronmental hazards, seems to be justified. Therefore, the
results of retrospective studies may well be the best evi-
dence available.

In addition to the present one, a second manuscript will
include the remaining tumors/sites other than H&NC, while
the third one will contain an evidence-based compensations
maneuvers protocol for OTT delays.
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